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Abstract

Antimicrobial resisanceis a global health problem thegsulted inan estimated 1.2
million deaths in 20191t is predicted that antimicrobial resistance will result in an estimated
10 million deatls annuallyby 2050 ifurgent action isiot taken(Pulingamet al. 2022) This
has fuelledvariousresearch aimed at discovering new antimicrobials to combatstug
Within the past fes decades, a myriad of drug targéts surfaced such asytochromebd.
Cytochromebd is an oxidoreductase thas found only in prokaryotes and archaedl is a
promising drug candidate for numerous reas@ysochromebd has been proven to increase
virulence in some of the most pathogenic strains of bacteria sidiicabacterium species
as deletion of the enzyme causes severe attenuation. The oxidase is &sexipiggssed and
induced bythe innate immune response during infectidtigh resolution structures of
cytochromebd from various organisms have bgablished which means that the oxidase can
be studied computationally. These characteristics make cytochodnaa attractive drug

candidate antherefore forms thbasis of this study.

Lambdared mutagenesis was previously employed by the host labetteE. coli
mutantstrains that expresmly a singlerespiratoryoxidase (i.e., cytochromed-1 or boljand
numerous attemptseremade toengineer art. coli &¢ytochromebd-1l onlydstrain butthese
wereunsuccessfullhe currentwork aimed to characteri€e coliWT andrespiratorymutant
strains and develomaassay to measure oxygen consumption activitpembranes of these
strains Plasmidbased approaches were used txpressE. coli cytochrome bdl and
cytochromebd-ll in anE. colié E ¢ o $frdirdthat lackedll respiratory oxidase3.he strains
were siccessfully engineered withCO difference spectral analysis showing pea4@mnm.
Further genetic work introduced amiacid mutations to the quinol site &. colicytochrome

bd to performfuture studies orantibiotic resistanceOf five amino acids that were mutated,



only strains harbouring mutations iresiduesF269A and L253 were able to grow.
Interestingly, spectrahnalysis revealed a distinctive peak at 640 nm for strain harbouring
F269A mutation which isepresentativef the assembly afytochromebd-1. However,strain
harbouring L253A mutardid not have any peaks that suggested the assembly of cytochrome

bdH.

In this projecbothin silico andin vitro microbiological approachegere used tgearch
for novel inhibitors of cytochrombd. Initially, reductive approaches were undertaketetd
thenatural compoundsiadecassic acitland2-hydroxy-1,4-naphthoquinonéor inhibition of
E. coli cytochromebd-I andboNBoth compounds were inhibitory . coli cytochromebd-
andboNjut madecassic acid 1 exhibitsgynificantly lower 1Go of 23.62 + 7.9 pug/mL (46.80
+ 15.7 uM)and 1019+ 260 pg/mL (6443 + 1644 uM)respectively Threederivatives of
madecassic acifl werefurthertestedto assesshether derivatisationould improve binding
of thecompoundo cytochromebd-l. The addition of an acetoxy groupnwadecassic acid 2
and 3 have shown to improbéndingto cytochromebd-I with significantly lower IGo of 8.8

+ 3.5uM (5.6 £ 2.2 ug/mL)and10.2+ 1.1 uM (8 £ 0.9 pug/mL) respectively

A drug repurposing pipeline was <4t to screem library ofFDA-approved drugéor
their ability to bind tde. colicytochromebd-l. Steroid compound&thinylestradiol, quinestrol
and mestranolvere identified within the top hit@ndthesesteroid compounds were docked
to the quinol site ofS. aureusCydA subunit of cytochromebd. Preliminary oxygen
consumption experiments with isolat&d coli membrane identified ethinylestradiol and
guinestrol as inhibitors d&. colicytochromebd-1. Quinestrol was the more potent compound
causingnhibition of dd-1 onlydmembranes with alCso of 0.2 £ 0.04 pg/mL@.5 + 0.1 uM)
so this drugvasselectedor further analysesSimilar axygenconsumptiorexperimentslso
confirmedquinestrol as amhibitor of MRSA USA300cytochromebd. Growth assays showed
thatquinestrol completelgbolished growth dRSA USA300 WT andingle oxidasenutant
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strains while the growth oft. coli strainswasinhibited with low ICso values,but complete
growthinhibition could not be achieved at higher concentrations of quineStinlival assays
demonstrated that quinestrol was lethal to MRBéonly cells with a median lethal
concentration (L&) of 5.6 £ 0.3 pg/mL (13.7 £ 0.7 pMHowever,viability assays showed
thatE. coli was completely resistant to thainestrol This study identified novel inhibit@rof

cytochromebd which will pave the wayor future studie®n steroid drugas antimicrobials
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Chapter 1

Introduction



1. Introduction

1.1. Antibiotics: Past, Present and Future

1.1.1. History of Antibiotics

Antibiotics are one of the greatest medideicoverieghatcaused a major difference
in clinical sciencePrior to the discovery of antibiotics during the"2fentury,now treatable
conditions such as pneumonia and diarrhweae the leading cause of deaths globalin
addition, antibiotics allowed other medigaiocedures to be performed successfully such as
organ transplants and cancer treatn{éhttchings, Truman and Wilkinson 2019icrobes
capable of producing antibioticeteshackto 1550 BCwhere bread containing mouds well
assolwereused by the Eber ds pa(paag 1999) It was the e a't
accidentatiscovery of penicillin in 1928y Sir Alexander Fleming thatarked the beginning

of the antibiotiarevolutionand the first development of an antibacterial diudedeji 2016)

Thegolden age ddntibioticdiscoveryresulted in the developmenitmany antibiotics between
the 1950s and 1970@\dedeji 2016; Hutchings, Truman and Wilkinson 201Bhis era
introduced many antibiotic classes includingglycopeptides quinolones,and macrolides
(Figure 1.1)Classes of antibiotics wepgoduced from actinomycetés.g.,macrolides) fungi
(e.g.,p e ni c)jothér bactérige.g., polypeptidesand some were synthetically ma@eg.,
phenazines)Hutchings, Truman and Wilkinson 201%ollowing the golden eraa huge
decreasén antibiotic discoverywas seerand by the 1980she last class of antibiotic known
as daptomycin was discover@durand, Raoult and Dubourg 2019he achievements of the
antibiotic erehavebeen threatened by antibiotic resistance which have led to bdsteaaing
resisart to manyantibiotics that were once potgiigure 1.1) Between2000 to 2010, it was

reported that antibiotic use was increased by over 65% gldhd#ishet al.2023) By 2015,
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antimicrobial resistand@®MR) was declared a global heattireat,and an action plan was put

in place by the World Health Organization to combat fAialshet al.2023)

ANTIBIOTIC Aminoglycosides
etracyclines
DISCOVERY Streptomycins >
Sulfones Glycopeptides
Macrolides Phosphonates
Polymyxins Diarylquinolines
Penicillin Nitrofurans Il.irg’iaqr:ycilns
Vancomycins Lincosamides
Ansamycins
Fusidic acid -
Cephalosporins Mupirocin %)I(BZOIldln‘f)lf_!eS
Salvarsan Sulfonamides Quinolones Monobactams euromutiiins
Azoles Carbapenems Lipopeptides

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Golden Age

Plasmid-borne
resistance to

. sulfonamides Vancomycin
Resistance to Resnst_ar_mlfe identified resistance Global
Salvarsan. tc_)dpen!;_:l é" identified in antimicrobial
Salvarsan is no Kientine Enterococcus resistance
Ion.ge.r used Methicillin health threat
clinically resistance declared
ANTIBIOTIC Resistance to Plosesrssuniell
RESISTANCE sulfonamides P SineEs

Figure 1.1. Antibiotic discovery and resistance timelineTimeline showing the rictk
history of antibiotic discovery and resistance of chosen antibi@tiecchings, Truman
and Wilkinson 2019)

1.1.2. Antibiotic Resistan& A Global Health Threat

1.1.2.1.AMR Occurrence

AMR is a global healtemergencyhat was declared as one of the top ten global health
threats that affects humaif®/orld Health Organization, 2021}t was estimated that 1.2
million deaths in 2019 were causedlmcterial antimicrobial resistan¢®lurray et al. 2022)
and will result in an estimated 10 million deaths yearly by 2050 if not res@dohgamet
al. 2022).Despite AMR being aatural phenomengits occurrence is accelerated heavily by
the misuse ofantibiotics. Hospitals are one of the primary sites &ntimicrobiatresistam

bacteria which emphasises theeed for practiang good hygiene and the appropriate
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administration of antimicrobial prescriptions.&’'K government had introduced a monetary
incentive in a scheme calledhe Quality Premium schemeaimed at rewaidg general
practitionersfor reducirg the administration of antimicrobials to patients inappropriately

(EClinicalMedicing 2021).

AMR is the umbrella term that describessistance to drugs by microbes such as
bacteria, virus, fungiand other pathogens. Alternatively, antibiotic resistance refers
specifically to the ability of bacteria to evade the antibacterial actions of antibiotics that they
were once sensitive {@ulingamet al. 2022) The first notable sign of antibiotic resistance
was in 1940 wheAbraham and Chain reported thatarcolistrainhadprodu@dpenicillinase
which inactivated penicillinl(obanovska and Pilla, 2017y 1942, penicillin resistance was
officially documentedvhenfour S. aureusstrainsdemonstratedesistace to penicillin after
beingadministered to patients ahospital(Rammelkam@and Maxon, 1942 obanovska and

Pilla, 2017)

The mechanisms of AMR and antibiotesistancare similarand allow the microbe to
evade the antimicrobial properties of a drslymechanisms of antibiotic resistance fatider
intrinsic resistance where the resistaneas always expressed in the specmsacquired
resistance whereesistance is developed after exposure to antibiqiResygaert, 2018)
Acquired resistance are transferred via horizontal gene transfer and occur via routes of either
transduction transformation or conjugatiofHasegawaet al 2018) Transductionand
conjugationinvolve the transfer of DNA from a donor to recipieonjugationfeaturesthe
use of conjugative pili whildransduction utilisegphage virions(Hasegawaet al 2018)
Transformation occurs when thecipient celltakesup DNA extracellularly from the
environmen{Hasegawat al. 2018) Intrinsic and acquired mechanisms of antibiotic resistance
mainly fall under these categorie§) modification of the antibioticcompound (ii) the
production of enzymes capable of chemicallyering the antibioti¢ (iii) through direct
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destruction of the antibiotic and (iv) through decreased antibiotic penetration and efflux

(Munita and Arias2016)

1.1.2.2 Examples ofMechanisms

Over the past decades, bact&iaaedeveloped a high level of resistance to some of the
mostclinically usedantibiotics b-lactamsantibiotic groupwas the fist to be discovered and
include highly effective antibiotics such enicillin and cephalosporiiMora-Ochomogo and
Lohans, 2021)In fact, b-lactamsare rankedas the most usedantibiotics globally(Mora
Ochomogo and Lohans, 202D lactamsmode of action is via the inhibition of bacterial
transpeptidases that are involved in the synthesis of peptidodi®edschlaeger, 2021 his
leads tothe inhibition of bacterial growth consequently resulting in the lysis of bacteria
(Oelschlaeger, 2021 owever, bacteria hawdeveloped ways of resistirfiglactamantibiotics
via the production o$erineb-lactamase enzyme@ora-Ochomogo and Lohans, 202The
production ob-lactamase enzymesy bacteria hydrolysdbeb-lactamring whichleads to the

inactivaton the drug(Bush and Bradford, 2016)

Aminoglycoside is a broadspectrum group of antibioticehich are used in the
treatment of several Granegativeand some Grarpositive infectiongdGarneatT sodikova
and Labby, 2016)Most importantly, aminoglycosides areed in the treatment of multidrug
resistant tuberculosis infectiorf&arneatiTsodikova and Labby, 2016Antibiotics found
within this group includstreptomycin andentamicinGarneatT sodikova and Labby, 2016)
Aminoglycoside exert their mode of action via the inhibition of bacterial ribosowtgsh
inhibits protein translation(GarneatiTsodikova and Labby, 2016)The mechanisms of
bacterial resistance to aminoglycosides are vaaed occur via (i) inactivation of
aminoglycoside®y aminoglycosidemodifying enzymes(ii) removal by drug efflux pumps;

(iif) decreased uptakw (iv) alterations to the target site that prevents bin{Banomo, 2014)
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Fluoroquinolonesare synthetically derivedantibiotics that have been used in the
treatment of several antibiotresistant infections since the 19§B&dgraveet al 2014) This
broadspectrum group ofantibiotics includes antibiotics such asiprofloxacin and
levofloxacin. Fluoroquinolonesinhibit bacterial activity byinhibiting DNA gyrase and
topoisomerase enzymesich are vital for bacterial DNA replicatiqiRedgraveet al 2014)
The main mechanism difioroquinolone resistands targetsite mutation tdNA gyrase and
topoisomerase enzyméRedgraveet al 2014) Mutations occur athe quinolone resistanee
determining regionalso known as the short DNA sequencesulting in amino acid

substitutions and alteration of the target protein stru¢Reelgraveet al 2014)
1.1.2.3.The Future of Antibiotics

Since the 1980s, no new clas®f clinically-usedantibiotics have been discovered
while many bacteria are growing resistant &dreadydiscoveredantibiotics (Hutchings,
Truman and Wilkinson 2019 owever manyterrestrial environmentsave not beesampled
or studiedwhich highlightsopportunities to discoverewsoil bacteria thgproduce antibiotics
(Hutchings, Truman and Wilkinson 2019Also, improved acessibility to marine
environmentdas led to the discovery ofatural products capable of producing nelmical
antimicrobias. Sequencing approaches have been successful in locatiitgple natural
products biosynthetic gene clustaxsoss bacteria phyla such/AsinobacteriagDoniaet al.
2014) Lugdunin an antibacterial compound extracted from naS&phylococcukigdunesis

2016,is under investigatioand is active in animal model&ippereret al. 2016).

Up to December 2020, it liebeen reported that there were 43 antibiaticghases 1,
2 and 3 of clinical trials gpending approvdlCook and Wright 2022)The future of antibiotics
is heavily dependent othe discovery of new approaches which might be different to

conventionalmethods.In silico drug development pipelineare at the forefront of drug
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discovery due ttheirability to acceleratéhe process and reduce costag,and effort(Shaker
et al.2021) This is also applicable to drug repurposing approachiessigo pipelineswhich
allow researchers tecreenfor multiple drug candidatest oncelndeed, his thesis describes
in silico approaches téind new inhibitors of cytochromied from a library of FDAapproved

drugs.

1.2. Respiratory Chains

1.2.1. Overview of Respiratory Chains

Respirationinvolves a sequenceof coupled oxidation and rediimn reactiors that
facilitate the tansferof electrons from aelectron donor to an electron acceg¢elly, Hughes
and Poole, 2014There are two types of respiration: aerobic and anaerobic respirstiainic
respiration involves final electron transfer to oxygen which reduces watet generates
proton electrachemical gradien{Kelly, Hughes and Poole, 2014Anaerobic respiration
involves a final electron transfer to a molecule other than oxgigelty, Hughes and Poole,
2014) Both aerobic and anaerobic respiration provide enenggn organism in the form of
adenosine triphosphatA&TP) throughconversion of the proton electrochemical gradient by

ATP synthaséKelly, Hughes and Poole, 2014)

Respiratory chain is also referred toaaeelectron transport chain (ETClhere are a
series of proteins located in the ETC tfetilitate the transfer of electronshe ETCs of
eukaryotes are located in the inner mitochondrial membrane. However, the ETC of
photosynthetic eukaryotes are found on the thylakoid memUdrarakaryotic organismshe
proteins in arETC are generally ordered as such: complgxldiquinone oxidoreductage
complex Il (succinate dehydrogengsecoenzyme Q(ubiquinone [Co(Q]), complex Il
(cytochrome c reductagecytochrome C, and complex I¢ytochrome ¢ oxidas€Ahmad,

Wolberg and Kahwaji, 2023)Complex | comprise of NADH dehydrogenaseflavin
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mononucleotideand iron sulphur clustergAhmad, Wolberg and Kahwaji, 20R3NADH
donated from glycolysis andtric acid cycle succumbs to oxidisatisubsequently passing
two electrons tdlavin mononucleotidéFMN) (Ahmad, Wolberg and Kahwaiji, 2023)hese
electrons are then shuttled to the iron sulphur clusteréirzalty to coenzyme QIn complex

II, succinate is oxidised into fumarasad flavin adeninedinucleotide (FAD) accepts two
electrons.FAD shuttles these electrons t@n sulphur clusters and thdén coenzyme Q
(Ahmad, Wolberg and Kahwaji, 20eLoenzyme @ s ma i n f shuitle eléectoonstd s t o
complex Il (Ahmad, Wolberg and Kahwaji, 2023 the Q cyclgquinol cycle) coenzyme Q
is reduced to semiquinone and ubiquifiimad, Wolberg and Kahwaji, 20RZomplex Il
comprises of cytochrontg cytochromec proteins and Rieske subun{shmad, Wolberg and
Kahwaiji, 2023. Cytochromes contain haem groups whadternate between ferrous and ferric
forms during electron transféAhmad, Wolberg and Kahwaji, 20R3Cytochromec can only
accept one electron attime, so this process occurs twice which forms the Q cf&henad,
Wolberg and Kahwaji, 2033 At the end of the Q cycle, complex Il releases fprotons
which largely contributes to thformation of aproton electrochemical gradiertAhmad,
Wolberg and Kahwaiji, 2033 Cytochromec shuttles the electrons to complex vhich
oxidises cytochrome and transferghe electrons taxygen the final electron acceptor in

aerobic respiratiofAhmad, Wolberg and Kahwaji, 2023

Embedded in the plasma membraties ETCof prokaryotesvary amongdifferent
speciesbut generdy involves a series of redox reactioretween membrane embedded
proteins that lead tothe generation of an electrochemicgladient and oxidative
phosphorylatiorfKracke, Vassilev and Kromer, 201®rokaryotic ETG consist ohumerous
electron donors and acceptdkaila and Wikstrom, 2021)There are three levels at which
electrorscan enter a prokaryotic ET@ehydrogenase level, quinone poolabthecytochrome

electron carriedevel (Kaila and Wikstrom, 2021)in bacteria, numeroudehydrogenases,
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oxidases, reductases and electron donors camseeéto start a reactianin bacteria for
example, NADH or succinatean be useds an electron sourgéhich would start the reaction

a NADH dehydrogenase osuccinate dehydrogenase, respecti@gila and Wikstrom,
2021) Though NADH is comparable toitochondrialcomplex | and succinate dehydrogenase

i s comparabl e to mitochondrrcampléxedc camgehesady t1 | |,

used to describe the proteiiesindin prokaryotic ETCs.

1.2.2. E. coli Electron Transport Chain compared to other Bacteria

A major difference between tlsgructure and function dfacterial respiratory chains is
how theyare brancted E. coli falls into a group of bacteria that oxidsseeduced electron
carriers and transfer these electrons directly to the quinong®logpherd and Poole, 2013)
These reduced quinones are then oxidised by terminal oxidoredu(Sadedle and Poole,
1999) Other bacteria, such as the gemasacoccus express cytochrombc: complexes,
which cause further branching of the respiratory chain antheatve transfer of electrons to
terminal oxidoreductases by periplasroitype cytochromeéShepherd and Poole, 2013)I
bacteria thahave a cytochromebc: complex usually contain at least one othbrquinol
oxidase pathway that cdnypasshe cytochromebc: complex Shepherd and Poole, 2018).
has also been found thadving a second respiratory chain in these bacteria may psviae
protection against competing microbes that produce toxins that inhibit cytochimmne
However,some bacteria such &s colilack a cytochromebc: complex(Shepherd and Poole,

2013)

Though there are distinctive differences between the E'EC abliand other bacteria,
there are some commonalitibetween both groupdheETCs ofE. coli and other bacteria
transfer electrons from NADH to various electron acceptors and all bacteria generate a proton

gradient across the plasma membrane durmgTeC reaction which is comparable to that of
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the eukaryotic ETC. However, the ETC brancko€oliis generally shorter than other bacteria
and consists of two types of terminal oxidases: cytochitmhfled-I andbd-1I) and cytochrome
boNj o x i(Kaik angl 8Vikstrom, 2021)0n the other hand, some bacteria have longer ETC
brancles Pseudomonas aerugingdar example, has five aerobic terminal oxidaseblype
oxidase (Cyo), cyanidmsensitive oxidase (ClOqas-type cytochrome oxidase &as), and

two cbhks-type cytochrome oxidases (Araget al., 2014).

1.2.3. Cytochrome Oxidase Families

The two main classes of bacterial terminal oxidases are haem copper oxidases, or
HCOs, (suchascytochrohed ) and qui nol oxi dor ebd(Borisogses (S
and Siletsky2019) HCOsare a superfamilthat include cytochrome oxidases of mitochondria
from eukaryotesand most aerobic prokaryote@iemp and Gennis, 2008HCOs catalyse
electron tansfer from quinols to oxygemith the generation of a proton motive fo(&letsky,

2013) HCOs differ to cytochroméd oxidases because HCOs generate proton motive force
via the transfer of electrons and protons to the catalytic centre from various sides of the
membrangBorisov and Siletsky, 2019Y.he clas#ication of HCOsis mainly based on the
organisation of their intraprotein transfer channels toahect the catalytic centweith the
cytoplasmic side of the membrane (Borisov and Siletsky, 20183 classification system
further divides HCOs into thresibcategorieknown as the A, B and C families (Borisov and
Siletsky, 2019)In contrast toHCOs, bd-type oxidasesre found in the terminal region of
bacterial andrchaeaélectron transport chaand have not been detected in eukary(feste

et al.2017) In addition,amino acid sequence alignment has been conductetbammology

was observed between HCOs dtbtype oxidase¢Borisovet al. 2011) The mostexplored
cytochromebd oxidase is fronmE. coli (Borisov and Siletsky, 2019F. coli cytochromebd
consists of two large subunits which are CydA and C¢&isov and Siletsky, 2019The
other two subunits are CydX and the most recently discovered, (SafHrianet al 2019)
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1.3. E. coli Terminal Oxidases

1.3.1. E. coli Cytochrome boNpxidase

CytochromeboNjotherwise called cytochront®s) is a member of theemecopper
oxidase family and is encoded Ibye cyoABCDEoperon(Chepuriet al. 1990; Calhoun,
Newton and Gennis 1991; Fore¢ al. 2019) CytochromeboNj strusturallycomparableo
mammalian cytochrome oxidase(Weisset al. 2009) CytochromeboNj ¢ o mp ffours e s
subunitsand catalyseshe oxidation of ubiquinci8 andthe reductionof oxygento water
Subunits [, Il and 11l are homologues of cytochroomxidasewhile the function of subunit IV
remains uncleaSubunit 1 is the largest subunit and contéomsspinhemeb, high-spin heme
0 anda copper ionQus) (Sousaet al. 2012) Ubquinol8 is the natural substrate f&r coli
cytochromeboNLi et al 2021).There are two ubiquinol sites present in cytochrboidj: lowa
affinity site which is the site for binding ubiquinorend a high affinity site involved in
stabilisation of semiquinone intermediates dugatplysis(Laemmliet al 1991; Weis®t al
2009). The binding of ubiquinone at the low affinity sitecurswithin subunitll at the
periplasmic domaiSateWatanabeet al. 1994)while subunit Icontains thénigh affinity site
(Abramsonet al.2000) The expression afytochromeboNp enhanced whecellsare grown
under highoxygenconditiong(Forteet al.2019) andthis complexhasalow affinity for oxygen
( D6 Metlall1995; Forte, Siletsky and Borisov 202Deoxygendbn kinetics revealed the
Km values of cytochromeboNjo be 0.43 uM for oxymyoglobin and 0.026 pM for

oxyleghemoglobir{D 6 M e dt &l. ©995.

1.3.2. E. colibdtype oxidases

Cytochromebd complexes are respiratory oxidoreductases found exclusively in the
inner membrane of prokaryotes, namely bacteria and ar¢Baeisov, Genniset al. 2011)

The main f unbot y psetd facilitate the eeslectiord of molecular oxygen into
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water subsequently conserving energy as a proton motive force used in the production of ATP
(Borisovet al.2020) In E. coli, there are two types afytochromebd complexesecognised

thus far; cytochrombed-l and cytochroméd-1l (Giuffré et al.2014) E. colicytochromebd-

has a high affinity for oxygewith aKm of 0.54uM (D 6 Me ét &l 499%) andis maximally
expressed undenicroaerobicconditionsunder the control of ArcAand FNR(Fu et al. 1991).
Cytochromebd-1l expression has been shown to be enhanced during phosphate starvation and

during the approach to stationary phéBesndsted and Atlung 1996)

1.3.2.1. E. coli cytochrome bd-1

Bd-type oxidases havd-type haem groups that aredoxreactive, have no copper
atomspresentand protons areanslocated across the membréBerisov, Genniset al.2011)
Bd oxidases have two other haem groups, hiaggand haenisss (Figure 1.2 (Borisovet al
2015). All three haem groups are located towards the periplasmic side of the membrane
(Safariaret al.2016) Haemd binds directly to @and is involved in its fouelectron reduction
to H.O while haembssg is involved in quinol oxidationlt has been reported thhembsgs
forms a haemhaem binuclear centre with haehsubsequentlyesulting in thereduction of
both haemsNlogi et al. 2009) Cytochromébd-I of E. colihas two major subunits, CydA and
CydB, which both consist of 9 transmembrane (TM) hel{&sffré et al. 2014) They are
homologous proteins arntthe cydA and cydB geneshave emerged due to gene duplication
events CydA, cydBandcydXare all located on the same operon. Theredikzasingle helix
protein known as CydX thas essentiafor the functioning obd-1 oxidase(Vanorsdelet al.
2013) In addition, hereis arecentlyidentified 3 kDasubunit inE. coli bd-1 oxidase located
between TM domains 1 and®CydAknown as CydHSafariaret al.2019) CydHis encoded

by a different gene calleghhFthat is not a part afyd (bd-1) nor theapp (bd-11) operon. This
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subunit binds the hydrophobic region of CydA and blocks oxygen accessibility tollsgem

from the hydrophobic lipid bilaydSafarianet al.2019)

CydA CydH (oq4p o

PERIPLASM

2e-

: ATP
2H¢  cydX 4 \ l Synthase
[~ =
<'QH2 QH2
Succinate Q Qk) ) m
Dehydrogenase ?0, -

o0

Succinate Fumarate

CYTOPLASM /\

ADP +Pi ATP

Figure 1.2. The layout and function of CydABXH in the electron transport chain of
E. coli. CydA, CydB, CydX and CydH are the four subunits that form cytochtahwehich

sits in the electron transport chain af prokaryotic cell membrane.Succinate
dehydrogenase oxidisesuccinate into fumarate with the reduction of ubiquin(@gto

ubiquinol (QH.). Two electrons are released and shuttled across the haems pre:
CydA. Haemd has the highest affinitfor oxygen and is the site of oxygen bindirdy.
proton motiveforced is generated whidk used by ATP synthase to produce ATP.

The single membrane subunit, CydX, has roles in promoting the assembly and
stability of thebd-I oxidase compleXHoeseret al. 2014) E. coli bdl CydABX has an
architecture similar to that of&ubfamilybdoxidase fromGeobacillus thermodenitrificans
where E. coli CydX has a similar location to that of CydS @n thermodenitrificans
(Safarianet al. 2016) This suggests thdE. coli CydX may be an analogue @.
thermodenitrificansCydS. There are several homologues @fdH, all have been
exclusively found in proteobacteria and correlate with treulbfamily bd oxidases. The
preciseaole of CydH is stillunclearbut some authors proposed its role in blocking the entry
route of Q to haenbsesin E. coli bdl. Respiratory studies 8. thermodenitrificansvhere
CydH is absent demonstrated that channels remained open allowtmgé&xransported to

haemd, whichis inthe place oE. colihaembsgs(Safarianet al. 2016)
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All known members of the cytochrorbe family are quinols, where ubiquinol and
menaquinolkserve as electron donor substrgt@srisov et al 2011).Cytochromebd has
three major subtypethat display differences in th@&-loopd , hydrophilic region that
forms a part of the quinol binding si@atsumotoet al.2006) subtype A, subtype B and
cyanide insensitive oxygen reductases (CNymbers of sb-type A have an insert in the
C terminal domain of the Q oop gi ving them al ocold@i-act er i
characterised examples doeind inAzotobacter vinelandandEscherichia col(Osborne
and Gennis 1998)CIO have &hort Qloops gsubtype B) which severely reduces the
amount of haend present (Borisoet al 2011). Previous studies that have characterised
ClO demonstrated that respiration occurs in these enzymes even in the presence of 1 mM
KCN (Cunninghamand Williams, 1995). However, diagnostic spectroscopic analysis of
membranes does not show the signature peak for kda@n630 nm in these instances
(Cunningharand Williams, 1995; Quesa@aal 2007). Microorganisms that contain CIO
includeP. aeruginosgCunninghamand Williams, 1995)P. putida(Moraleset al. 2006),

C. jejuni(Jacksoret al. 2007) ands.carnosugVogguet al 2006).

The Qloop was examined in its normal isolated state without substrate to determine
its role. A synthetiaqquinone substrate (U®) was used in the presence of ADB, an
aurachinD-type competitive inhibitor. The @op begins near the periplasmic section of
TM helix 6 and there is a helix break at A8 close to haensss (Figure 13D). The
hydrogen/deuterium exchange mass spectrometry (MNI3X results data showed that
binding of AD311 specifically affects flexibility and disorders thet&minal domain of
the Qloop (Qu) (Figure 1.3B. This had no effect on the-t€rminal domain of the @bop
(Qc) which insinuates that this insertion has no roles in substrate binding irsthigfamily

of E. coli. Except for interactions with thenQoop, the inhibitor AD311 nor the substrate
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UQ-1 had no effect on the overall structurebofl which strengthens the argument that
other substrate binding sites do not exist on the enzyme.

Safarianet al (2019)used cryeelectron microscopy (cry&M) to determine the
structure of LsubfamilyE. coli bdl oxidase in lipid nanodisasgith a bound Fab fragment
to 2.7 A resolution Figure 1.3. It confirmed that bd-| oxidase is a heteroligomer
consisting of a CydAB core dimer and two smaller single TM subunits, CydX and CydH
(Figure 1.3A. CydA and CydB share a common architecture where they both have two
four-helix bundles and an additional peripheral hefiig(re 1.3Q. The oxygen reduction
reaction is localised to CydA where haehfacilitates the reduction of Onto HO
(Safarianet al. 2016) The CydB subunithas a structural ubiquinot& (UQ-8) molecule
bound ina hydrophobic pocket similawhich occupiesninternal cleft that is similar to
the pocketthat isoccupied byo-type haem CydA (Figure 1.3@Q. This UQ8 is positioned
3.5 nm away from haedhand so its role in electron transfer or oxygen reductianligely.
However, there have been suggestions of its participation in the assembly of the CydAB

dimer(Safariaret al.2019)
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periplasm

Relative uptake difference
Ligand - Control

ritle

Figure 1.3 Cryo-EM structure of cytochrome bd-l oxidase fromE. coli. (A) Surface
representation dfd-I oxidase cryeEM density map at 2.68 A resolutiof8) The CydH
subunit binds to the hydrophobic cleft in Cyd&) There are 20 membraispanning
helices inE. colibd-l. (D) The Qloop is divided into @ segments that are rigid and C
that are well orderedE) AD3-11 is an aurach#D-type competitive inhibitor obd-l
guinone substrate that reduces deuterium exchange rate innthegi@n. The relative
differences of deuterium uptake are mapped on the structure and the CydA amir
sequence (Safariaet al. 2019).
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1.3.2.2.E. coli cytochromebd-II

E. colibd-l oxidaseis well-studied,but less is known aboi. coli cytochromebd-l.
The first high-resolutionstructureof cytochromebd-1l was publishedecently,and more
studies are ongoing to further characterise ¢éhzyme compleXxGrundet al 2021). Early
work reporteda new locusappCB that encoded a novelytochromebd complex inE. coli
(Dasseet al. 1991; Sturr, Krulwictand Hicks 1996)and later analyses confirmed the presence
of a third gen¢éo makeappCBX(Seraet al 2013) TheAppCB proteinsexhibited 606 identity
to the CydA and CydB proteins & coli (Borisov, Murali,et al 2011; Graueét al 2021)
and gectroscopic techniquesnfirmedthe presence of haedy haembsgs and haenbssg in
thebd-1l complex(Sturr, Krulwich and Hicks 1996; Grauetl al 2021) TheappCBandappB
genesarepart ofthe same operon and expressioel&/atedunder Q-limited conditionsand
carboriphosphate starvation, and when entering stationary p{sbeng et al. 1997)
However there anotable structural differendeetween cytochromesd-1 andbd-Il, one being
that theCydH subunit $ missingin the latter, meaning that theembsgsof bd-1l the haembsgs

cofactoris accessible from themembrandGrauelet al.2021)

Initially, flux analysis that involved glucose catabolism and respiration had implied that
E. coli bdll could operateria a mechanism that is fully uncoupled from proton translocation
(Bekkerat al. 2009) However later studies opposed this and suggested that PMF is generated
in membranes expressing cytochranadl with a H'/e stoichiometry estimation ratio of 0.94
+/-0.18(Borisov, Genniset al.2011) It wasconcludedhatthebd-1l complexreleaseprotons
into the periplasm via quinol oxidatipiperforming avectorial translocationmechanism

identical to that of cytochronmted-1 (Borisov, Genniset al.2011)
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1.4. Physiological Functions ofE. coli Cytochrome bd

The predominant roles of terminal oxidases are oxygen reduction (mainly to water),
moving protons across the membrane and energy consumption (i.e., ubiquinol). However,
cytochromebd oxidases possess physiological functions beyond these that are of huge interest

to scientists (Figuré.5).
1.4.1. Oxygenreactive Oxidase in Anaerobes

An anaerobe may be definad a microb¢hat cannogrow inthe presence of dissolved
oxygenthat exceedd QB&ughn and Malamy 2004)nterestingly, several anaerobes can
survivebdow this level and their survival is linked to the presence of cytochbmo&idases.
Bacteroides fragilisan obligate anaerobe, encodes cytochrbrhexidase that allows it to
consume oxygen at appreciable rates. However, studies showythaB mutants were
defective in performing oxygen uptake. This is also the case for other obligate anaerobes where
cydgenes are widely distributed includi@gobactermethanosarcinand MoorellaBaughn

andMalamy 2004)

Alternatively, facultative anaerobes sucHeasolirequire the presence of cytochrome
bd to survive at low oxygen concentrations study that assessed the importanc& .otoli
cytochromebd in mice intestil colonisatiordemonstrated thahutants lackingytochrome
bdoxidase hadailedto colonise théntestinegJoneset al.2007) Thisstudyprovides evidence
that aerobic respiratiorcaused by cytochromébd oxidase isessential for thesurvival of

commensal and pathogertic coli (Joneset al.2007).
1.4.2. Oxygenscavenging role for cytochromebd

Cytochromebd complexes imitrogenfixing bacteria have previously been shown to

have an oxygen scavenging role that protects the nitrogenase enzynexygenmediated
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inactivation. Indeed, a double knockout straiof Azorhizobium caulinodandacking
cytochromedsbd and cbls was shown to be unable to fix mgen (Kaminski et al. 1996)
Additionally, nitrogen fiation was completely impaired in ayd mutant of Klebsiella
pneumoniaeeven at low concentration of oxygenStudies with Azotobacter vinelandii
demonstrated thatytochromebd is essential for aerotolerant nitrogen fixat{@uwardset al.
2000)andfixing nitrogen when environmental oxygeoncentratios werereduced to 1.5%

(VIv).
1.5. S. aureusAerobic Respiratory Chain

The characterisation &. aureuss more recent when compared&ocoli, and as such,
most of the data presented on its respiratory chain are speciwever, some details are
certain such as Staphylocatspecies use menaquinones (vitami) &s their sole quinones
(Gotz and Mayer 2013A series of bioinformatics and biochemical analysis have proposed
thatS. aureusencodes twar threeterminal oxidaseg¢Taber and Morrison 1964; Tynecka et
al. 1999; Clementst al 1999; Vogguet al 2006; Hammeet al. 2013).Figure 1.4proposes
that there is amain cytochromeaas oxidase that is encoded by tgexABCDlocusthat is
protonpumping. A second oxidasesytochrome bd, is encoded bycydAB and is
microaerophilic and neproton pumping(Gotz and Mayer 2013)t is uncertain whether
cytochromeboNp a third oxidase found i8. aureudout if it is, it is proposed to be proton
pumping and aerophili¢Gotz and Mayer 2013However, itwas initially thought thas.
aureusexpressed a cytochrobeNj] compl ex that did not pump
Cytochromebd in S. aureuss expressed under microaerophilic conditigdammeret al
2013).A cydB qoxBdouble knockout mutant was constructed to evaluate the importance of
the oxidases in survival during infectigdammeret al. 2013).Results confirmed that both
cytochromeaas and cytochromebd in S. aureusare required for aerobic respiration and

pathogenesis i8. aureugHammeret al 2013).It wasalso proposed thaytochromeaaz and
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cytochromebd aremore likely to behe only oxidases present during aerobic respirati@ in

aureus(Hammeret al. 2013).

He
H PERIPLASM 1
e CydAB CM
[ (cyt bd oxidase) l
MQH;
e < ) — | Cytbo' oxidase 0_./\ H,0 ATP Synthase
QoxABCD |
_"'e_ cyt aa; oxidase
H* CYTOPLASM ( &

Figure 1.4.ProposedMRSA aerobic respiratory chain. The respiratory chain of MRS/
is situated in the cytoplasmic membrane (CM)s proposed that enaquinone (MQ) is
reduced to menaquinol (MQH which then transfers electrons)(® different terminal
oxidases The proposed main oxidasecigochrome aa(QoxABCD) which is composec
of cytochromesaso2 andbse1. Cytochromebd oxidase (CydAB), is proposed fonction
under microaerobic conditionghile athird terminal oxidase, cytochront@Nconsiss of
cytochromebsss and apossiblecytochromebssz. Cytochromebd is proposed to not b
protonpumping whilecytochromeaaz and cytochrom&oNjre protorpumping and work
under aerophilic conditions. ATP synthase uses the electrochemical gradient gene
produce ATPThis diagram is an adaptation@btz and Mayer 2018ndis speculative

1.6. Cytochrome bdand environmental stressors

Cytochromebd has been linked to having effects on certain environmental stressors
such as nitric oxide, peroxidehromateand sulphideRigure 15). This can result ilncreasing
the tolerance of bacterial pathogens to stresses encountered during infebtadnmakes

cytochromebd a goodcandidate for drug targag.

A. Peroxide Cytochromebd complexesmay play a role in providing protection against

hydrogen peroxide (#D2)-induced stresBoth cytochromebd-l and bd-1l have shown
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contribution towards the elimination BIOS such abl>Ozin E. coli (Borisov, Nastasi and
Forte, 2@3). These oxidases are believed to act as antioxidants that result in the
decomposition ofH20. and subsequently creates a redox balance which protects the
bacteria from oxidative stres@Borisov, Nastasi and Forte, 28). Further research
demonstrated thatlockout mutantef E. coli K12 strainswith defect incytochromebd

had $iown high sensitivity to kO (Lindqvistet al.2000) This testifies to the importance

of cytochromebd in providing bacterial resistance to ROS suchHa®,. Another study
demonstrated that thexpression of cytochrombd was increased upon addition of
exogenous kD» or via elevaton endogenouOSproduction(Charboret al.2017) This

was also observed Btaphylococcsl aureusvhereexposure to bz resulted inelevated
expression of cytochromied (Changet al. 2006) These studies have highlighted the
importance of cytochromied oxidases in providing redox balance in bacterial species and

creating bacterial resistanceHgO..

. Nitric Oxide. Nitric oxide is produced by the host during an immune response to eliminate
the invading pathoger€ells of the innate immune system (i.e., neutrophils, macrophages
andnaturalkiller cells), identify invading pathogens via the use of their pattern recognition
receptorgTripathiet al. 2007) Macrophages release nitric oxide when activated to inhibit
the replication of invading pathoge(&ipathi et al. 2007) Comparative studies showed
that nitric oxide caused greater growth inhibition in cytochrbohdeficient mutank. coli

cells than in cytochromie odleted mutant@Masonet al.2009) In Salmonella enterica
cytochromebdalso played a role in NO tolerance and has been shown to increase virulence
(JonesCarsoret al. 2016) In a mouse model, cytochrorbe-I contributed to the survival

of uropathogeni&. coliafter two days of infection which testifies to the importance of the
oxidase in host colonisation (Shephetél 2016).Further studies demonstrated thpon

exposure to nitric oxide i&. coli, genes encoding cytochrorné| wereupregulatedt the
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transcriptional leve(Hydukeet al. 2007) These studies have highlighted the importance
of cytochromebd in being a valuable defence tool for the survival of bacteria under NO

induced stressed.

. Sulphide. Cytochromebd has been proven to elicit resistance against sulphide in several
bacterial specie#\ study conducted on isolated enzymes demonstrated that cytodidome
was insensitive to sulphide even at high concentrations of 58 uM while cytochobiyas
severely inhibited (Fortet al 2016). It was hypothesised that cytochrobmoxidase was
functioning as a sulphidesensitive oxidase after sulphide was shown to inhibit
cytochromec oxidase in bacteriéNicholls et al. 2013) In these bacteria, an exposure to
sulphide led to energy depletion and cell ddaticholls et al. 2013) In cytochromebd-
deficient mutants, sulphide potently inhibits oxygen growth and respiration when
administered both exogenously and endogenofigbyshunov, Imlay and Imlay 2016)
The direct reason for the sulphide insensitivity exhibited by cytochbologidase remains

a guestion bubas beerproposedo be caused bthe lack of copper site ithe oxidase

(Borisovet al.2015) This conclusion was drawn based on a transient binding of hydrogen

sulphide (HS)to copper (G3) during sul phi de 6 g (Nichollsetbi t i on

al. 2013)
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Figure 1.5. The functions of cytochromebd oxidases The key functions obd-type
oxidases are to perform oxygen reduction proton translocation (independent of a
pump) and energy conservation. Tpbkysiological functions identified so far incluc
resistance to stress, resistance to antimicrobial agents and resistance to res
inhibitors.

1.7. Cytochromebdas a drug target

1.7.1. Cytochromebdis a good drug target

Cytochromebdis a good drug target for numerous reasons. High resolution structures
exist for various cytochromled complexes from multiple organisms which makes it easy to
study the enzymé¢Safarianet al. 2019; Grauekt al. 2021; Safariaret al. 2021; Friedrich,
Wohlwend and Borisov 2022Bd-type have been linked to virulence and stress tolerance in
some of the most pathogenic strains of bacteadingSalmonellgTurneret al.2003)group
B Streptococcus(Yamamoto et al. 2005) Staphylococcal species andseudomonas

aeruginosa(Voggu et al 2006) Burkholderia pseudomallgiPrice et al. 2018) Brucella
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abortus(LoiseFMeyeret al.2005; Endley, McMurray and Ficht 200Shigella flexner{Way
et al. 1999) andM. tuberculosis(Shi et al. 2005) (for a detailed review seBorisov et al.

2021).

Cytochromebd oxidases are highly expressed under anaerobic and gliowting
conditions such as iron deficien¢Borisov and Verkhovsky 2009nd acts as an oxygen
scavengeby protectingoxygensensitive enzymes such as nitrogenase from beawgivated
(Dincturk, Demir and Aykanat 2011)in Mycobacterium tuberculosismurine studies
demonstrated an upregulatiorbafoxidases in the lung of mice when the infection transitioned
from acute to chronic sta{&hi et al. 2005) In the fight to produce novel artiberculosis
drugs,a new compoundmidazopyridine Q203vas found to target cytochronbec complex
(Lu et al 2018) Biochemicalassays using the cytochrofmecinhibitor Q203werestudied as
the compound suppressed the growth Wlycobacterium tuberculose nanomolar
concentrations but was unable to kill the pathodenet al. 2018) Inhibition of cytochrome
bd, another respiratory oxidase foundNtycobacterium tuberculosisargely improved the

bactericidalctivity of compound Q20@.u et al. 2018).

CIO is one of the five terminal oxidases that are found to be expressed in the
opportunistic pathogerPseudomonas aeruginasaHowever, the CIO possessed by this
organism have shown great resistance to cyanide toxin which is also produced by the bacteria
(Zlosnik et al. 2006) The virulent characteristics of cytochro@oxidases, the presence of
high-resolution structures and their existence in solely prokaryotes make them excellent

antibacterial drug targets.

1.7.2. Bd-type oxidases as drug target in various bacteria

Pathogenic bacteria are exposed to extreme hostile environments upon invasion of a

host. They are introduced to ap-@eprived environment as well as other harsh conditions such
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as the presence of RNS and ROS produced during immune defence. In aitiditieapiratory
inhibitor H>S is produced by bacteria that coexists in the [Bstisov et al. 2020) These
unfavourable conditions are detrimental to the survival of the bacteria in the host and explains
the need for an increased expression of cytochhotexidasesCytochromebd complexes

can function in @limited conditions due to their high affinity for oxyge$tudies demonstrate

that cytochromdd has also conferred resistance to hydrogiphide that is produced in the

gut (Korshunw et al 2016).As shown in Figure 1.5, cytochrorbe oxidases are resistant to
ROS and RNS mediated stress which increases the virulence bd thhedasecontaining

bacterium.

1.7.2.1.UropathogenicE. coli (UPEC)

UPEC is the primary cause of urinary tract infections (UM#)elanet al 2023) UTI
is a global health issue atite mostcommonnosocomial infectioffGastmeier, 20Q1Asadi
Karam, Habibi and Bouzari 2019 Cytochromebd is believed to have vital roles in the
virulence of this organism lyonferringNO resistance during infectig@hepherett al.2016)
This studyinvestigated the relative contributions \arious mechanisms to tlieleranceof
NO, includingthe iron cluster repaprotein YtfE, NO detoxification systems (Hmp, NorVW,
NrfA) and expression othe NO-tolerant cytochroméd-I oxidase. As predicted, theajor
contributors to NO tolerance wecgtochromebd-l andHmp. Cytochromédd-l also induced

resistance to neutrophihediated killing anadonferredgreater survival in macrophages.

1.7.2.2.Group B Streptococcus

Group B Streptococcus (GBS) is a commensal bacterium that usually resides in the
genital and gastrointestinal tracts of individuals. The existence of GBS in the vagina flora is
usually harmless to women but could be-tlieeatening for nevborns during citdbirth that

could develop sepsis. GBS was assumed to partake only in fermentative respiration, but a study
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discovered its ability taespie aerobically if the environment provides quinone and haem
requiring cytochromeébd (Yamamotoet al. 2005) 6 En v i r o gunene ana haem are
believed to be supplied by residahflora that synthesise haem and menaquinone in the lower
gastrointestinabr genital tracts(Yamamotoet al. 2005. The study also showed that an
inactivation ofcydAin GBS leads to a decrease in growth in human b{%¥agnamotoet al.

2009.
1.7.2.3.Mycobacterium tuberculosis

There has been a lot of ongoing research on the characterisation of cytoblriome
M. tuberculosisthe causative agent of tuberculosis. Considering that tuberculosis is a global
healthconcernwith an estimated 10 million new cases dn@l million deaths in 202@Villar-
Hernandezt al 2023) a lot needs to be done to create new therapeMidsiberculosican
persist under severely deprived oxygen conditions inside its host but cannot proliferate (Cook
et al 2014). The ETC oM. tuberculosisonsists of two terminal oxidasesbatype oxidase
and anaas-type cytochromee oxidase that forms a super complex wiify (Borisov et al.
2020) The role that cytochront® plays in mycobacteriairulence is believed toccur during
the transition from the acute to chronic stage of an infection. A transcriptomic study using a
murine infection model demonstrated that cytochrdmdeand a nitrate transporter were

upregulated between the acute and chronic stages of the diSkesteal. 2005)
1.8. Known Inhibitors of Cytochrome bd

Bd oxidases have been associated with bacterial virulence and thus far have been only
identified in prokaryotes making them excellent drug targets. Consequently, there have been a
surge in research aimed towards discovering inhibitolxlaype oxidases. There have been
many compoundshown to inhibitrespiratory activity obd oxidaseqTable 1.}. Thus far,

there are two recognised forms of quinol oxidase inhibitors against cytochrbifig Qlike
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compounds that binds at tH@ binding site and (2) haem ligands that act at @e
binding/reducing sit¢éBorisov, Genniset al.2011) Q-like inhibitors include aurachin C and
haem ligands include nitric oxide (NO), cyanide and azide. Advancements are being made as
it relates to cytochroméd oxidase inhibition and drug repurposing of Food and Drug
Administrative (FDA) approved drugBlO is a potent and reversible inhibitor of cytochrome

bd, similarly to that observed in cytochroro@xidase(Sartiet al. 2012) This inhibition was
demonstrated witk. coli cells(Masonet al.2009)and with cytochroméd that was isolated

from E. coliandA. vinelandii(Borisovet al.2004)

An ATP synthase inhibitohedaquiline, was recently approved for treatmgjti-drug-
resistant strains of Mycobacterium tuberculosiswhich highlighted that oxidative
phosphorylation plays a major roleNtycobacterium tuberculosgurvival(Bajeli et al.2020)
Early studies demonstrated thdycobacterium tuberculosiwas sensitive to bedaquilinia
mutants whereeytochromebd had been knocked ouiBerney, Hartman and Jacobs 2Q14)
highlighting the importance of cytochroni& in virulence of pathogen®edaquiline was
proven to be an ineffective inhibitor of cytochrotme on its own but when combined with
TalacebedQ203) a phase two drugespirationand ATPhomeostasisvere inhibitedLee et
al. 2020) A recent study identified a series ofaB/l-quinolone as novel inhibitors of
Mycobacterium tuberculosisytochromebd (Jeffreyset al. 2023) However, combination
therapies that involve inhibitors of both branches of Mycobacteria terminal oxidases were
shown to improve the overall antimycobacterial activity of the compo(ieffreyset al.

2023)
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Inhibitor Organism Substrate Inhibitory Unit of

Activity Measurement

Antimycin A E. coli Duroquinol Oxidase 50 ¢ M, Conc. and %
Inhibition

Aurachin A E. coli Duroquinol Oxidase 700 & M Conc. and %
Inhibition

Aurachin C E. coli Duroquinol Oxidase 214 nM, 90% Conc. and %
Inhibition

Aurachin D E. coli Duroquinol Oxidase 400 nM, 93% Conc. and %
Inhibition

Carbon A. vinelandii Ascorbate2, 0.51 mM, Conc. and %
monoxide 80% Inhibition

6-dichlorophenolinde

Phenol Oxidase

decytaurachin D A. vinelandii = Ubiquinotl Oxidase 13 nM Inhibition
Constant (K

1,5 E. coli Duroquinol Oxidase 100 & M Conc. and %

Dimethylhexyl) Inhibition

quinazolinamide

2,6:Dimethyl-p-  B. Duroquinol Oxidase 65 & M ICso

b . stearothermo

enzoquinone philus

Dibromothymoq E. coli Duroquinol Oxidase 100 & M Conc. and %

uinone Inhibition

Gramicidin S E. coli Ubiquinotl Oxidase 5. 3 & M ICso

Hydrogen E. coli Duroquinol Oxidase 120 mM ICs0

Peroxide

2-n-heptyl-4 E. coli Duroquinol Oxidase 7 mM ICso

hydroxyquinolin

e

N-oxide

(1-Methyldecyl) E. coli Duroquinol Oxidase 100 & M Conc. and %
: . . Inhibition

quinazolinamide

Nigericin E. coli Duroquinol Oxidase 100 & M Conc. and %

Inhibition

47



Nitric oxide (NO) E. coli Ubiquinoll Oxidase 100 nM Inhibition
Constant (K

Potassium E. coli Ubiquinoll Oxidase 2 mM ICs0
cyanide or

Sodium cyanide

Piericidin A E. coli Ubiquinol1 Oxidase 15 & M ICso
Pentachlorophen E. coli Ubiquinoll Oxidase 2 0 0 & M Inhibition
ol Constant (K
(PCP)
p-benzoquinone B. Duroquinol Oxidase 120 & M ICso
stearothermo
philus
Sodium azide E. coli Ubiquinoll Oxidase 400 mM ICs0
(NaNs)
Stigmatellin E. coli Duroquinol Oxidase 2 00 & M Conc. and %
Inhibition
2-Thenoyl E. coli Ubiquinoll Oxidase 1 mM, 35% Conc. and %
. Inhibition
trifluoroacetone
(TTFA)
Undecylhydroxy E. coli Duroquinol Oxidase 2 0 ¢ M, Conc. and %
dioxo- Inhibition

benzothiazole

Zinc sulphate or  E. coli Ubiquinotl Oxidase 6 0 & M  ICso

Zinc Chloride

2-aryl- Mycobacteriu Glucose 2002 00 ¢ Conc. and %
quinolones m Inhibition

tuberculosis

Table. 1.1.Compounds with inhibitory effects on the respiratory activity of cytochrome
bd.*All E. colidata refers specifically to cytochrorbé| (Borisovet al, 2011).

1.9. Aims of Study

The first aim of this studyvas to create andharacteriseeC958E. coli strains that
express single respiratory oxidaseBis allowed for the enzyme to be easily studieghighly

pathogenicE. coli strain that was isolated from a patient with urinary tract infecfidre

48



second main aim was to assess known antimicrodalshibitors of cytochromied. There are
multiple publishedcompounds with antibacterial activity dod are known for binding to
quinol sites. It was important to establish the effect of these compounds on cytobdramde
determine whether they are potent inhibitors of the enzyine.final main aim of the study
was to emplogomputational (molecular docking vitro, andin vivoapproacks to develop
drug repurposingipelineto identify novel inhibitors of cytochrontl. This strategy involved
the screening ain FDA library via a molecular docking pipelifiellowed by the screening of
the top hits in the lab to determitigeir effects. Experimental assays included but were not

limited to oxygenconsumption assaygrowth assays and viability assays.
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Chapter 2

Materials and Methods



2. Materials and Methods

2.1 Bacterial Strains and Growth Conc
2.1.1 Bacterial Strains
Al |l bacteri al strains used throtghocuotl it h

strains are derived from a cl (Laied 2/1@I1BTthreai n i

MRSA strain wshead aicsd erh s eidse WJSESBHDEd d30 8 )a

commuas$ $g9gci ated MRSA strain isolated from t|

mut ant strains were generated by phage trans:s

t he Nebraska TrangBesgona2Mutigonts tlriabirnarySA300

met hods descr(ifFoeeyd. p2EVE Pruesr ayt i ng cl ean ns et

i nterest and conferring erythrbdohmgsitsher evsRIiSsAt

goxAstimTain will Npeeniypwf beeydBAAetdbaas wi l | be re

Mdj &0 N Njy

Table. 2.1. List of Bacterial Strains

Str a Characteristic Ref erencg¢

MS40E. TOP10 harbou6GctwnwdAB| (Shephe2dadl.6

MS62E. 0131 &OCP0@P p.CBCm Webster, C.N
thesis, Uniy

MS62Eco$3T131 &gC9d58B ap@mcB| Webster, C. M
thesis, Uni

MS6 3DHBcont ai ni n@Gcp&ARBXHIS Webster, C. N
thesis, Uni

MS66E. EGC®58 wi d type st (Lawt 280IB.

ST131
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MS66E. WMG1655 'gfcyadMdB appl Shepherd La
CYOABQ@QD N:-F&ART

MS68E. col ip¢'yEHAABM4'p p BC c This Wor |

MS6 8Met hi-ce 3 ilSttreapnhty | oc o,cAcl ( Kenmreedyw200
(USA300) WT

MS6 8MRSA LgaZdA: +n NARSA
MS6 8MRSA Llgg&€x A: +n NARSA
MS69E. NMG1655 'gfcyadMdB appk This Wor |

CYOAB QD N:-F&ART har bou
pSU271&8g &ARXGI9A

MS69E. MG1655 'gfcyadMdB appk This Wor |
CYoABCD y-6E®MRT har bou
pSU271&8g G&ARS 3A

MS69E. MG1655 'gfcyadMdB appk This Wor |
CYoABCD y-F®RART

MS69E. MGL1L65BEc og4dy'd AB appkt This Wor |
CYoABCD y-E®MRT har bou
pSU27&t86ABCD

2.1. 2. Bacteri al Pl asmi ds

The plasmids used throughout this project ar

Table 2. 2. Bacteri al Pl asmi ds
Pl as mi d Characteri|lAnti b Ref erenc
Resi s

pSU2-GX8§ dABlemyd@A®Bmpl e men Geht ( Shephte2dadl.6
pl asmid

pSU27-4aB@B X [mpp€EBmMpl emen| Geht Unpubl i sh
6 HI S pl asmid (Shepherd

pSU2-GX§ dABJE. EGCY9 b § d AGBHX GeRt|(Webster, C.
6 HI S e X pr epslsa sommi d thesi s, Uni
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pSU2GX8 oABExXxpressi onE.pl| Geht|{(Webster, C.
7HI S EC9B680ARCGD S thesis, Uni

2.1.3. Oligonucl eotides

SnapGmaepGenam)y used to design the oligon
this project which are | isteeédO0i% Todhlgeo ndi.c3 .e
were purchased from Integrated DNA Technol o

desal ting.

Table 2. 3. List of Oligonucleotides

Pri mer|Seque nxNg Us e Shepher| Direc
pri mer

1RNew pSATGCCTGC/
CGACTCTAC
ATTCAAT G
TGGTGAT G(
ATGTCTTC?
CCGGCTTT|
GATTC

406 For wa

cCo~cadD

N—TN > —

\‘

_ o Ok X
oQ 3So

T XszTO>»
WO~ 0< 3
0> HC —

CydABX EQCGGGGATC((Rever se 407 Rever
AAGAGGAGH#A06.
GGTACATGAUsed wit
TAGATATACGpri mer s
AAC TGTCH¥32.

2F New pATTTCTAGAmMpl i fic 431 For wa
GACCTGCAPSU2-G138
ATGCAAG [packbon

2R_New_p|GTACCTTT(AmMpl i fic 4 32 Rever
TCTTTAAGEPSU2-G138
CCCGGG backbon
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appCBX v

CGGGGATC({
AAGAGGAG,
GGTACATG]
ATGTCATT (
TATCGCGC]

Cl onianpgp G
operon f
into pSuU
Used wit
pri mers

45 3.

476

For wa

appCRX v

TAGAAATT (
GGTGATGG]
GGTGACTT]
GACGCGGG]
AGCCATAC(

Reverse
476

477

n

pSU_hi g

CACCATCA(
CACCATTG/
TCTAGA

Ampl i fic
vector b
PSU271860G

453

2R_pSuU2

GTACCTTT(
TCTTTAAG(

Rever se
pri mer f

404

pSU2718s
F

GTCGGGT G|
CTGCCAAC]

Screenin
pSU27 app|
X

275

pSU2718s
R

GCAGCTGGH
GACAGGTT]

Reverse
275

276

cydA _ L2H¥§

GAAAACCA|
CAGCTGCT/
AAGCCGA

Mut agene
L25BA Cof
pSU27-186G
apgBXHIL S

466

cydA_L25

CAATAGCAC(
CTTTGGTT]
GCACGT

Reverse
46 6 .

467

cydA_ F2¢

TGCTGCCG
CTCTGTTC|
TTCCTGA

Mut agene
F289in C
pSU27-186G
app GBI S.

474

cydA_ F26

CGAACAGA/
GCGGCAGC|
TGCAGGTT

Reverse
4 7 4 .

475
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cydA_Y387A_F

AGCGCCGCTGG
CATTCGCGTTC(C
GTATCAT

Mut agene
Y387Ai n Cy
pSU27-18¢G
app GBI S.

468

cydA_Y387A_R

GGAACGCGAAT
GCCAGCGGCG(C
TACACGCG

Reverse
46 8 .

469

cydA_F390A_F

GTACTTCGCGG
CGCGCATCATG
GTGGCGTG

Mut agene
F39Ai n Cy
pSU27-186G
app GBI S.

470

cydA_F390A R

CCATGATGCGC
GCCGCGAAGTA
CAGCGGCG

Rever se
4 7 0 .

471

cydA_I295A_F

GCTGGGCATCG
CCGCAACGCGT
TCCGTGGA

Mut agene
[295Ai n Cy
pSU27-18G
app GBI S.

472

cydA_I1295A_R

AACGCGTTGCG
GCGATGCCCAG
CGCGTAAG

Rever se
4 7 2 .

473

cydA_S241A_F

GGGTGATGAAG
CCGGCTACGAA
ATGGGCGA

Mut agene
S241Ai n Cy
pSU27-18G
app GBI S.

462

cydA_S241A_R

TTTCGTAGCCG(
CTTCATCACCCA
GAACAA

Rever se
46 2 .

463

Reer s

cydA_Y243A_F

TGAATCCGGCG
CCGAAATGGGC
GACGTGCA

Mut agene
Y243Ai n Cy
pSU27-18G
app GBI S.

464

For wa

cydA_Y243A_R

CGCCCATTTCG(
CGCCGGATTCA
TCACCCA

Rever se
4 6 4 .

465

Rever
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2.1. 4. Chemicals and Water

Mol ecul ar Dbiology experiments involving
mi QI iwat er . Al l ot her experi ments were perf
Solutions were sterilised by autoclagsabnhgonat

usi ngemOMRPRIl i pore filters.

Al chemicals were acqui r-glddrfircohm ulmleer snso |
ot her wi se. Medi a components such as trypton

were purchased from Oxoi d.

2.1.5. Medi a and Buf fer Solutions

2.1.5.-Bertania(LB) Medium

One |l itre of LB broth contained 10 g try]

medium, 15 g of agar was added to the ingred

2.1.5. 2. M9 Mi ni mal Medi um

A 200 mL solution of 5x M9 s#P®Os2Bwas83 m@r ep
KHPQ@Qand 0.5 g NacCl. This mixture was autocl a
was made by mixing 100 mL of BtxrM9,i sz2@)mL 1o
M MgSS®@!l ution (e&ubtot!| &ayddluyatdbddn (autocl aved) ,

casein hydrolysate solution (autoclaved) and

2.1.5.3. Tryptic Soy Broth (TSB) Medium

A 1 L solution of TSB was made by adding
prepare 1 L of tryptic soy agar (TSA), 15 ¢

was autoclaved and cooled before being store
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2. 1.Supser Opti mal Broth (SOB) Medium

To make a 1 L solution -torfy pStOdBn eme d5 ugn, o f2 0
NaCl, 0.186 g KClI was added to 1 L of water.

of 10 mBnMgCO in SOB medi um.

2.1.5.5. Super Opttabmalli tBe(oRED)weMedd ioinm

SOC medium i s SOBt arkeddliiuthne widpgr essi on. S O«
adding 20 mM of filter sterilised glucose (

cool ed'm&®Bu m.

2.1.5. 6. Tri s/ HCI buffer

A 20 mM Tris/HCI was made by adding 2.42 ¢

acid (HCI) was added to alter the pH to 7. 4

2.1.5. 7. Sonication Buf fer

Sonication buffer was made by creating a
Tri s, 2 oenMd Mg CimM EGTA. Hydrochloric acid ( H¢

obtain a pH of 7.4 before autoclaving.

2. 1. 5-a& . etEEDties ( TAE) Buffer

A 1 L solution of 50x TAE was made by adc
and 50 mL of 1 ™M EDTA to 900 mL of distilled

as made by adding 2 mL of 50x TAE to 98 mL o
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2.1.5.9.-behoepbdt 8aline (PBS)

To produce 1L of( pdd ,x14BSmlsodfuta obhOx con
solution (1.37 M NaCHP®27amM IKEOMMWAED andM eNa
900 mL of distilled water. The solution was
2.1.5.10. Succinate

For oxygen consumpuconnassagsd wW&a&d mdlde u
acid. The pH of the solution was adjusted to
2.1.5. 11 - -HyEdPrEcSX (@l Ipelrrzi neet hanesul fonic ac

To make up 1 L of 50 mM HEPES buffer (FIlu
added to 1 L of distilled water. The pH wa
autocl aved.
2.1.5.12. Glycerol St ocks

For freezing bacterial cultur250L golfy c5e0r% |
sterile gb@®ceogfolbavdttéerri al culture grown to st
in a steri8l0eAC.ryotube at
2.1.6. Antibiotics
All antibiotics used throughout this study a
Tabl e 2. 4. List of Antibiotics
Anti biotiSolvent Stock ConWorking

( mg/ mL) Concentr al
(g/ mL)
Ampicill i Mi I iwater|l25 125
Gentamici IMi Q) iwat er30 30 and va
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Chl oramph(Et hanol 34 25

Lincomyci IMi IQl iwateri25 25

Eryt hromy(Et hanol 5 5

2.1. 7. Drugs Tested

The drugs tested throughout this research ar

Table 2.5. List of Drugs Tested

Drug Sol ven Source
Quinestro DMS O TCl, UK Lt
Et hinyl est DMS O TCl, UK Lt
Mestranol Et hano Si galadr i ch
Quinestrol P DMS O David Beal

(Mar k Smal es

Madecassic Ac DMSO Ger aud Sang
(Christopher S

TTFA Et hano Si galadr i ch

(2 henoyl trif

2. 2. Bacterial Assays

2.2.1. Cndwt hons

E. wadicultured in LB or M9 mi ni mal medi a
broth (Oxoid), supplemented with antibiotics
To produce overnight cultures, a wasngl e
used to inoculate 10 mL starter cultures and
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overnight oculture was usekd tao Hii NVORCSUAl astter afi rnes

routinely cultured at 37AC, 180 rpm unl ess s
2.2.2. Optical Density Readings

Routinely, optical dedosweyer padifogsedt t®O
growth of <cells or turbidity of a sampl e. T |
sample into a cuvetdm anddhplaageat b1 SMSYOnita d o

spectrophotometer that had been blanked with
2.2.3. CO Diff emiem@ei dainsde dR eSlpueccetdr a

A SDB4 dual beam Bpelcd ramd okKwinseduesred st @ 0104

O0redmicralxsi di sedd and O6COE.diddleirse na erogpsapneticed di |

(Pooeltel®189) . Firstly, 100 mL cell s were grown
180 rpm). Next, 90 mL of the overnight <cult.u
the pell et was resuspended i n appr @xi mat dalcye

(Oef these dense cell-606uspEosi membrangedpeéc
were prepared as outlined in section 2.2.2.
cell / membrane suspension to obithenwawmBaddddc
mLsuspensi on t o generate the reduced sampl
subsequently -emwmposéedet gasafbon5 min to gener
Absorbance spectra were r€d®r dierd aftor0.abl | nns/c
bed ine subtractions wer@OdpdrHfeoremed tspegenea

di fference mi mAG® druecdeudcoe d 6
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Figure 2.1 SDB4 Spectrophotometer This is a special type o
spectrophotometer that canalyse highly turbid samples.

2.2.4. Membrane Preparation

Cell s were grown overermiegdhiduli at ¢dB agao 2nld
containing 1L of fresh LB37RICe d&I0t wmpen wasrl
which the culture was pell eted via centrif
resuspended in 35 mL sonication baufaaed (2éMn
EGTA). The solution was then transferred to
(MRSA cell s at 20 awmps$ br 88Wted vien th entewg erd oe a S
keeping t hegedakmri cscaudbmeat er to avoid over he:
was centrifuged for 15 mins at 4AC-spredcdl2,
centri-20gB0 dé&tor. At this point, the supern
coanining debris was discarded. A second cent
44,000 rpm using a Beckman Coulter wultracent

weighed in Eppendorf -2uAM@s before being stor
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2. 20x5y.gen Consumption Assays and Drug Screen

A drug screen was pe-rafpprrmesde df rdamgas It ihatt
i hihgiht 0 vi ai lm ssielrieceomi afy. The criteria used t
wer e -Wihti@hor not was based on how wkElIlcdlhiey
cytochdome The oxygen conslbmrptmeomb rraantee ionf tchyet
of these drugs was tested using the Rank Bro
for cali bration). The drugs tiesdmreel ater ezan
concentrations in 5% DMSO. LT oo fmetahseu rder utghse woax
an assay vol ushe odf HEMRLE S( & b érdt hme mbhr @20es, |

200 &©f succinate as the electron donor).

Figure 2.2. Oxygen Electrode ApparatusThe oxygen electrode (bluepnsists
of chambers that are connected to temperatangrolled circulating water bath.

2.2.6. -bebgdnagenase Assays

A solutiobOcoNMHEI ndomwgfer (pH 8.5) and 0. C
mi xXture cogvt aPiMSi,ngBudndMdnate and O0.5% final C

me mbr anes were preirmr€CubafedefaddBOGgmionsTat s B8
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drug that was being added was performed aft
membr anes after which the solution was tran
solution. To sMaot DGRI Pewa&d i @addeidnOgv h@® @ ha Ipa wt
0.8 to 1 at 600 nm. A kinetic read was i mme
application on a spectrophotometer with a si

selected between each run ancdultahtesodr aatte X DC

2. 2. 7. Growth Curves

Growth curves for bacterial strains were
flask method. Overnights were set up for the
fresh media the next day. The cdultteummpee rwaatsu rlee
the optical density was measured at 600 nm e

2. 2. 8. Pl ate Reader Assays

Cells were culturedEov)eEmwmai ghSBi mediBumedM
sterile conical flasks and supplemented witeh
next xbady mL2 cultures were made up in 250 mL c
M9 mini mal EmedaiodmTS58r medi um for MRSA. These
wittlkL5@®&f the overnight culture and was | eft

0.6 was reached at 600 nm. Cul tdurleust etdh auts i qurg

appropriate growth media. Antibiotics were ¢
affect the results of the experiment. The st
in the correct solvenhtosoot hdtughesfédoal | o

concentration. Theb®tt ovmldvedll hltwagereemepr &p
mul tichannel pipette by adding 100 OL of a

mill.0Q ®fOlthe drug and 33.30L of cell cultur
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a figeolf WD 1 in the 96 well plates. A negatiyv
which contained the solvent only and no drug
and consisted solely of the sol verett,t i matse rwe

as foll ow: 145 cycl es, 300s apart (totalling

2.2.9. Viability Assays

For susceptibBil babtasisayst wWworovernight C
sterile conical flasks for the appropriate b
culture was used to inoculate 10 mL fresh M9
as carbor <alrntwaue.esTlgood w Ou 8t ialndamwa®Ddi | ut ed t
medium. The diluted cultures were statically

~

OL of each stock condersttrealt iwarss adfilietdh & iod m )ogvo
a w6l |l micropl abal yFoonthel DPME®@o well s were
calcul ated for the data analysis. After the

added to the stock conedinaagami ahsrenwaswt Aor

using a multichannel pi pette and the micropl
After incubati on, the microplates were plac
sdrile 1 x PBS was added to the remaining w
mul tichannel pipette then 1:10 dilutions we

taking 20 OL from row A and adding tdL180 Ol
was taken from row B and added to row C. Th
which generated diolUtnoneriwartdse Bafge ofOeac
onto a gridded LB agar plateatin3ttephncané ¢
performed). The spots were | eft to absorb by
were incubated overnight at 37AC.
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2.2.10. Data Analysi s

Al Data analysis for the bacteri al assa
response curves for oxygen consumption assay

fitted tg tEhenisrimgmdimdd+10X{WFi(h@gn&nl i near r

2. 3. Geneti c Met hods

2.3. 1. | sol ation of DNA plasmid
To i1isolate DNA plasmid, Ql Aprep Spin Mir
instructions were followed as per the manuf a

2. 3. 2. Pol ymerase Chain Reaction (PCR)

Col ony PCR was performed to isolate the ¢
volume. The mixture con8l&adcrdfQevmmi @ j2 1x 5V
forward pr Ohreeveamnsde p.r®Olmdr resdsPpehded col on
solution was added to PCR tubes and the rea
(BiometraE) or Veriti Ther mal Cycler (Applie
PCR reactions werere;94940CC ifnart ila9 < efmprer Ad uc

UC for 3 min and the | ast step was 72 UC for
2. 3. 3. DNA Purification

Purification of PCR prQldAguisc kveP @R pRuw if iofr in

as per the manuf ae@ uwaesrt'esr meaansu auls,e db uitn smielaldi ¢
2.3.4. Agarose Gel El ectrophoresi s

The amplified PCR products were analysed

gel s, SYIDR Gslaflomlmelrt en ) agamdosle x TAE buffer.
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sampl es were mixed witlhfBlkdx DMA dliaadd edryée (aPrdc
|l oaded to determine the size of bands. The |

The DNA bands were visualised using a UV tra
2.3.5. ElLowcwiwph @ cdfdoimeoxi dase using Gibson Ass
2.3.5.1. PCR Reactiomd It o0OXAimpd 9  ya nCdy t \becchtr oormel

Two separate PCR reactions were carried o
and t Eencohéase operomd f owasyamphrbmed. Col o
to amplify the pSU271B.G WaepciOo rs tbraaciknb ohnaer bf or uorn
GcydABXasmid using forwaaddprewmerseppti mes, F
t he ampl iEf.i cwapttiocrh dafmeo x i d asspep @&pMeprioinf,iael f r om
cobmT131 EC958 WT straimapp€BXyg2f orawmalr dr epvreir me
appCBX v 2. Extraction oafpptCBBpXeDNA Wwarsb @erif g mt
GenEEBaeterial GenomAlcd DINAh Xi as (8émg mahe manuf

manu al

PCR reactions consisted &f 2tXheQ5fD bHd bgiht g g
DNA Polymerase 2X MasteQ whitxer ,211..55 &AL sftoerrw al
nM final), 1.5 OL reverse primer (300 nM fi
vector amplification or 0.5 OL app @Rxeonoinc. DN
Ther mal cycling par amet9edr sSUC orort hbe nH QR frod d cot\
of 94 UC for 15 s, 50 UC for 3Melsd atnd7Z 200

min and stored at 4UC u2nGCi f orheyocagld be tr
2. 3G9 bxZon Assembly

AGi b dose nkbiwtys used for the aEsedytloanlgr mrme t

bdlapp CBXewotbh heaitsp&U2718G veet olrheb aC kbbsoomn a s ¢
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was performed using the Gi bsonthles sneammbd fyaEc tQilr
instructions (manual E2611 E5510ppCBiXwasr e é&eh:

introduced to cMNhEBHEacsptblepy eEemiEt®tl ¢ 5t
2.3.5.3. Screening PCRpEBXidentify pSU2718G_

A col onyc®CRiteddserutti fy the prepedRxt hofa pS
desired band of 3378 bp. Primers used for th

and pSU2718seq_200_R (276) (Table 2.3).
2.3.5. 4. | sol aatpipoOBIXafs mp 8U27 18 G _

Foll owing theappCd8mXe mmgn owi tthhepSU2718G vect
Ql Aprep Spin Miniprep Kit (QlI AGEN) awapsCBuxX e d
frEm DbBBéiompetent cells as per the manufact
made to the manufactur e@ 6watpearnntwadl usesdtihmgt

buffer.
2. 3. 6. Expression ofbdremplmdx emsaanitn cyxioktds @ meu
2.3.6.1. PE .e pal &amii oanl loff competent <cell s

A 10 mL overnight culture was prepared [
appropriate bacteri al strain. 20 mM (final (
where necessary (to respiratory muwst amtcudtan aid
overnight at 37AC and 180 r pm. The overnight
medium in a 1:1000 dilution and | esbawvadg o in
approximately between 0.4 andf @r. 610 Trhien calfl tt a
5 mL of the cell suspension was centrifuged

was discarded, and the pel |l ectolwla sT B @bnutfhflyeerr. e <

67



100 mL TBO bmMf BEEPEBS piHM 68 CImM lim@BSH0 mM KCI

were added to distill ed Tvheaet ecrel e fsoursep emesii mgn 1
on ice for 10 min and centriThgedelfloet 5wand n
resuspended-cion d19® OGufifee and 14 OL DMSO wa

competent cdlirlozemerien dhoqouk d8 MAG.r ogen and St

2.3.6.2. Transfor metoimpnd extescgmbmhrcamey compe

FirstdLy,of 0.p3 asmi d DNAL walse midaealdl y oc dmpet e
the mixture |left on ice for 1'Chbar. 1Tmenmi Rt
bath after which it was | eft on ice for 20 n
mi xture and incub’scataerddf108(I:L2r¢mm.utrhs®(hptre3v7iousl
cel | mi xture was plated out on LB media surg
suppl ementary carbon sour werei haregsitreedbyTh
for 5 min at room temperature ancac¢L300&sh p&:MOC
medi a and plated out. Both plates were incub

mai nt enance of the plasmid.
2.3.6. 3. Restriction Enzyme Digest

Restriction enzyme digests were carried o
vol ume was 10 OL and c@nwateerd: 1506 &L Bt e mi
OL DNA minalsmi.® OL Nlchod njiPxtourresy awas lpaneé d yami
3®C for 3h. After incubation, 2 OL of 6 x DI

the 12 OL samples were ran on 1% TAE agaros

| adder and 10L dye). The DNA bmhdat were Vvisu
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2. 3. #.i r&ictteed MUEt. a Ceprt edcihlrdoai®p er o n
2.3.7.1. DNA Pl asmid I solation

Ql ApSpeipn Miniprep Kit (QI AGEN) wasG-used t
cydABiXggm TOP10 cedds mped |l ehe manufacturer ds n

only variation from theQpwatecolnssethdeotbsel
2.3.7. 2. Restriction enzyme digest to quant.i

Restriction enzyme digest was carried out
identify the plasmid. For this experiment,

buffer was used.
2.3.7.3di MQbctSed eMut agenesi s

Si-dierected mutagenesi s was-DestabédsNMetapg
Kit as outlined in manufacturertte pmot agehests

are outlined in Table 2.3 (see section 2.1.3
2.3.7.4. Tr ans fcopri meattbirdompelods mi d i nto competen

The product-dofrechedQlhusagenesi s -awlaghdaran
competent cells. First, 50 OL of competent c
on ice. Afterwards, 5 OL of the mwneabehesist
tube was cafeftulmey .f ITihek end x4 ur e was placed o
to heat 4RACkfodor3ats before bellngpifplsacad |loen
temperature SOC mediumreasTipe pmit ttedr ¢ nwas t ihm
for 60 min and rotated at 250 rpm. Tihbe t ube
ti mes before pefroflodr nsienrgi asle vdeirlau-t nloOn 63a7t }eG S OC

selection plates containing LB -agar Obndf gea
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dilution. The remaining cells were harvested

in 100 OL fresh SOC and plated onto 3s7AG.ctio
2.3.7.5. Restriction digest to identify mut a

Restriction enzyme digest was <carried ou
specific mut atAgoanrso steo gtehles pwearsemipdr.epar ed as i
using a UV transilluminatdomrecied omompgeeintiso

digest reaction is outlined bel ow:

For F269A mutagenesis, the r &dt sit et dwva tdeird, ¢ $

1 OL 10X ErBawuftfSerma r(tNEB), 2 OL DNA plasmid and

The ImwtbaAgenesi s restrictd.dih dit @eF tweaninexrd, i ile C

10X NEBufRfdr (NEB), 2 OL DNA plasmid and 0.5

F390A mutagenesis restriction e gvagtermi Xt Ore
rCut EnBaurftf er ( NEB), 2 OL DNA plasmid, 0.5 OL

enzymes.

For L253A mutagenesi s, the di g@swatwars, clo mplo ¢

NEBuUEf&r 1, 2 OL DNA plasmid and 0.5 OL Pvull

The Y387A mutagenesis resé6.foLcst erd vingmt | i X

10X r CkEtBimdretr ( NEB), 2 OL DNA plasmid and O.

2. An sNdtihcood s

2. 4. 1. Structur al Model |l ing

A 3D mol eculBr cdtroucchebomeasf obt ai ned from

Bank (PDB) and constructed usirg Rypyoedhr 0kieg
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bd and MRSA was performed vi(KePReltyenariisegr. h o
modeE|l eddl istbhbdict ure must be homol ogous to th
6 RKOSafatizalil®nd 6(RMhde Cet .i afO0Slt9r)u.ct ur al analy
performed usingnoPeMOLar Aldlockreg work of t he

performed(bgbboet, | @bM. (2023) PhD thesi s, U

2.4.2. Analysis of Ligands

Thrckiemensi onall9sEDAppupesdotirugs were obt
Drug3D online database with drugs( Rihbatnahlad &
2012)The drug ligands were downl oaded in .sdf
The .pdb format was | ater converted into a

( Morenti2s010.9)

2. 4. 3. Mol ecul ar Docking

As shown in Figure 2.3, the gmolde avaalsa rp ed d
using Aut dDook t Viamal. @Arsioonr 2t00l Ot)h§ B¢ redAiusad Do c k
200®839s used to determine the docking paramet
l igands into varioubBdszyes. oRYy MOk moltechlramn
software was al so used to (&Sseddgetrhea nldi ki g
The docking box si zee fcopril otcthal oRgeya tee€2i mMmosdterl u cotf
i * 28 i *30 iWebs2 25.20F00233ut omati on of doc
(Vina_auto.sh) was wused. Substrlad esvasanad spub I

controls to help determine the correct size
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Obtain from Protein Data
Bank or model using
Phyre 2

@

Visualise the binding
site for ligand-docking
using PyMOL

J

Convert structure
to .pdbqt format and
define the ligand binding
site using AutoDockTools

Download from a drug
data base
(e.g. e-Drug3D)

U

Convert to .pdb
format using
PyMOL

U

Convert ligands
to .pdbqt format
using AutoDockTools

Dock ligand to
structure via
AutoDock Vina

Analyse results
using PyMOL

Figure 2.3. Molecular Docking Pipeline.Protein structures were obtained from PDB
modelled using Phyre2. FDApproved drugs were downloaded frorbmig3D database
Docking of the ligands to the structure was performed using AutoDock Vina.

2.4.4. Analysis of Molecular Docking

The results generated by AutoDock Vina docki

affinities (kcal/ molHKy) Woe asgtsismati adkiosi rtg nt

exp(eG/ (R*T) with &G = binding energy (kcal
and T = temperature (298K). Drug | igands we
interactions with the quinol binding site.
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Chapter 3

Engineering and characterisation
of E. coli strains that express single

respiratory oxidases
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3. Engineering and characterisation ofE. coli strains that

express single respiratory oxidases

3.1. Summary

Globally, urinary tract infection (UTI) is a clinical concern as it is one of the most
common infections in humans. More than 80% of UTIs are caused by uropathBgenic
such as the multidrug resistant strain, EC958. The resistance of UPEC to antimicrobials are
largely due to reoccurring infections which results in excessive use of antimicrobials. In
developing countries, the overuse of brepéctrum antibiotics has réwmd in a massive
resistance of UPEC to antimicrobials which has a huge cliniclfimancial impact on
healthcare. The treatment choiceadfiTI is dependent on the classification of the infection
such as complicatecersusuncomplicated UTIs. Conventional antibiotics such as amoxicillin
are rarely effective against UTIs so newer forms of antibiotics such as nitrofurantoin are being
used. HoweverJTI-causing pathogens are growing resistarthtonewerantibioticswhich

highlights the urgency to develop new treatment methods.

The strain used in this study is an EC#8&oli 025: H4ST131 multidrug resistant
strain (Lau et al. 2008)that was isolated from a clinical patient with UTI. Mutants were
generated from this strain that expressed only cytochbohh@r cytochroméboNj as t hei r ¢
respiratory oxidases. These strains were characterised to determine the presence of these
oxidases. Recombinant oxidases were also engineere& withi EC958 cytochroméd-| or
cytochromébdHllinanE.coliMG1 6 55 ' Ec o M4 0 | respiratayi oxidasesforkise n g a |
in future work.In silico analygswere performed to identify key residues for the successful
binding of drugs in the ubiquinol site @ydA of E. coli cytochromebd. Mutagenesis was

performed on key residuesgonulate the emergence of antimicrobial resistance.
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3.2. Introduction

E. coliEC958 is a weldefinedE. coli O25: H4ST131 multidrugresistant strain that
is theone of theaetiological causeof UTIs worldwide(Lau et al. 2008; Totsikeet al.2011;
Fordeet al. 2014; Websteet al. 2022) It is reported that UTIs are the most frequently
occurring infection in humans with an estimated 40% of women and 12% of men being likely
to experience one UTI episode during their lifeti@eumbaugh, Smith and Mobley 2013; Kot
2019).Overall, uropathogenik. coli (UPEC) accounts for up to 80% of all UTISroxall et
al. 2011; Totsikaet al.2011; Bien, Sokolova and Bozko 201Zhe fastgrowing resistance of
antimicrobials towards UPEC signals an urgent need for the study and design of new

antibacterial agents.
3.2.1. Antimicrobial Resistance of UPEC

The resistance of UPEC to antimicrobials are largely due the antimicrobial treatment of
recurrent UTIs(Kot 2019) This has resulted in the emergence of MDR UPEC in mainly
women with recurring UTIgKot 2019) For a UTI to be classified as recurrent, a patient must
experience three or more episodes in one year and two or less in under 6 ifTantizzi,
Gribaudo and Maffei 2017Resistance of UPEC to antimicrobials is a clinical problem, and
the resistance of UPEC to antimicrobials are increasing globally (Table 3.1). The higher
prevalence of antimicrobial resistance in treating UTIs in developing countries is due to
excessive se of broaespectrum antibiotics which has serious clinical and financial

implications(Bartolettiet al.2016)

UTI is a complicated infection that can manifest in many ways such as asymptomatic,
bacteriuria, acute, chronic, or recurrent infect{®melov, Naber and Bjerklund Johansen
2016; Asadi Karam, Habibi and Bouzari 201Bhe type of treatment that is administered to a
patient is dependent on the classification of UTI or level of severity. Traditionally, antibiotics

75



such as amoxicillin wereffectively used in the treatment of UTIs but due to drug resistance,

other antibiotics are now being used. Flnsé treatments for uncomplicated cystitis include

nitrofurantoin and Fosfomyci(Asadi Karam, Habibi and Bouzari 2019; Kot 2018hother

first-line drug used in the treatment of uncomplicated UTIs, trimethepuifamethoxazole,

is now growing resistant to UPEC even in developed courfiiats2019)(Table 3.1).

Antibiotic

Developed

Countries

Developing

Countries

Amoxicillin-clavulanic acid

3.1%- 40%

48%- 83%

Trimethoprimsulfamethoxazole

14.6%- 37.1%

54%- 82%

Ciprofloxacin

5.1%- 39.8%

55.5%85.5%

Nitrofurantoin

<1.5%-

13.3%

Fosfomycin

<1.5%

Table 3.1. The resistance ofiropathogenicE. coli to antimicrobials usd in the

treatment of UTIsn developed and developing countries

In this studyE. coliEC958 strains that expressed either cytochroddeor cytochrome

boNj as their sol

e

respiratory oxi

dases

wer e

either E. coli EC958 cytochroméd-1 or cytochromebd-ll were engineered intd&. coli

MG1655 ' EcoM45bo

strains I

acking all

respirat

multiple amino acids were introduced to the quinol site oA subunit of cytochrombd

| to study the emergence of drug resistance to various drugs binding cytodit-dbme
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3.3. Results

3.3.1. Determining the growth and spectral properties foE. coli EC958 WT strains and

terminal oxidase mutants

Mutant strains expressing single respiratory oxidabdd 6nly and boNpnly cells)
were obtained. The mutants were previously generated in the host lab¢véstnster, C.M.
(2023) PhD thesis, University of Kerft)r om a UPEC EC958 strain wh
cell sé i n Figure 3. 1. Firstly, gr owt h cur \
characteristics of the strains. All three strains grew to agpd¥lue between 1.5 and 2.0 with
WT cells being the fastest grower. Cytochrobae only cells grew the second fastest while
boNpnly cells grew the slowest. Numerous attempts were made at engineeEngddirod-11

only strain but there was no success.

2.0

—-— WT
0.5- — bd-Il only
— bo only
0.0+ | T 7 A 1
0 2 4 6 24

Time (h)

Figure 3.1 Aerobic growth curvesfor E. coliWT, bd-| and boNpnly cells.Cells were
grown in LB media under aerobic conditiortstror bars represent the + stande
deviation of 2 biological repeat§he OD600/h for each growth curve was obtained

a oneway ANOVA performed at timepoir i 5. The pvalue is 062 which means tha
there isno statistical difference between the curves and the null hypothesisepted
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To confirm the presence of the relevant oxidase in each strain, CO difference spectra
wererecordedFigure 3.2 shows whole cell CO difference spectr&faoliWT, bd-1 andboN;j
only cells.This technique exploits the different absorption characteristics of haem cofactors in
different redox and ligation states thzdn be used teonfirm the correctassemblyof a
particularterminaloxidase. One of the most notable features is the presence of a pdék at 6
nm which ischaracteristiof the CO-boundferrous form of haend (Pooleet al. 1989) Haem
d is not detected in mutant straiexpressing only cytochrom®Nj ( Fi gur e 3. 2C) .
442 nm is most likely caused by cytochrorbes andd (Pooleet al. 1989) The peak at around
414 nm idue to the presencd the reduced haemCO complexandcan be seen in W3train

(Figure 3.3A) and strain expressing only cytochrdoodj ( Fi gure 3. 2C) .

Figure 3.3 illustrates the reduced minus oxidised whelespectra folE. coliEC958
WT, bd-l only andboNj onl y cell s which showcases most
strain.E. colibd-1 only cells had a distinctive peak at 630 nm which is representatiedued
haemd (Figure 3.3B). As expected, the peak at @34 isrepresentative of haemas absent
in cytochromeéboNj only cell s (Figure 3. 3C).bdRonldi sti nc
cells is due to higispin bsgs (Lorence, Gennis and Koland 1986)tochromebsss is present
at the peak 558 nm which contributes to Soret band at 4@ ooteet al. 1989).The troughs
at 650 and 680 nm seen in both WT (Figure 3.3A)l@htdonly (Figure 3.3B) are caused by

the peroxy (Poole and Williams 198&)nd oxy (Poole 1983Jorms of cytochroméd.
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Figure 3.2 CO difference whole cell spectra of E. coli EC958WT, bd-1 only and boN;j
only. A reduced speaim was obtained via the addition of sodium dithiomitiile CO-

reduced data was obtained by exposing reduced saogéebormonoxide for Gmin. To

obtain a CO difference spectrum, the -@@duceddata was subtracted from the reduc
data.A) WT spectra with peaks representative of all three oxidd&seSpectra of cells
containing cytochrombd-I only oxidase, represented by a peak at 640@nEpectra of
cells containing cytochrommN] onl y oxi dase which expl
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Figure 3.3. Reducedminus oxidised whole cell spectra of E. coli EC958WT, bd-I only
and boNpnly. A reducedminusoxidised spectra was obtained frWT, B) bd-I only and
C) boNpnly cells Reducedninusoxidised spectra were obtained by subtracting the oxid
data from the reduced data. Reduced data was obtained via the addition of sodium di
while oxidised data was obtained via the addition of ammonium persulphate.
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3.3.2.5pectral analysis ofE. coli EC958 cytochromebd-1 only membranes

To circumvent potential issues with inhibitor compounds accessing cytocbbhie
the inner membranes of whole cellgygen consumption assays were performedsolated
membranes of the. coliEC958bd-1 only strain As cytochromdd-1is highly expressed under
low oxygen levelsE. coliEC958bd-I only cells were cultured under the following conditions:
1 L of medium in 2 L conical flasks grown at 130 rpm and 37 °C. As mentioned in section
3.3.1, all distinctive spectral properties relating to cytochrbthkare present in the reduced
minusoxidised (Figure 3.4A) and CO difference (Figure 3.4B) spectra. The most distinctive
feature of cytochrombd arethe pe&s at 630 nm (reduced minus oxidised) and 640 nm (CO
difference)(Pooleet al. 1989) Cytochromebssg contributes tadhe peak at 558 nm in Figure

3.3Aalong withthe Soret band at 426 nfRooleet al. 1989).

A) 0.15 4% B) 0.029 428
0-109 0.01-
o o)
2 0.059 o
3 & 0.00-
5 0.00 5
2 -0.01-
%-0.05- 3
0.10- 0.02-
-0.15 T T , -0.03 T T 1
400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm)

Figure 3.4.Difference spectra ofE. coli EC958 cytochromebd-I only membranes. A)
Reducedninusoxidised spectrum with a final concentration of 50 mg/mL membrane:
CO difference spectrum with a concentration of 50 mg/mL membré@nedised spectre
were recorded following the addition of ammonium persulpiaézluced spectra wer
recorded following the addition of sodium dithionite, while -@@uced spectra wer
recorded following exposure of reduced sampbesarboamonoxide for 5min. Reduced
minusoxidised specta were obtained by subtracting the oxidised data from the red
data.To obtainCO difference spectr&O-reduceddata was subtracted from the reduc
data.
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3.3.3.0ptimisation of an oxygen consumption assay to assess the inhibition of cytochrome

bd activity in purified membranes

To assess the inhibition of cytochrobml activity, an oxygen consumption assay was
developed using a known inhibitor of cytochrobheolibd-1 oxidases, thenoyltrifluoroacetone
(TTFA). TTFA is a known inhibitor oE. colicytochromebd- where 1 mM of TTFAhas been
shown to diminishubiquinol1 oxidase activity of the purified enzyrbg 35%(Meunieret al.
1995)(Borisov et al. 2011)A dose response curve was generated for TTFA activity adainst
coli EC958bd-I only membranes and resulted in and®f 1.4 + 0.1 mM (Figure 3.5). To
estimate median inhibitory concentrationssg)Cdose response data were fitted to the sigmoid
y=Bottom + (TopBottom)/(1+10"((LoglC5)*HillSlope)) equation wusing nonlinear
regression (GraphPad). Raw data demonstrating an example of how the fits were calculated is

illustrated in Appendix A.1.
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Figure 3.5. Oxygen consumption assay dE. coli EC958 cytochromebd-l membranes
with TTFA . In the reaction chamber, 500 pg/mL membranes were added to 50 mM H
(pH 7.5) with changing concentrations of TTFA in ethanol. The concentration of et
was 2.5% v/v in all samples. A final concentration of 8 mM succinate was added t
the readbn. Cytochromebd-l membranes were inhibited by TTFA at ansd6f 1.4+ 0.1
mM. Datapoints represent singéxperimentsDose response data were fitted to the sigmr
y=Bottom + (TopBottom)/(1+10"((LogIC5&)*HillSlope)) equation using nonlinea
regression (GraphPad)

3.3.4. Recombinant expression of terminal oxidases i coli strain lacking all terminal

respiratory oxidases

3.3.4.1. CO difference spectra oE. coliMG1 655 OEcoM46 strain | acl

respiratory oxidases

An E. coli MG1655 'EcoM4'p (cydAB appBC cyoABCD ygjNstrain lacking all
terminal respiratory oxidasé€Bortnoy, Herrgard and Palsson 2008; Portebgl. 2010)was
used in this experiment. This strain ladkall known terminal respiratory oxidases that are
capable of consuming oxygenkti coli. CO difference spectra revealad distinctive features

which confirms the absence of terminal respiratory oxidases (Figure 3.6A).
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The researcher wanted t cedlthdalactopyramosidewh et h
(IPTG), an inducer of gene expression, would have any effect on terminal oxidases being
expressed in this strain. The addition of IPTG tocil&ureduring the growth of the strain had
no effect on oxidases being assembled (Figure 3MiBh proposethat there are no terminal
respiratory oxidases present | coli ' E ¢ o Me&ydAB gppBC cyoABCD ygJN For
transformation with terminal respiratory oxidase plasmids, chemicallypetent cells were
produced forE. coli MG1655 'EcoM4’ gdcydAB appBC cyoABCD ygjMtrain lacking all

terminal respiratory oxidases.

A) 0.04- B) 0.044 -
f-/_\_’-’_ ’--\\hj—-‘_‘.
@
S 0.02- e 0.02 //—/
o o /
g NS -
% 0.00 — a 0.004 f-J'I
-ﬂ __—_/ { - , !
g T <] "u, F_/
v -IPTG \ o/ +IPTG
-0.02- -0.02 \ /
1 T 1 ] T 1
400 500 600 700 400 500 600 700
Wavelength {nm) Wavelength (nm)

Figure 3.6. CO difference spectra of E. coli MG1 6 55 0 Etmio Mdking all

respiratory oxidases.E. coli MG1655 'EcoM4’ q{cydAB appBC cyoABCD ygiNvas
engineered by the host laboratory and lacks all terminal respiratory oxi@adsswere
grown under low aeratiof) without IPTGandB) in the presence of 500 UM IPTi@ assess
whether the expression of the respiratory oxidases would be indlelistinctive spectra
features were seen for both growth conditions that are indicative of the assefabtobf

terminal oxidases.

E. coli bd-l plasmid (pSU2718&ydABX HIS6) was previously cloned by the host
laboratory(Webster, C.M. (2023) PhD thesis, University of Kefit)e plasmid was engineered
harbouring a 6Hisag to facilitate purification via affinity chromatography, if required. The
vector backbone, pSU2718, was amplified fromEancoli TOP10 strain harbouring the
pSU2718G plasmid (strain MS402, Table 2.1). The primers used to amplify the vector

backbone were primers 2F_New pSU2718 and 2R_New pSU2718 (see Table 2.3). The

84



cytochromebd-1 operon,cydABX was amplified from ai. coli EC958 strain via the use of
primersCydABX F_EC958 and 1RNew_pSU2718. Gibson assembly was used for the cloning
of this plasmid before being transformed iEtacoliDH5 U ( MS 6 3 1Shepheadmt).e 2. 1,

Mini prep was used to extract the plasmid for sequencing and for future experiments.

To reconfirm the size and presence of pSU2G1&/dABX6HIS, a restriction enzyme
digest waperformedorE.coliDH5 U st r ai n ( Bi®phérdab)thatdahe tlomed2 . 1 ,
plasmid was first transformed into. Figure 3.7 shows an operon that contains plasmid pSU2718
G-cydABX6*HIS. Based on Figure 3.7, the Ncol restriction is expected to produce three bands
after performing gel electrophoresis: the largest band with a size of 3727 bp; the second largest

band with a size of 1505 bp; and the smallest batidaisize of 698 bp (Figure 3.11).

Following this, the miniprepped. coli bdl (pSU2718GcydABXHIS6) plasmid
extracted was chemically transformed info coli MG1655 'EcoM4' q(cydAB appBC
cyoABCD ygiN cells lacking all respiratory oxidases (see section 3.3.3.1). Figure 3.8 shows
the presence of colonies on the plates which contain the newly transfodrh@thsmid into
theE. coliMG1655'EcoM4' strain lacking all oxidases. This new strain is identified as strain

MS681 in theShepherd.ab (Table 2.1).
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Figure 3.7. Plasmid map of E. coli cytochrome bd-l plasmid with 6*His tag. The
pSU2718GcydABX HIS6 plasmid contains the genegdA cydBandcydXwith a 6*His
tag attached toydX There are two gentamicin resistance genes and four Ncol sites.

Figure 3.8. Transformation of E. coli cytochrome bd-1 plasmid with E. coli MG1655
'EcoM4’ strain lacking all terminal respiratory oxidases E. coli cytochromebdl
plasmid PSU2718GcydABXHIS6) was transformed intd. coli MG1655 'EcoM4'
g{cydAB appBC cyoABCD ygjNells that lack all terminal respiratory oxidases. Color
can be seen on LB agar plates that represent the new recombinant strain identified as

in the Shepherd lab.
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3.3.42. Cloning and transformation of cytochromebd-Il plasmid to construct bd-1l only

recombinant strain in E. coli MG1655 'EcoM4"

For future comparative studies betwéercolicytochromebd-1 andbd-Il, cytochrome
bd-Il plasmid (pSU27185-appCBX 6HIS) was cloned to construcbe-1l only recombinant
strain in E. coli MG1655 'EcoM4' qdcydAB appBC cyoABCD ygiNstrain that lacks all
respiratory oxidases. The plasmid was engineered harbouring a 6*His Tag to facilitate
purification via affinity chromatographyintroduced using the reverse cloning primef)
required. The pSU2718G vector backbone was amplified froni.anoli TOP10 stran
(MS402, Table 2.1) using the primers pSU_his_F and 2R_pSU2718 (see Table 2.3). The
appCBXoperon was amplified from &f coliEC958 strain (MS662, Table 2.1) via the use of

primersappCBX F_v2 andappCBX R_Vv2 (see Table 2.3).

The amplified pSU2718G vector backbone aappCBXoperon were cloned via
Gibson assembly and the plasmid was chemically transformeéirgoliD H5 U . Fol l owi
the successful cloning of cytochrotoe-1l plasmid, colony PCR was employed to identify the
colonies with the correctly cloned plasmid (Figure 3.9). The primers used for this PCR were
pSU2718seq_200_F (275) and pSU2718seq_200 R (276) (Table 2.3). Lastly, the miniprep
procedure (QIAGEN mini pregit) was used to extract the plasmid for sequencingfand

future experiments.

E. coli bdll plasmid (pSU27185-appCBX 6HIS) was chemically transformed iro
coli MG1655'EcoM4' gdcydAB appBC cyoABCD ygiNells lacking all respiratory oxidases
(see section 3.3.3.1). This new strain was identified as strain MS69&hapherd.ab (Table

2.1).
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Figure 39. Screening PCR for confirming the cloning ofE. coli cytochrome bkl
plasmid. Following the cloning opSU2718G-appCBX a colonyPCR was performed t
confirm the transformation gpSU2718G-appCBXinto E. coli D H 5 ¢bmpetent cells.
Screening primergSU2718seq_200_(Forward) andpSU2718seq_200_Reverse), were
used with an expected band siz&8¥8bp. This1% Agarose getonfirms the presence ¢
a positive hit fopSU2718G-appCBXplasmid inlane B. Lane A is a failed experiment .
the band is not the predicted size.

3.3.43. Restriction digest to confirm cytochromebd-ll plasmid in newly expressedE. coli

recombinant strain

To confirm the presnce of E. coli cytochrome bdl plasmid (pSU271&-
appCBX 6HIS) in strain lacking all respiratory oxidases, a restriction digest was performed
(Figure 3.11) The gene map (Figure 3.10) shows the operon with the pSUZ-apCBX*
6HIS plasmid and enzyme Ncol that has two sites. The restriction enzyme used for the
restriction enzyme digest was Ncol with an expected band size of 5175 bp for the largest cut
between two Ncol site containing tHe. coli cytochromebd-ll plasmid (pSU2718&5-
appCBX 6HIS) (see section 3.3.3.3). Two band sizes ca®ée for this restriction digest with
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the largest band appearing at 5175 bp and a smaller band size which represents the smaller cut

for the Ncol enzymesf 695 bp(Figure 3.11).

Ty

’2.;‘; promoter \

pSU2718-G-appCBX_6HIS
6565 bp

| CAP binding site

— (0 (1686)

TT276 - pSU2718seq_200_R (2750 .. 2769)

Figure 3.10. Plasmid mapof E. coli cytochromebd-Il plasmid. The operon show. coli
bd-1l plasmid pSU2718G-appCBX 6HIS, with 2 gentamicin resistant cassettes an

6*His tag attached tappX
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Figure 3.11. Restriction digest to confirmE. colicytochromebd plasmids in strains.Gel
electrophoresisvas conducted on 1% agarose glicol enzyme was used to perform
restriction digest to confirm the presenceMfE. coli cytochromebd-I plasmid in another
strain that is not relevario this study.B) E. coli cytochromebd-I plasmid pSU2718
cydABX-HIS6)in E. coliD H 5 dalls with an expected band size of 3727 lbpcolumn B,
Ncol enzyme had four sites on the operon where the first three sites made two cu
equal sizes of 695 bp each. This accounted for three bands being present in cd)rn
coli cytochromebd-1l plasmid pSU2718GappCBX6HIS) in E. coli MG1655 'EcoM4’
strain lacking all terminal respiratory oxidases with an expected band size of 5175
column C, the Ncol had two sites on the operon which accounegji@ltwo bandswith
expected sizeof 695 bpeach

3.3.44. Growth and spectral properties of newly expressed recombinant strains

expressingE. coli cytochromebd-| and bd-1l oxidases

Analysis of growth was conducted for the newly expressed recombinant strains
expressing either cytochrorbe-l or cytochromebd-ll in E. colicells (Figure 3.12). Aerobic
growth assays revesalthat both strains exhibited a small lag in growth before entering

exponential phase. Both strains had similar exponential phase and began to hit stationary
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phase at the same period. Howewek] only cells had a faster growth rate compareddal

only cells.

Whole cells were grown, harvested and the membranes isolated for membrane spectra
for bd-1 only andbd-11 only recombinant strains. Firstly, reduced membrane spectra were
obtained for both strains through the addition of sodium dithionite to the samples. After this,
the same reduced samples were exposed to carbon monoxidaifotobget CO reduced
spectra. The reduced data was subtracted from the CO reduced data to get CO difference
spectra as shown in Figure 3.13. Here, distinctive peaks can be sekrarehiepresentative
of the haem groups present in different cytochrtwhexidases. One of the most distinctive
features of a spectrum containing cytochrdadés the presence of a peak at around 640 nm
which is representative of the ferrous form of hak{Rooleet al. 1989) The troughs present
at around 650 nm are because of the oxygenated form of thedradactor(Pooleet al
1983).The peak seen at 558 nm is representative of cytochoesa@nd the small peaks at

around 595 nm is representative of cytochrdmse(Pooleet al. 1989)
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Figure 3.12. Aerobic growth curves for recombinant strains 6 Nu | | oxid

consiss of E. coliMG1655 EcoM4cellswith all oxidases knocked outurvesmarked as
eitherdd-lorbdl | 6 ¢ &EnceliM&1655d&EoM4 cells witlthe specifiedransformed
plasmid.Recombinant strains were grown under aerobic conditions in LB medium.
bars represent +ktandard deviation from 2 biological repealbfe OD600/h for eact
growth curve was obtained and a eamay ANOVA performed at timepoir81 5. The p
valueis 0.0008which means that there is a statistical difference between the curves &
null hypothesis is rejected.
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Figure 3.13. CO Difference spectral analysis of membranes isolated from recombinar
strains expressing eitheke. coli EC958bd-I only or bd-1l only oxidases Reduced spectr:
were obtained by addition of sodium dithionite after which the same samples were e
to carbon monoxide for ®in. The reduced spectra were subtracted from CO red

spectrao obtain theCO difference spectra.

3.3.45. Oxygen consumption assay of recombinant strain expressing. coli EC958

cytochromebd-ll only recombinant strain with TTFA

Published dat@Meunieret al. 1995)and data from this study (Figure 3.5) have demonstrated
that TTFA is an inhibitor of cytochrontel1. To establish the inhibitory effect of TTFA @&

coli cytochromebd-1l, oxygen consumption assay was performed on membranes of the newly
constructed recombinant strain expressihgcoli cytochromebd-ll as its sole respiratory
oxidase to determine its killing effect. As demonstrated in Figure 3.14, TTFA inBibasli
cytochromebd-1l with an 1G5 of 2.66 + 0.4 mM which is 1.26 times higher than that of
cytochromebd-1. To estimate 16, dose response data were fitted to the sigryeibttom +
(Top-Bottom)/(1+107((LogIC5X)*HillSlope)) equation using nonlinear regression

(GraphPad).
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Figure 3.14. Oxygen consumption assay on membranes of recombinant strai
expressing onlyE. colicytochromebd-1l with TTFA . In the reaction chamber, 500 pg/rr
membranes were added to 50 mM HEPES (pH 7.5) with changing concentrations of
in ethanol. Ethanol ds concentration w
8 mM succinate was added to start the reackoroli cytochromebd-11 membranes were
inhibited by TTFA at an Iy of 2.66 + 0.4mM. Data points represent single experimer
Dose response data were fitted to the sigmeBbttom + (TopBottom)/(1+10"((LogIC50
X)*HillSlope)) equation using nonlinear regression (GraphPad)

3.3.5. Development of quinol site mutants to investigate drug resistance
3.3.5.1. Identifying important residues for mutation

Point mutations were introduced to the quiboiding cleft ofE. colicytochromebd-|
to investigate whether this would affect the binding of inhibitors. This has implications for the
design of future drugs and the emergence of resistance. Thesmt complexes can
potentially be used to simulate AA residue changes that could emerge if bacteria were exposed

to inhibitors that bind to the quinol cleft.
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Mutagenesis studies had identified residues that are of importance in the correct

functioning of the quinol binding sit&fanget al. 2004 Mogi et al. 2009;Goojaniet al. 202Q.

In silico analysiswas then performed timighlight theseesidues in the quinol binding sioé

CydA of E. coli cytochromebd-I: L253A, F269A, Y387, 1295 and F390 (Figure 3.1Site-

directed mutagenesis was performedimspecifed amino acid residues. Appendix A.2. is a
sequence alignment that shows the conservation of the amino acid residues. In Figure 3.15B,
the residues are mutated to alanldaembssgis alsoshown and the main purpose of this haem

is to oxidise ubiquinol to quinol. TTFA, a known inhibitor ©f coli cytochromebd-1, is also

bound to the quinol cleft.

A387

F269

Figure 3.15. Residues of significance in the functioning of the quinol binding site of the
cydA subunit of cytochromebd-l. A) Residues L253, 1295, F269, Y387 and F390 bet
mutation. B) Residues L253, 1295, F269, Y387 and F390 after alanine mutatic
introduced Haembssg oxidises ubiquinol to quinolTTFA is aknown inhibitor ofE. coli
cytochromebd-l.
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3.3.5.2. Residues F269A and L253A were successfully mutated

Amino acid mutations were introduced Eo coli EC958 cytochroméod-l plasmid
pSU27agEBX H) Ssol at edE. toli o @P lahé 6strain (MS402,
Shepherdab). Mut agenesi s wa®r peeaftdrimmeedd uisni nTgabl e 2.

2.1.3).

The mutagenesis products were transformed into -SE&pha competent cells.
Diagnostic restriction digests were carried out to confirm whether residues F269A and L253A
have been successfully mutated. Plasmid maps sghé&w 2 7-4 @B 6 H | v8th the
specific restriction enzyme used for residue F269A (Figure 3.16A) and L253A (Figure 3.17B).
The mutagenesis process had added or removed a restriction site which can be determined
through a restriction enzyme digest. Of the chosen residues, Fa68AL253A were

swecessfully mutated to alanine while the others failed.

Mutation F269A removed a Bsml site by introducing a GCC alanine codon and made
a conservative codon change to GGT for Gly273. L253A with GCA alanine codon introduces
a new Pwvull site. Cutting a WT plasmid with Bsml would result in three large bands mgasuri
3004 bp, 2010 bp and 1803 bp (Figure 3.16B). However, F269A mutagenesis added 132 bp to

the 2010 bp fragment to make it 2142 bp.

L253A with GCA alanine codon introduced a new Pvull site. Cutting WT plasmid with
Pvull produced five large bands with 2864 bp, 1602 bp and 695 bp being the three largest.

L253A mutation clipped the 1602 bp fragment into 984 bp and 618 bp (Figure 3.17B).
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Figure 3.16. Plasmid map and restriction digestfor F269A mutagenesisA) Plasmid
map for designindg-269A mutant for mutagenesis worB) Restriction digest foF269A
mut agenesi s. DNA | ad d.¢ane A represes WHEN@IQEL958
cytochromebd-1 plasmid(p S U 2 7-4 &8 X% H |) vihile lanes B and Dshow theDNA
plasmid with F269A mutation adde@utting WT DNA plasmid with Bsmwould produce
three larg bandsof 3004 bp2010bpand1803bp. F269A mutagenesis added 132bp to
2010 bp fragmeninaking it2142 bp.

B.
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Figure 3.17. Plasmid map andrestriction digest for L253A mutagenesisA) Plasmid
mapfor designing L253A mutant for mutagenesis wdlk Restriction digest for L253A
mutagenesiDNA | adder i s 0 RHanesw€ gepresénkKWE. tolaEC 958
cytochromebdl plasmids p SU2 7-4 8B % H ) @hile lanes DE represent
plasmid with L253A mutation. L253A mutagenesis with GCA alanine codon introdut
new Pvull site. Cutting of WT plasmid with Pvull would produce five bands thitee
largest bein@864 bp, 162 bp and 695 bp. L253A mutation clipped théd2®p fragment
into 984 bp and 61&p.
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Following the sitedirected mutagenesis of the residues of the quinol binding site,
growth and spectralssays were performed to characterise the strains. As seen in Fi@jre 3.1
F269A mutants grew relatively faster than the L253A mutants. However, both strains had
similar growth patters with the exponential phases commencing at the same time and both

strains also entered the stationary phase at similar periods.

Whole cell spectra were obtained for both strains. Iifirseduced spectra were
obtained by the addition of sodium dithionite. The same reduced samples were exposed to
carbon monoxide for Bin to obtain CO reduced spectra. In FigurE33, the distinctive peak
at 640 nm is representative of hadnfPooleet al. 1989)which confirms the presence and
correctly assembly of cytochronbeHl in F289A mutantsThere seento have been a partial
assemble of cytochromted complex in mutant L253A where cytochrorbds present, but
haemd is absent (Figure 3.19BThis proposes thdt. coli cytochromebd-I was unable to

assemble in L253A mutants.

2.5 & Null oxidase mutant
- [F269A éi
2.09 = 1253
£
c 15
o
S
o 1.0
— A
0.5+
0.0 &a 1
0 2 4 6 8 24

Time (hours)

Figure 3.18. Aerobic growth curves of quinol site mutants F269A and L253ANull

oxidant mutan{E. coliMG1655 'EcoM4 contaired nooxidaseandwasgrown in 20 mM
glucose to facilitate growthCells were grown aerobically in LB mediur&rrors bars
represent/- standard deviation of 2 biological repedise OD600/hfor each growth curve
was obtained and a omweay ANOVA performed at timepoint 2 4 h. The pvalue was
0.0014 which means that there is a statistical difference between the curves and -
hypothesis is rejected. 98
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Figure 3.19. CO difference spectra of EcoM4 cellexpressingE. coli cytochrome bd-
site-directed mutants. (A) F269A mutant with a distinctive peak at 640 nm which repres
haemd of cytochromébd-I. (B) L253A mutant does ndtave full assembly afytochromebd

as haend is absent.

3.3.53. F269A mutantled to oxygen consumption in purifiedmembranes

To measurehe ability of the newly engineerdgl coli cytochromebd-l quinol site-

directed mutants to consume oxygen, oxygen electrode assays were carried out on purified

membranes. FigureZ) shows thatWT cytochromébd-| only membranessolated frome. coli

cells harbouringpSU2718G-cydABX(see MS402 in Table 2.tonsumed oxygen at a rate of

114 nM/s while F269A mutant consumed oxygen at a rate of 64 nM/s. Membranes harbouring

L253A mutation were unable to consume any oxygen (Figa@ &hich might be a result of

E. colicytochromebd-1 oxidase not being able to assemble (Figure 3.18B)unpaired non

parametrictestgenerated a-palue of 0.3vhichindicates a nostatistically significant result

(Figure 3.20).
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Figure 3.20. Oxygen consumption membrane assay da. coli cytochromebd-I quinol
site-directed mutants. WT cytochromebd-1 only membranessolated fromE. coli TOP10
cells harbouringgSU2718G-cydABXconsumed oxygen at an average of 114 nWZ69A
mutantconsumed oxygeat an average of 64 nM/6253A mutantdid not consume an)
oxygen. Error bars represent mean with standard deviation for two technical répe:
unpaired, notparametrictest was performed that generatqu\alue of 0.3vhich means
that deviation from the nulhypothesigs not statistically significant.

To determine whether a known inhibitor Bf coli cytochromebd-1 (TTFA) was able
to inhibit the newly engineerdtl colicytochromebd-1 quinol site mutant (F269A), an oxygen
electrode dose response curve was obtained for its memb@atygen consumption activity
was established for the F269A mutant in the presence of TTFA andeaf 6C15 + 0.05 mM
was generated (Figure 3)2 To estimate median inhibitory concentrations sg)C dose
response data were fitted to the sigmgrBottom + (TopBottom)/(1+10”((LoglC59

X)*HillSlope)) equation using nonlinear regression (GraphPadg IC50 obtained for the
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F269A mutant is significantly lower than that of the unmutated cytochrodde only
membranes (Figure 3.5). This was not expected considering that mutations were introduced to

this plasmid, and as such, this result was marked as an anomaly.

5 100
o
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=
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I° ICso = 0.15 mM
52 (33.31 pg/mL)
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0.0001  0.01 1 100
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Figure 3.21. Oxygen consumption assafor E. coli cytochromebd-l quinol site mutant
(F269A) with TTFA. An oxygen electrode dose response curve was obtainetthec
membranes of F269A sidirected mutantthat generated alCso of 0.15+ 0.05mM. In
the reaction chamber, 500 pg/mL membranes were added to 50 mM HEPES (pH 7.
changing concentrations of TTFA i remaned
at 2.5%. A final concentration of 8 mM succinate was added to start the re&aian
points represent single experimen3ose response data were fitted to the sigmr
y=Bottom + (TopBottom)/(1+10"((LogIC5)*HillSIope)) equation using nonlinea
regression (GraphPad)
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3.4.Discussion

3.4.1. Characterisation ofE. coli EC958 cytochromebd-| WT and mutant strains

A multidrug-resistant uropathogent€. coli (NicolasChanoine, Bertrand and Madec,
2014) EC958, was used for this study as it was able to determine the role that cytoothrome
| play in a clinical pathogenic strairk. coli has three known terminal respiratory oxidases,
cytochromebd-l, cytochromebd-Il and cytochroméoNjForteet al, 2016) Having WT and
mutant strains foE. coli EC958 bacteria alloadfor direct comparisons and the formation of
more conclusive experimental outcomes. Each respiratory oxidase has unique characteristics
that make it easy to identify and understand thenacborately study the terminal respiratory
oxidases oE. coli, the growth and spectral properties were determined via the use of aerobic

growth curves and spectral analysis.

The SDB! spectrophotometdPoole and Kalnenieks 200@)as used to generate CO
difference and reducedinusoxidised whole cell spectra for the strains as this instrument can
analyse highly turbid samples. It walsoimportant for spectral readings to be obtained for
purified membranes as the electron transport chain of prokaryotes are situgladnia
membranesThe haem groups of each terminal respiratory oxidase appear at different peaks
when the oxidase assembles correctly which can be used to determine the type of terminal
respiratory oxidases are pegs in a strairfPooleet al. 1989) Aerobic growth curves showed
how well each strains grew as introducing mutations to bacteria can have significant effects on
their function.E. coliWT strains grew the fastest which was expected as all three respiratory
oxidases are present in this strain and thi
Cytochromebd-I only cells grew almost as fast as WT cells which attests to the ability of

pathogenic bacteria to use this oxidase as a survival tool under almost any given conditions.
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CytochromeboNpnly cells grew much slower which proposes that this oxidase does not

consume oxygen as well as cytochrdoad.

3.4.2. Designing experimental tools to repurpose drugs that target cytochrorbd oxidases

In the fight against AMR, new drug targets are needed to develop novel antimicrobials.
Cytochromebd oxidase is a good drug target because it is only found in prokaryotes and
archaedgBorisov, Genniset al. 2011) it hasbeen linked to virulence and stress tolerance in
some of the most pathogenic strains of bac{@uaneret al.2003; Yamamotet al.2005)and
the existence of high resolution structures for various cytochbalnemplexes from multiple
organisms makes it easy to study the enz(@adariaret al 2019; Graueét al 2021; Safarian

et al 2021).

One of the best ways to assessthwractivity of cytochromebd-l is through oxygen
consumption assays on purified membranes. Therefore, an inhouse oxygen consumption assay
was developed on the oxygen electrode using cytochbokh@nly membranes. For positive
control, a known and published inhibitor Bf coli cytochromebd-l, TTFA, was analysed.
Though effective, oxygen consumption assays on an electrode can be time consuming and
could be made more tirrefficient by use of a higthroughput fluorescence assay using a plate
reader. This oxygen electrode membraneyasdaform the basis of experimental drug screens

in the lab as a follovup ofin silico approaches used in Chapters 4 and 5.

Recombinant strains were engineered that expréssaai EC958 cytochrombd-type
oxidasesinak.coiMG1 655 O0EcoM46 strain | acking all
recombinant strains expressed eitBercoli cytochromebd-1 or cytochromebd-Il oxidases.

The host lab is yet to design &n coli cytochromebd-l only strain so this newly designed
recombinantbd-1l only strain could allow for comparative analysis in future studies.

Recombinant technology is a modern tool that is essential tpdirvelopment as it creates
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more opportunities and flexibility for researchers to work with highly pathogenic and
6dangerousd microorganisms. The recombinant
could allow for the studying of highly pathogenic strains suddyabacterium tuberculosis

if its cytochromebd oxidase is successfully expressed in anotherpathogenic strain.

3.4.3. Development of quinol site mutants to investigate drug resistance

One of the greatest, but unpreventable, threats to antibiotics is the emergence of
antibiotic resistance. Antibiotic is a global health threat that has increased by over 65% between
2000 to 201qQWalshet al 2023).Antibiotic resistance is a naturally occurring phenomenon
that allows bacteria to evade the antibacterial properties of antibiotics that they were once
sensitive to(Pulingamet al 2022). Though unpreventable, the occurrence of antibiotic
resistance can be largely minimised by lowetimgmisuse and overuse of antibiot{@sslam
et al 2018; EClinicalMedicine 2021)ntrodugng point mutations in the quinddinding cleft
has implications for the design of future drugs and the emergence of resi$taasmnutant
complexes can potentially be used to simulate AA residue changes that could emerge if bacteria
were exposed to inhibitors that bind to the quinol clBfierefore, mutations were introduced
to the quinol site of theydAsubunit ofE. coliEC958 cytochroméd-1 through sitedirected
mutagenesidrevious work has demonstrated the importance of #te@and quinol binding
site in the assembly and functioning of cytochrdidd (Goojaniet al. 2020. CydA subunit
holds a periplasmic hydrophii loop called Goop that is provenfundamental for quinol
oxidation(Goojaniet al 202Q. Deletion or shortening of the-fQop via mutation has resulted
in loss of haem groups, prevented assembby. @oli cytochromebd or inactivation Goojani
et al 2020Q. The amino acid residues thaerepredicted to be of most importance figjand
binding inthe quinol site werearmarkedor mutation. Of the five mutations attempted, only

two were successful (F269A and L253A).
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Spectral analysislemonstratedhat mutation L253A prevented the assembling=of
coli cytochromebd-l as the spectral analysis did not show any distinctive peaks that are unique
to cytochromebd, especially a peak at 640 nm which is representative of liad/253A
signifies the original amino acid at position 253 in the protein sequemeeii L 0 r epr es en
leucine T h e | e istrepreseniattvé adlanine,which isthe amino acid used to replace
leucine. L253A mutation is believed to have wide effedn the structure, function and

interactiors of a prdein (Kamtekaret al. 2008)

F269A mutation affected the oxygen consumption Bf coli cytochromebd-1 only
membraness oxygen consumption activityere lower when compared to WT. However,
oxygen consumption dose inhibition curve isalatedmembranes revealed that mutation of
F269A had no major impact on the on the inhibitory action of T,Ts#ggesting that this
residueis not involved in TTFA bindingF269A mutation refers tphenylalanineat position
269 in the protein sequence wih alanine substitutiott.is believed that this mutation affects
the ability ofreplication protein A to bind DNA and facilitate DNA repair proesg€henet
al. 2016) Replication protein Aas vital roles in DNA replication, repair and recombination

by binding to singlestranded DNA ad interacting with other proteirf€henet al. 2016)

3.4.4. Future Studies

This work generated a strain that expressed cytochhmhikeas the sole respiratory
oxidase, which will provide a useful tool for comparative work with other strains that express
cytochromebd-l or cytochromeboNas the sole respiratory oxidasés.addition, this work
developed a F269A variant of cytochrornd|l that will be useful in future studies with
potential drugs that bind in the quinol cleft. Although this residue is not important for the
binding of TTFA, it may well be useful to simulate the egesice of resistance against other

compounds that bind in this quinol pocket. The obvious extension of this work is to complete
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the mutagenesis of all key residues in the quinol pocket, and then to undertake dose response
experiments with putative quinol cleft inhibitors. This approach could be further extended to
respiratory oxidases from other pathogens to gauge the likelihooesistance emerging

towards cytochrombd inhibitors in a variety of pathogens
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Chapter 4

Assessing known antimicrobials as

Inhibitors of cytochrome bd
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4.1. Summary

Atovaquone, 1,aphthoquinone, and madecassic acid are known antimicrobials with
modes of actions thathave previously been shown target electron transport chaim
different ways. Madecassic acid is an anticancer and antibacterial agent that has been a recent
focus in novel therapeutic development. A madecassic acid derivative of interest has been
recently developed that resulted in mitochondrial dysfunctionugiroa decrease of
mitochondrial membrane potential. Therefore, it was of interest to investigate if this compound
had any effects on bacterial energetics. Atovaquone is an antimalarial and antipneumocystis
agent that targets cytochrorbe; complex througlcompetitive inhibition. Atovaquone is a
hydroxy-naphthoquinone analogusg the 1,4-naphthoquinonéead group is highly likely to

targetubiquinotbinding clefts astovaquone does.

In silicoanalygswereperformed for tovaquonel,4-naphthoquinone, and madecassic
acid 1 to determine the molecular interactions between the compounds and the quinol site of
E. coli cytochromebd-1 and cytochroméoNjOf the three compoundstovaquonehad the
lowestKq value forthe quinol site of CydA focytochromebd-l (0.96 uM) and subunit 1 for
cytochromeb o(NR uM). Despite this, atovaquone was the only compound that peslsess
inhibitory effects against oxygen consumption activilyE. coli bd-l only membranes.
Madecassic acid 1 arid4-naphthoquinonavere inhibitory againsk. coli bdl andb eoNly
membraneoxygen consumption activitgnd cell growth Neither of these compoundsd
inhibitory effects against cell viability. Madecassic acid 1 was derivatised to determine whether
altering of its structure could increase its bindaffinity for E. coli cytochromebd-I quinol
site.It was demonstrated that an added acetoxy group kghter binding to cytochromied-

1 with 1Cs0 as low as8.8 + 3.5 pM(5.6 £ 2.2 pg/mL)for madecassic acid 2, comparechto

ICs0 0f 46.80 + 15.7 uM23.62 + 7.9 pg/mlfor the original compound (madecassic acid 1)
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4.2. Introduction

Madecassic acid is produced Ggntella asiaticgIndian pennywortand is a known
anticancer and antibacterial agévialdeiraet al.2018; Valdeiraet al.2019; Wei, Cui and Liu
2023) Derivatives of madecassic acid were produced of which one (compound 29) showed
growth inhibition against 26 various tumour cell lif¥sldeiraet al 2019).Atovaquone igin
FDA-approved antimalarial medication known as Malarone which is used in the treatment of
uncomplicated malaria in childremNikon et al 2013). Atovaquone is also given as a
prophylactic treatment fd?’neumocystis jirovecimmunocompromised patieniSooleyet al.
2014; Robinet al. 2017) Derivatives of 1,4aphthoquinone have been proven to have
antibacterial and antifungal properties against strains suehcdi, P. aeruginosas. aureus
L. monocytogeneand variousCandidaspecie{SanchezCalvoet al.2016; Ravichandirast
al. 2019) The antimicrobial properties of all three compounds make them interesting
candidates for study as potential inhibitors Bf coli cytochrome bd-l. In addition,
naphthoquinone is the head group of atovaquone, and both compounds are known to bind to

quinol sites.

4.2.1. Madecassic Acid, Atovaguone and }Maphthoquinone as potential quinol site

targets of E. coli Cytochrome bd-|

In protozoa, atovaquone inhibits the mitochondrial respiratory chain at the cytochrome
bci complex through competitiiahibition of ubiquinolbinding (Fry and Pumey 1992; Nixon
et al. 2013) Further studies show that thishibition of the bc; complex diminishe the
complete function of the mitochondr{8iagini et al. 2006).Hydroxy-naphthoquinones are
also competitive inhibitors of cytochromiec; complex (Kessl et al. 2007) and novel
naphthoquinones have been designed and tested as stissede inhibitors of

quinol/fumarate reductas#&/olinella succinogene@\asiri et al. 2013) Cytochromebd and
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cytochromébc: complexes are the only oxidases found in complex Il of the electron transport
chain and contains quinol binding sites. This makes the compounds atovaquone and
naphthoquinone more interesting targets for the quinol sit&.ofoli cytochromebdI.
Derivatives of madecassic acid have been synthesised and tested against tumour cell lines
(Valdeiraet al.2018; Valdeiraet al.2019) A particular derivative (compound 29) resulted in

a decrease of mitochondrial membrane potential and a subsequent mitochondrial dysfunction
(Valdeiraet al. 2019) Figure 4.1 illustrates a summary of the pharmacological properties of
1,4-naphthoquinone, atovaguone and madecassic acid which makes them praadiddtes

to targetthe ubiquinol site oE. coli cytochromebd-I.

In the current workwhole cell and membrane assayere performe@nE. coliEC958
strains to determine whether dndphthoquinone, atovaquone and madecassic a@d
inhibitorsof cytochromébd-I. Derivatives of madecassic acid were designed, synthesised, and

tested to determine whether bindaiginity could be increased.

1,4-Napthoquinone] ‘ Atovaquone ] | Madecassic Acid

Antibacterial Antimalarial Anticancer
& & &

Antifungal Antipneumocystis Antibacterial
Competitively Competitively Disruption of
inhibits ubiquinol inhibits ubiquinol mitochondrial
of cytochrome be; of cytochrome be; membrane
complex complex potential

Figure 4.1. Pharmacological properties of 1ANaphthoquinone, Atovaquone and
Madecassic Acid All three compounds possess antimicrobial properties and mo
actions are associated with targeting of the mitochondrial electron transport chai
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4.3. Results

4.3.1 Docking of known antimicrobials to the AlphaFold 2 models oE. coli cytochrome

bd-1 and cytochromeboN;j

An in silico analysis(Henry et al 2024)was performeda investigate how well atovaquone,
2-hydroxy-1,4-naphthoquinone and madecassic acid 1 bind to the quinol ditEs coli
cytochromebd-1 (CydA) and cytochromé o(Njbunit 3. The drugs were docked to the quinol
site of CydA forE. coli AlphaFold 2 cytochroméd-l structural model and subunit 1 of
cytochromeb o Whe dissociation constants predicted by AutoDock Vina for the known
antimicrobials are shown in Table14.Atovaquone had the lowesfy value for both
cytochromebd-l and cytochromé o(TNjble 41). 2-hydroxy-1,4-naphthoquinone had a lower
Ka value for cytochromé o(3§.4 uM) compared to cytochrorbe-1 (108.99 uM) (Table 4).
Madecassic acid (i.e. the native compounttad aKqvalue 1.14 uM for cytochromied-1 but
39.54 uM for cytochromé owljch predicts the possibility of a tighter binding to cytochrome
bd-l enzymes (Table 4). To establish how well the natural substrate (ubiquinol) of
cytochromebdand cytochromé dbgs to the quinol site iBydA and subuit 1, respectively,
ubiguinol8 was also docked to these sites. Ubiquidlad a higtKq value (108.4 uM) for
cytochromebd-I compared to other compounds such as atovaquonenaddcassic Acid 1.
For cytochromé g Alpydroxy-1,4-naphthoquinone had the saigvalue as ubiquine8, at
33.4 puM. Madecassic 1 alsexhibited a Kq value close tothose of 2-hydroxy-1,4-

naphthoquinone and madecassic acid 1 of 39.54 puM.
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Ligand Enzyme Binding Affinity  KdValue Kad Value

(kcal/mol) (nM) (UM)
Ubiquinol -8 E. coli -5.1 180935.8 108.94
Cytochromebd
(CydA)
Atovaquone E. coli -8.2 960.92 0.96
Cytochromebd-
(CydA)
2-Hydroxy-1,4- E. coli -5.4 108988 108.99
Naphthoquinone Cytochromebd-I
(CydA)
Madecassic Acid E. coli -8.1 1137.81 1.14
1 Cytochromebd-
(CydA)
Ubiquinol-8 E. coli -6.1 33396.86 334
Cytochromeb o |
(Subunit 1)
Atovaquone E. coli -7.2 5206.01 5.2
Cytochromeb o |
(Subunit 1)
2-Hydroxy-1,4- E. coli -6.1 33396.86 334
Naphthoquinone Cytochromeb o |
(Subunit 1)
Madecassic Acid E. coli -6.0 39544.63  39.54
1 Cytochromeb o |
(Subunit 1)

Table 41. Docking of known antimicrobials to the ubiquinol sites inCydA of E.
coli cytochrome bd-I and subunit 1 of E. coli cytochromeb a Nje natural substrat:
of cytochromébd-| and cytochromé q ubiquinol8, was also docked to the quinol sit:
of CydA and subunit 1, respectively.

Docking images illustratkthe orientation of ubiquine8, atovaquone, madecassic acid
1 and 2hydroxy-1,4-naphthoquinone in the quinol cleft &. coli cytochromebd-I CydA
(Figure 4.2) and subunit 1 &. coli cytochromeb o(Npure 4.3). The natural substrate of
cytochromebd and cytochromé q Wbiquinot8, is docked to the quinol site @ydA of E. coli

cytochromebd-l (Figure 4.2) and subunit 1 of cytochrorbeo(RNpure 4.3). The molecular
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docking imaging (Figure 4.2) shows several hydrophobic residues present in the ubiquinol site
of cytochromebd-l. This means that there are high hydrophobic interactions between the
compounds and cytochromed-l as demonstrated by multiple red areas on the protein.
Alternatively, the ubiquinol site in subunit 1 of cytochroimeo ddes not have as many
hydrophobic interactions compared to cytochrdode as several polar regions can be seen in

blue (Figure 4.3).

A. Ubiquinol-8 B. Atovaquone

D. Madecassic Acid 1

Figure 4.2 Docking images of kown antimicrobial compounds and ubiquinol-8
bound to CydA of E. coli cytochrome bd-l. A) Ubiquinol8, B) Atovaquone,C) 2-
hydroxy-1,4-Naphthoquinone anB) Madecassic acid 1 bound to the ubiquinol sit& of
coli AlphaFold 2 cytochroméd-I model. Red = negative charge. White = hydrophok
Blue = positive charge.
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A. Ubiquinol-8 B. Atovaquone

A = ol N
C. Naphthoquinone D. Madecassic Acid 1

Figure 4.3 Docking images of knownantimicrobial compounds and ubiquinol-8
bound to subunit 1 ofE. coli cytochromeb o A)jUbiquinol-8, B) Atovaquone(C) 2-
hydroxy-1,4-Naphthoquinone an@) Madecassic Acid 1 bound to subunit 1Eofcoli
AlphaFold 2 cytochromb omddel.Red = negative charge. White = hydrophobic. B
= positive charge.

4.3.2. Investigation of Drug Efficacy/Specificity
4.3.2.1. Preliminary investigatonofAt ovaquoneds efficacy/ speci f |

Of the three potential inhibitor scaffolds investigated in this chaptevaguonevas
predicted to have théighest affinity for ubiquinol sites of both cytochronbetl and
cytochromeb o(3¢je section 4.3.1). Test the validity of thigprediction, oxygen consumption
assays were performed @& coli EC958 membranesontainingeither cytochromésd-l or

cytochromeb oaldjthe sole respiratory oxidase. Atovaquone didresdlt ininhibition of
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neither cytochroméd-1 nor cytochromeb ooNjy membranes (Fige 4.4),althoughit was
predicted to have the highest affinity for the ubiquinol sites of both oxidases (see Table 4.1).
Due to the lack of inhibition, tavaquonewas excluded from further experimerdad 2

hydroxy-1,4-naphthoquinone and madecassic acrekie investigated further

100- B bd-l only’ membranes + DMS0O
80- B ‘bo-only’membranes + DMSO
) B ‘bd-l only’ membranes + Atovaquone
% 60- B ‘bo’-only' membranes + Atovaguone
]
w 40-
o
20
0-

Figure 4.4 Oxygen consumption assayof E. coli EC958 cytochrome bdl and
cytochromeboNj o n |l y magaiistramvagueneDMSO only experiments were use
as negative controls. A higloncentration of 1250 pg/mlt@aquone does not inhilit coli
EC958cytochromebd-I nor cytochroméooNpnly membranes. Error bars represent stanc
deviation of 2 technical repeats.

4.3.2.2. Oxygen consumption assays of madecassic acid 1 afiny@oxy-1,4

naphthoquinone againstE. coli EC958cytochromebd-I and boNpnly membranes

Following in silico analysis of the known antimicrobials, atovaquone was found to be
ineffective against the oxidoreductase activitfgotoli EC958 cytochromed-1 andboNpnly
membranes (see section 4.3.2.1). Contrastingly, both madecassic acid -hyalvdx3-1,4-
naphthoquinone were inhibitory agaimistcoli cytochromebdl andboNj o xi das e s.
shows thak. coliEC958 cytochrombd-1 only membranes were inhibited by madecassic acid

1 with an ICso of 23.62 £ 7.9 pug/mL 46.80+ 15.7 uM). Alterndively, 2-hydroxy-1,4-
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naphthoquinone inhibited cytochrord-1 only membranewith an 1G of 1019+ 260 pug/mL
(6443 £ 1644 uM)(Figure 4.5). This corresponds to molecular predicted binding affinities
which produced a higKqvalue of 108.99 uM for -hydroxy-1,4-naphthoquinone, and a lower

Kq value of 1.14 uM for madecassic acid 1 (Table 4.1). To estimate median inhibitory
concentrations (I63), dose response data were fitted to the sigmo&iBottom+ (Top

Bottom)/(1+10"(XLoglC50))equation using nonlinear regression (GraphPad).

A. B
hage) o € 100-¢ °
55 =9
5 < * o . 5
o —
= g3
S 8 s0- ES
(&) o Cc
>3 O'g 504
>g ICso = 46.80 €M 2z ICso = 1019 £g/mL
- 2 |
<Lt> = (23.62 eg/mL) 5E (6443 M)
P <o
i o w °
0 ! ! ! 1 > o 0 T T T T e,
0.0001 0.01 1 100 10000 0.1 1 10 100 1000 10000
Madecassic Acid 1 (€M) Naphthoquinone (eg/mL)

Figure 45. Dose inhibition curves of madecassic acid 1 an@®-hydroxy-1,4-
naphthoquinoneactivities againstE. coli EC958cytochromebd-I only membranes A)
Madecassic acid 1 inhibits cytochrorbé| only membranesvith an 1Go of 23.62+ 7.9
pg/mL (46.80+ 15.7uM) while B) 2-hydroxy-1,4-naphthoquinone inhibits cytochrorhé-

| only membranes at an 460f 1019+ 260 pg/mL 6443 £ 1644uM). Data points represer
single experimentsDose response data were fitted to the sigméiBottom+ (Top-
Bottom)/(1+10"(XLogIlC50))equation using nonlinear regression (GraphPad).

To assess the specificity of the compounds, oxygen consumption assays were
performed orE. coliEC958 cytochrom&éoNj] onl y membr anes. I nterest
1 inhibited cytochromé&oNj wi t dpof 32m5 4 13.8 pg/mL@4.3+ 27.3uM) which is
lower thanthe measuretCso for 2-hydroxy-1,4-naphthoquinone af027 + 483 pg/mL (6323
+ 2974 M) (Figure 4.6). However, the predictéd valuesof madecassic acid 1 and 2

hydroxy-1,4-naphthoquinone for cytochromeoNj] oxi dase were 39.54 ON

respectively (Table 4.1). To estimate median inhibitory concentratiosg),(ddse response
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data were fitted to the sigmo¥=Bottom+ (Top-Bottom)/(1+10~(XLogIC50))equation using

nonlinear regression (GraphPad).
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Figure 4.6. Dose inhibition curves of madecassic acid 1 and -t®droxy-1,4
naphthoquinone activities againstE. coli EC958 cytochrome boNpnly membranes A)
Madecassic acid 1 inhibits cytochrorhesoNly membranesvith an 1G5 of 32.45 +£13.8
pHg/mL (64.3+ 273 uM). while B) 2-hydroxy-1,4-naphthoquinone inhibits cytochrorbeo |
only membranewith an 1Go of 1027 + 483 pg/mL§323+ 2974uM). Data points represer
single experimentsDose response data were fitted to the sigmdéaBottom+ (Top
Bottom)/(1+107"(XLoglCsg)) equation using nonlinear regression (GraphPad)

4.3.2.3. Growth and Survival Assays of Madecassic Acid 1 and -Bydroxy-1,4-

naphthoquinone againste. coli WT, cytochromebd-1 only and cytochromeboNpnly cells.

This study has confirmed that madecassic acid 1 amgeoxy-1,4-naphthoquinone
are inhibitory against the activity & colicytochromédd-1 only andboNpnly membranes (see
section 4.3.2.2.). Herein, we assessed the ability of both compounds to inhibit the grigwth of
coli EC958 WT, cytochromebd-I only and cytochromeboNpnly cells. 2hydroxy-1,4-
naphthoquinone caused inhibition against all three strains which testifies to the ability of the
drug to not only inhibit oxygen consumption activity in meartes, but to inhibit the growth
of whole cells.E. coli WT cells had the lowest kg of 0.04 + 0.03 pg/mL (0.25 £ 0.2 pM)

followed by cytochromdoNpnly cells with an I of 0 .06 £ 0.03 pug/mL (0.38 + 0.19 uM)
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against Znydroxy-1,4-naphthoquinone activity (Figure 4.7). However, both WT (Figure 4.7A)
andboNpnly (Figure 4.7C) cells showed residual activity with only 42% inhibition occurring
for both strains. This means that that maximum inhibition did not take place. Cytodhdeme

| only cells were inhibited by-Bydroxy1,4-naphthoquinone by up to 80% with arnsd©f 2.9

+ 1.1 pg/mL (18 + 6.8 uM) (Figure 4.7B).

Madecassic acid 1 was assessed to see its inhibitory effects on the gr&vttoof
EC958 WT, cytochrombd-I only and cytochroméoNpnly cells (Figure 4.8). The growth of
WT cells was inhibitedvith an 1G5 of 39.45+ 19 uM (19.91 + 9.6 pg/mL)Figure 4.8A).
Cytochromebd-| only cells showed a bit more specificity to the drug as they were inhibited at
an I1Goof 10+ 5.8uM (5 £ 2.9 pg/mL)(Figure 4.8B) BoNpnly cells showed the least amount
of sensitivity towardsnadecassic acid 1 witm#Cso of 180.7+ 144.7uM (91.2 £ 73 pg/mL)
(Figure 4.8).To estimate median inhibitory concentrationssg)Cdose response data were
fitted to the sigmoig=Bottom + (TopBottom)/(1+10"((XLoglCsg))) equation usingonlinear

regression (GraphPad).
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Figure 4.7. Growth Assays of 2hydroxy-1,4-naphthoquinone againstE. coli EC958
only and cytochrome boNpnly cells. 2-hydroxy-1,4-
naphthoquinone inhibits growth & coliA) WT cells at I1Go of 0.04 + 0.03 pug/mL(0.25
+ 0.2uM), B) ba-l only cells at an 16 of 2.9 + 1.1 pg/mL(18 + 6.8 uM) andC) boNpnly
cellswith an 1Gso of 0.06 + 0.03 pug/ml(0.38+ 0.19uM. Dose response data were fitted
the sigmoidy=Bottom + (TopBottom)/(1+107((XLogIC50))) equation using nonlinea
regression (GraphPadkrror bars represent theean with standard deviatianfor 6

cytochrome bdi

technical repeats.

119



>

5 1507
O
© o
Q_._
£ q
S 8 1001
5
© ©
X = ®
e
£3 501
oo L
O IC50 =39.45 M
=S (19.91 eg/mL)
0 T r s
0.01 1 100 10000
B Madecassic Acid 1 (M)
o 1501
Qo
S o
£ &
3§ 1001
TR
C ©
x=
== -
E o 20
o
8 o ICg0=10€M
© (5 eg/mL)
° 0 T T 1
0.01 1 100 10000
C Madecassic Acid 1 (M)
D 1507
8o
¥
o o 1004
© 5
T @
x = i
£ = 501
S w
oo ICso = 180.7 €M
0L (91.2 eg/mL)
X 0 T T 1
0.01 1 100 10000

Madecassic Acid 1 (M)

Figure 4.8 Growth Assays of madecassic acid 1 againgt coli WT, cytochrome bd-I
only and cytochromeboNpnly cells.Madecassic acid 1 inhibits growth iBf coliA) WT
cells at IGp of 39.45+ 19uM (19.91+ 9.6 ug/mL), B) bd-1 only cellswith an 1G5 of 10+
5.8uM (5 = 2.9 pg/mL)andC) boNpnly cells at an 16 of 180.7+ 144.7uM (91.2+ 73
pg/mL). Dose response data were fitted to the sigmgreBottom + (Top
Bottom)/(1+107((XLogIC50)))equation using nonlinear regression (GraphHadpr bars
represent standard deviatifor 6 technical repeats.
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To furtherinvestigate the impaatf 2-hydroxy-1,4-naphthoquinone and madecassic
acid luponbd-I-only andboNpnly strains viability assays were conducted. It was shown that
2-hydroxy-1,4-naphthoquinonevas not lethahgainstE. coli EC958 WT,bd-1 only nor boNj
only cells (Figure 4.9) Viability assays were also undertaken withdecassic acid &ndE.
coli EC958 WT bd-1 andboNpnly cells, although it was confirmed not kdl anyof thestrains

tested(Figure 4.10).
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Figure 4.9 Viability assays of zhydroxy-1,4-naphthoquinone againstE. coli EC958
WT, cytochrome bdl only and cytochrome boNpnly cells. 2-hydroxy1,4
naphthoquinone does not kil coli A) WT cellsB) bd-I only cells norC) boNpnly cells
Error bars represent tmeean withstandard deviatiafor 6 technical repeats.
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4.3.3. Assessing derivatives of madecassic acid Ieagoli cytochromebd-l inhibitors

4.3.3.1.In silico analysis of madecassic acid 1 derivatives

Through collaboration with Dr Chris Serpell at the University of Kemtl@tassic acid
derivatives werehoserto investigate if alteration adeveralmoieties couldmprovebinding
to the quinol site of cytochromied. To predict binding affinities of the madecassic acid 1
derivatives, anin silico analysis was performed (Table 4.2). Three madecassic acid 1
derivatives (madecassic acid 2, madecassic acid 3 and madecassic acid 4) were docked to the
ubiquinol binding site oE. coli cytochromebd-1 AlphaFold 2 model (Figure 4.11). Docking
images revealed multiple hydrophobic maetions between the compounds and the quinol
binding site ofE. colicytochromebd- (Figure 4.11). The original compound, madecassic acid
1, displayedseveral hydrophobic residues (Figure 4.2) and akewalue of 1.14 uM (Table
4.2). Maodifications made to the original madecassic acid 1 compound alontheigiiedicted

binding affinitiesare shownn Table 42.

The first derivative, madecassic acid 2, had hydroxy groups being replaced by acetoxy
groups at the bottom left region of the structure. This change from hydroxy to acetoxy had
resulted in a slightly lowdfqvalue of 0.96 uM. Madecassic acid 3 retained the acetoxy groups
from the first derivative but added a NH(@NH2 chain which increased th&; value to
14.35 uM. Madecassic 4 had the acetoxy group removed but retained the Nid{(EH group
which resulted in a molecular predict&d value of 8.64 uM.This data suggests that the
presence of an acetoxy group instead bfy@roxy group resulin tighter binding as seen by
the decreaselq value. However, a NH(ChhoNH2 chain results in weaker binding with an

increasedq value.
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Compound Structure Molecular | KdValue (uM)
Weight
Madecassic Acid 1 :
(Original 504.7
compound) 1.14
Madecassic Acid 2
630.8
0.96
Madecassic Acid 3
NH(CH2)10NH2> 785.1
AcO,
14.35
AcO
Madecassic Acid 4
NH(CH,)1oNH, > 659 8.64
HO,,.
HO” "~y -
/ OH
HO

Table 42. Madecassic acid derivatives structuresmolecular weightsand predicted

binding affinities. Madecassic acid 1 (original compound) has akawalue of 1.14 uM.
An acetoxy group was added madecassic acid 1 which resulted in madecasshaaoid :
a lowerKgqvalue of 0.96 uM. The acetoxy group remained on madecassic acid 3 but
chain was added (NH(GMoNH2) which resulted in a predictediKalue of 14.35 uM. The
final compound, madecassic acid 4, kept only the long chain (NE{HH2) and had a
predictedKq value of 8.64 uM
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A. Madecassic Acid 2 B. Madecassic Acid 3

v - v —

- > X
C. Madecassic Acid 4

Figure 4.11. Madecassic acid derivatives docked . coli AlphaFold 2 cytochromebd-I
model. Three madecassic acid derivatives were docked to theltisagominokbindingpocket
of E. coli cytochromebd-I AlphaFold 2 model. These compounds are identifiedAps
madecassic acid B) madecassic acid 3 arit) madecassic acid Red = negative charge
White = hydrophobic. Blue = positive charge.

4.3.3.2. Oxygerconsumption, growth and lethality of madecassi@cid derivatives against

E. coli EC958 cytochromebd-I only cells.

To further investigatenadecassic acid derivatives as inhibitor&otoli cytochrome
bd-I oxidase, microbiological assays were performed. Firstly, oxygen consumption assays were
carried out to determine the ability of each derivative to inhibit oxygen consumption activity
in E. coliEC958 cytochrombd-1 only membranes (Figure 4.12%. colicytochromebd-1 only
membranes were inhibited by madecassic awittt2an 1Goof 8.8+ 3.5uM (5.6 £ 2.2 pg/mL)
(Figure 4.12). Madecassic acid 3 inhibiteédcoli cytochromebd-1 only membranesvith an

ICs00f 10.2+ 1.1uM (8 + 0.9 pg/mL)(Figure 4.12). Interestingly, madecassic acid 4 also led
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to inhibition of E. coli cytochromebd-1 only membranes but at a much highegol6f 92.8+

47.3uM (61.2 £ 31.2 pg/mLYFigure 4.12). This data coincides with timesilico analysis

which proposed that the presence of acetoxy groups being added to madecassic acid 2 had led
to a lower predicteKq value (see Table 3). This is evident in the oxygen consumption
membrane assays as madecassic acid 2 had led to the lowest#eding inhibition oE. coli
cytochromebd-1 only membranes. Madecassic acid 8 laaetoxy groups present but a newly
added NH(CH)10NH2 chain may have increased the predicted binding affinity hugely (see
Table 4.2). Despite the addition of this NH(£td\NH2 chain to madecassic acid 3, the presence

of the acetoxy groups may have resulted gp8€10.2 + 1.1 pM. However, the acetoxy groups

were removed from madecassic acid 4 and the NH(@WRH2 chain remained (see Tabl&).

This led to a much higher tgof 92.8 + 47.3 pM.
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Figure 4.12 Madecassic acid derivatives inhibitE. coli EC958 cytochrome bd-I only
membranes A) Madecassiacid 2 inhibitecE. colicytochromebd-1 only membranswith
an IGop of 8.8+ 3.5 uM (5.6 £ 2.2 ug/mL) B) Madecassic acid 3 inhibiteH. coli
cytochromebd-1 only membrangwith an 1G of 10.2+ 1.1 uM (8 + 0.9 pg/mL)andC)
Madecassic acid #hhibited E. coli cytochromebd-I only membrangwith 1Cso of 92.8+
47.3uM (61.2 + 31.2 pg/mL)Data points represent single experimebDtsse response dat
were fitted to the sigmoig=Bottom + (TopBottom)/(1+10"((XLoglCsg))) equation using
nonlinearregression (GraphPad).
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It has been confirmed that the madecassic acid derivatives are capable of inhibiting
oxygen consumption activity oE. coli EC958 cytochromebd-l membranes. Herein,
experiments were conducted on whole cells to determine the effects of these derivatives on the
growth and survival oE. coliEC958 cytochroméd-I only cells. Madecassic acid derivatives
inhibited the growth oE. coli cytochromebd-1 only cells with madecassic acid 3 having the
lowest 1Goof 0.2+ 2.5uM (0.16 = 2 pg/mL)YFigure 4.13B). Madecassic d&dad the second
lowest 1Goof 58.6 + 14.4 uM (36.97 £ 9.1 pg/mi(frigure 4.13A). Madecassic acid 4 showed
the least inhibition with an l§gof 151+ 9.4uM (99.5 £ 6.2 pg/mL)Figure 4.13C). Viability
assays with madecassic acid derivatives demonstrate that madecassic acid 2 and 3 does not Kill
E. coli bdl only cells (Figure 4.14). However, madecassic acid 4 showed inhibitiBndoli

EC958 cytochrombd-1 only cells with an 1G of 327.69+ 103.7uM (215.95 £ 68.34 pg/mL)
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Figure 4.13 Madecassic acid derivatives inhibit the growth ofE. coli EC958
cytochrome bd-l only cells. A) Madecassic acid 2 inhibited growth Bf coli EC958
cytochromebd-I only cells with an 1G of 58.6 + 14.4 uM (36.97 +9.1 ug/mL) B)
Madecassic acid 8f E. coli EC958cytochromebd-1 only cells at an Igpof 0.2+ 2.5uM
(0.16 £2 pg/mL)andC) Madecassic acid df E. coli EC958cytochromebd-1 only cells at
an 1Goof 151+ 9.4uM (99.5 £6.2 pug/mL). Dose response data were fitted to the sigm
y=Bottom + (TopBottom)/(1+10”((LoglGo-X)*HillSlope)) equation using nonlinea
regression (GraphPadjrror bars represents standard deviation of 6 technical repeats
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Figure 4.14 Madecassic acid derivatives survival assay da. coli EC958 cytochrome
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4.4.Discussion

4.4.1. Development oin silico and experimentaltools to identify new potential inhibitors

of cytochromebd-|

As previously mentioned, cytochronbel is a good drug target due to its absence in
eukaryotes and it plays a vital role in virulerfanany highlypathogenic strains of bacteria
(Borisov et al. 2020) There are high resolution published structures which makes
respiratoryoxidase easy to studysafarianet al 2019; Grauekt al 2021).To predict the
molecular binding affinities of the known antimicrobials fér coli cytochromebd, a
molecular docking pipeline was developed. AlphaFold 2 models were predesigned in the host
laboratory through structural modellingvebster, C.M. (2023) PhD thesis, University of
Kent). An FDA-approved drug libraryrom eDrug3D (Pihanet al. 2012)containing 1993
drugs wasscreened againsthe quinol site oE. coli cytochromebd-l model via Aut@ock
Vina. Analysesof the results were achieved usidgMOL. The use of an FDApprovedirug
library posél a few advantages, the major one being that the dranggs been proven safe for
human consumption and stagdé<linical trialscould be skippedubsequentlyowering drug
development timgPushpakonet al 2018; Fana andBrown 2019).The in silico docking
pipelineexploited in this studis a transferrable tool that can be adopted for oxidases in various

pathogens as well as to explore other potential binding sites pireteete oxidases.

A uropathogenic strain d&. coliEC958 was used as this is a clinical pathogenic strain
isolated from a UTI patienE. colihas three known respiratory oxidasggochromebd-1, bd-
Il ad boNjTherefore, it was important to develop mutant strains expressigte respiratory
oxidases to determine the effect of repurposed drugs on each oxidambdaRed
mutagenesis was previously used by the host laboratory to produce strains that expressed either

cytochromebd-l or cytochromeboN;j tlaesole respiratory oxidaselaving a cytochromeoN;]
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only strain allowed for the specificity of repurposed compounds to cytochboiie be
determined. Growth and survival assays were also essential to determine the effects of the

compounds on whole cells.

4.4.2.Known antimicrobials as inhibitors of cytochromebd

Atovaquone is a known quinol site inhibitor and is therefore highly relevant to this
study (Matheret al. 2005) Atovaquone functions as a ubiquinone analogue that targets the
respiratory chain of cytochromiec; complex of P. falciparumand compactivity inhibits
ubiquinol (Nixon et al 2013).The molecular docking imaging results of atovaquone to the
quinol binding site oE. colicytochromebd-l1 has shown numerous hydrophobic interactions.
There are many residues that are important for binding within the quinol binding cleft but
Arg391, lle295 and Phe390 were highlighted as some of the most important residues for this
interaction.The binding of atovaquone to the ubiquinol site in subunit 1 of cytochhoreN;j
showed less hydrophobic reactions than that of cytochtmhieAtovaquonehad thelowest
molecular predicte&q value of 0.96 Mor the AlphaFold 2 model d&. coli cytochromebd
I. However, this low K value was not proven reliable in the experimental assays as atovaquone

did not cause any inhibition . coli cytochromebd-1 nor cytochroméoNynly membranes.

The next drugo be docked wag-hydroxy1,4-naphthoquinone, the head group of
atovaquone. 1,4-naphthoquinone (lawsone) is a naturally occurring plant dye hhat
demonstrated great interest to matliesearch. 1,4-naphthoquinon@ossesss antibacterial
properties through increasing ROS generation and activating apoptotic cell death
(Ravichandiraret al 2019).As well asbeing antibacterial, 1;4aphthoquinones have shown
properties that are ang8chaemic, cardioprotective, hepatoprotective and neuroprotective
(Aminin and Polonik 2020)Additionally, a recent study generatedlBylated derivatives of

1,4-naphthoquinone to targgt colicytochromebd-l and cytochromd ookidaseqElamriet
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al. 2020) The study was able to identify-RBydroxy-1,4-naphthoquinone derivatives that were
selective inhibitors of cytochrome ookidase activityandhad no effect on cytochrontt|
(Elamri et al. 2020) This research revealed thétetmolecularKq value of2-hydroxy-1,4-
naphthoquinonevas significantly higher thathat of atovaquone and madecassic acid 1 for
docking to CydA ofE. coli cytochromebd-l. Despite this,2-hydroxy-1,4-naphthoquinone
resulted inthe inhibition of E. coli cytochromebdl which was proven impossible for
atovaquonehat demonstratechaextremelylower Kqvalue.The Ky value for2-hydroxy-1,4-
naphthoquinondo subunit 1 ofE. coli cytochromeb owjs 3.3 times lowethan that of
cytochromebd-| (Table 42), however, there &re no significant changeobserved in the
potency of the compound to both oxidasHsis study demonstrated that atovaquone and 2
hydroxy-1,4-naphthoquinone bin@t similar locations on cytochrombed-l oxidase model
(Figure 4.2) despite2-hydroxy-1,4-naphthoquinone lwing a much higher predicteidy value
than atovaquone (Table 2). However, the binding of -Bydroxy-1,4-naphthoquinone to
cytochromeb odNpwed a slightly different binding location within the ubiquinol binding

pocket when compared to atovaquone (Figure 4.3).

Madecassic acid 1 was the third known antimicrobial to be dockeH. tooli
cytochromebd-l and b o AlphaFold 2 models. Madecassic acid is produced @gntella
asiatica(Indian pennywort) and is a known antican@éaldeiraet al.2019)and antibacterial
(Wei, Cui and Liu 2023agent. Molecular docking imagesveakdthat madecassic acidcan
potentially bindwell to the quinol binding site dE. coli cytochromebd-I. Thereweremore
hydrophobic interactions between madecassic acid 1 and the quinol binding pdekeblbf
cytochromeboNjhan the natural substratabiquinot8 had. The Kq value generated for
madecassic acid 1 when dockedCydA of E. coli cytochromebd-1 wasquite low (1.14uM)

and corresponded with a relatively |d®so value of 46.80uM in bd-l only membranes.
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However, the 16 value generated iocytochromeboNnembranes was 6418V which did not

coincide witha relatively highKq value of 39.541M generated in the molecular docking.

Theinconsistency seen in the molecukarvalues and I€s valuescould proposethat
molecular docking tds are not always reliable and effectiier use indrug repurposing.
Though effective in narrowing down potential inhibitors of a drug target when posed with a
long list of compoundghe molecular docking tool could potentially miss vital hits that have
been rankedvith lower binding affinities for a targeA computational studyRamirez and
Caballero, 2016yvas done to establish the trustworthinesdaxfkingenergiesdy comparing
two complexes between a target protein and enantiomerg paitoDock Vna, the docking
tool used in this PhD research, was among the dockifigyaretested. It was discovered that
accurate predictionsf bindingenergies in docking are heavily dependent on chiRamirez
and Caballero, 2016)The study further revealed that scoring functions that accompanies
popular docking programs do not alwayenerataeliable predictions as it relates linding

affinities ofligands to proteirs (Ramirez and Caballero, 2016)

4.4.3. Derivatisation enhances inhibitory activity of madecassic acid againkt coliEC958

cytochromebd-|

Derivatives of madecassic acid were synthesised for vanotigo analyses for their
ability to improve drug action. Three of these derivatives were used for tesihgolihEC958
membranes to assess their ability to inhibit oxygen consumption activity. Comparisons were
drawn between the derivatives and madecassic acid 1 original compound to determine whether
derivatisation improved drug action. Thesults suggest that the acetoxgerivatives
(Madecassic Acid 2 and @e tighter binders dE. coli cytochromebd-l quinol site and are
therefore more potent inhibitors of the oxidageetylation is often usedni medicinal

chemistry to enhance drugpysiochemicapropertiegChurchill et al. 2021) One of the main
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resultsof this isincreased permeability and the abilftyr drugsto cross membranes more

easily(Churchillet al. 2021)

Other studies have showcased the pharmacological properties of madecassic
derivatives in research. Madecassic derivatives were synthesised and tested against various
cancer cell lines to determine anticancer propeftfatieiraet al 2019).0f these derivatives,
compound 29 was the most potent, showing anticancer activity against 26 different tumour cell
lines and selectivity for one colon and two melanoma tumour cell (\freddeiraet al 2019).

A recent study assessed the antibacterial ability of madecassic acid against eight pathogenic
strains of bacteria including MRSAscherichia coliPseudomonas aerugingdacillus

subtilis and Bacillus megaterium(Wei, Cui and Liu 2023) The study confirmed that
madecassic acid is highly inhibitory agaiSstaureushrough destruction of the cell membrane

and cell wal(Wei, Cui and Liu 2023)it was also proposed that madecassic acid could decrease
the activities of succinate dehydrogenase and malate dehydrogéreas€ui and Liu 2023)

This raises questions around the ability of the compound to inhibit oxygen consumption activity

throughspecificallyinhibiting terminal respiratory oxidases such as cytochrbthe
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Chapter 5

Drug screening approaches to
identify novel inhibitors of

cytochromebd

137



5.1. Summary

Drug repurposing is a strategy used to develop drugs to treat a new condition from an
existing approved drug. This tool can also be used computationally to peénferhco drug
repurposinglt has a few advantages when comparedeaovodrug discovery approaches
considering that it is cheaper and generally takes a shortefictim@epurposed drug to hit the
market.Challenges associated with dnggpurposings that the methots prone to failure and
guestions often arise around the novelty of the drug considered e already approved
for treating a different conditiorbespite this, drugs such Asastrozolewas discovered for

inducing ovulation but was repurposed for the treatroehteast cancer

Molecular docking is a form ah silico drug repurposing technique that measures the
affinity of a small drug ligand to a protein structure. This method was used in this study to find
drugs that has high affinity for the ubiquinol site@fdA subunit ofE. coli cytochromebd-I1.

Among the top 50 hits were the steroid drugs ethinylestradiol, quinestrol and mestranol. These
drugs were screened in the laboratory via an oxygen consumption membrane assay on
cytochromebd-l only membranes and it was determined that quinestrol was the most potent
Quinestrol was proven the most potearitthe threerepurposedirugs and trther work was
performed ork. coliand MRSA strains to determine the effects of the synthetic hormone on

Gramnegative andrampositive organisms
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5.2. Introduction

5.2.1. Drug Repurposing Progresses and Challenges

Drug repurposing, also called drug repositioning, may be defined as a process by which
new uses are given to old therapeutic agents that have already been approved for treating other
medical conditiongRoy, Dhaneshwar and Bhasin 2021; Kulkaghial 2023).Traditional
methods of drug discovery are proven to be more expensivectingiming with many stages
that involve identifying and optimising the target followed by a series of clinical and pre
clinical trials(Shakeret al.2021) It has been estimated that it takes $1.8 billion Ba&ulet
al. 2010)for a new drug to be introduced to the market from drug discovery (bablerhe
cost in drug repurposing is significantly reduced as several major steps such as preclinical trials

are not required, cutting the cost to about $300 million J$&sengo 2016(Table5.1).

One of the major advantages of drug repurposing isdtiugtcandidates have already
been proven to be adequately safe in various stages of clinical trials for human consumption
(Talevi and Bellera 2020)n addition, if a dos¢hat iscompaableto the previously approved
doseis effective against the new targéten the initial stages of preclinical testing can be
bypassed to further stages along the clinical te§lialgvi and Bellera 2020T.here are several
drugs that have gone through stages of clinical development but were not successful due to
reasons that exclude safety. An example is Viagra that was first developed for the treatment of
hypertension but was later repurposed for a betterwhich is to treat erectile dysfunction
(Kulkarni et al. 2023).Another drugAnastrozolewas discovered for inducing ovulation but

waslaterrepurposed for the treatment of breast cafggarwalet al. 2021)

Despite themyriads of advantages that drug repurposing offers, there are many
challenges that accompany this approach. Firstly, the approach is not always successful and

there are times when the process fails. An example is Topiramate that was originally discovered
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to treat epilepsy and was attempted to be repurposed for inflammatory bowel disease treatment
(Pushpakoret al. 2018) The drug was successful in a rodent model to treat inflammatory
bowel disease but later failed in a cohort st(@rockettet al.2014) Secondly, there are legal
concerns that could prevent the patenting of a drug for a new medi¢Kluliszrni et al 2023).

Some legislations oppose the patenting of a drug for a second medical indication. Thirdly,
many potential repurposing uses are sometimes reported in literature or is offered clinically as
an off label which raises debates around nov@hyshpakonet al 2018).Finally, there are
challenges around availability to data or the compound as access to some valuable data such as
clinical trials are limited to the publi€Talevi and Bellera 2020)Not all pharmaceutical
companies are open and willing to share their chemical library that include failed drugs to the

public which may limit the pool of compounds there are to choose (fahevi and Bellera

2020).

Includes 5 Stages: Include 4 stages:
o Drug discovery angreclinical o Compound Identification1{2 years
0 Safety review o Compound Acquisition(-2 year9
o Clinical research o Developmentli 6 yearg
o FDA review o FDA postmarket safety monitoring
o FDA postmarket and safety

monitoring
Time: 107 17 years Time: 37 12 years
High cost estimated $1.8 billion USD Less investment estimated $300 million
UsD
Higher risk of failing Lower risk of failing
Safety profile requires evaluation Safety profiles already exist

Table 5.1 Modern drug repurposing approaches compared tale novodrug discovery.
Modern drug repurposing tools are proven more advantageous than the convdatianal
drug discovery approaches as it relates to time, costs, and success.
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5.2.2. Approaches for Drug Repurposing

The reviewof the literature hereihas demonstrated that the modern drug repurposing
is generally a much faster and cheaper strategy in discovering new drugs to treat a disease than
the conventionale novomethod (Table 1.2). There are usually three main steps that are
involved in drug repurposing which include identification of the compound that will be
repurposed, acquisition of the compound and development of the compound which often
involves phase Il ahical trials (Pushpakonet al 2018).The strategies used to achieve these
steps are a part of two broader approaches of drug repurposing which are computational and
experimenta(Pushpakonet al.2018) All approaches of drug repurposing usually fall under
these two approaches but both approaches are often employed together to achieve the best

outcome.

Computational approaches, as the name suggests, largely involves the analysis of data
(e.g., electronic health records, gene expression and chemical stridtoieyet al. 2016)
Data of this sort are usually large and complex and therefore, computational approaches are
used to simplify the data to accelerate the drug discovery pr@dedsset al.2016) Popular
computational approaches in drug repurposing include signature matching, pathway mapping,
retrospective clinical analysis, genetic association novel data sources and molecular docking
(Pushpakonet al.2018) The computational approach used throughout this study is molecular
docking. Molecular docking is a common tool that uses ttdmeensional modelling to dock
a drug ligand into a proteininding pocket allowing the affinity and interaction to be
determind by the pairingHodoset al 2016).This is a highly effective tool as it can allow
researchers to screen large drug libraries with up to millions of compounds to find lead
compounds that are potential driygévarez and Shoichet 200FHowever, molecular docking
relies on the existence of a thv@ienensional model for the protein being studied which means
that the absence of this poses a major limitation to the technique.

141



Molecular docking approaelsareusually followed up with experimental approaches
to validate the predicted interaction between drug and takggterimental approaches are
often performed synergistically with silico methods to determine the pharmacological effect
of the drugn vitro or in vivo. Popular experimental techniques include ebarget interactions
that include binding assays and phenotypic screening for identifying compounds that exhibit
effects of disease relevance in mod@sshpakonet al.2018) Other reviews have classified
experimental approaches under taftggsed screening, binding assays, dregtric screening,
and phenotypéased screenin@Ng, Salim and Chu 2021The experimental approach used
throughout this study is a targeased screening approaethich measures the efficacy of a
drug based on how well it binds to a set target which is usually a gene or f8ateisDodd
2005; Ng, Salim and Chu 2021n the case of thPhDstudydescribed in this thesithetarget

of interest is cytochromied.

142



5.3. Results

5.3.1.In silico drug screen identified FDA-approved steroid drugs as potential inhibitors

of cytochromebd

In the fight against antimicrobial resistance, cytochrbohis a suitable drug target for
many reasons. Cytochrorbed is only found in prokaryotes and archgdBarisovet al.2021)
giving rise to the ability of drugs to be developed which are not toxic to humans. Studies have
shown that deletion severely attenuates virulence in some of the most pathogenic strains of
bacteria such as Salmone{llonesCarsonet al 2016; Ducet al 2020)and Mycobacterium
(Lu et al 2015).Lastly, cytochromédd is induced by innate immune response and is highly

expressed ifE. coliduring infection(Giuffre et al 2014).

Using AutoDock Vina, FDAapproved drugs were docked to the quinol binding site of
E. colicytochromebd-1 AlphaFold 2 Table 5.2 (Webster, C.M. (2023) PhD thesis, University
of Kent). There were several steroid drugs that appeared in the top hits which sparked an
interest in assessing the ability of steroid drugs to bind to the quinol binding site of cytochrome
bd. Ethinylestradiol, quinestrol and mestranol have similar structures including a distinctive
hydrophobic steroid backbone which can be docked in similar configuration to the quinol site
of cytochromebd-1 (Figure 5.1). The docking of all three steroid drugs to the quinol ske of
coli cytochromebd-1 reveals multiple hydropdbic interactions (Figure B).. The hydrophobic
nature of all three drugs is an ideal characteristic for the compounds accessing the membranes.
As shown in Tableb.3, all three steroid drugs have high predicted affinities Eorcoli
cytochromebd-I. However, quinestrol has the highest predicted affinity wkh @alue of 0.49

MM followed by mestranol with 1.6 uM and ethinylestradiol with 1.89 uM (Talg 5.

To draw molecular comparisons between the above dataG@rashepositivepathogen,

all three FDAapproved steroid drugs (ethinylestradiol, quinestrol and mestranol) were docked
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to the quinol site 0o5. aureusCydA subunit. The AlphaFold 2 model of CydA subunit was
used as there are no PDB structures Soraureuscytochromebd oxidase. LikeE. coli
cytochromebd-l, quinestrol exhibited the lowest predictéd value (1138 nM) to the

AlphaFold 2 model 08. aureugjuinol site of CydA (Table 8).

Ranking by Drug Name eDrug3D Predicted Estimated
predicted Database Affinity Kd (nM)
affinity Number (kcal/mol)

1 LOMITAPIDE 1572 -9.8 64
2 LEDIPASVIR 1731 -9.8 64
3 ERGOTAMINE 70 -9.6 90
4 IRINOTECAN 755 94 127
5 NILOTINIB 1310 -9.4 127
6 CALCIPOTRIENE 1412 -9.4 127
7 DOXERCALCIFEROL | 1417 94 127
8 LUMACAFTOR 1782 -9.4 127
9 DROSPIRENONE 855 -9.3 150
10 ERGOCALCIFEROL 10 -9.2 177
11 ADAPALENE 718 -9.1 210
12 ALECTINIB 1819 -9.1 210
13 LIFITEGRAST 1824 9.1 210
14 DIHYDROERGOTAMIN | 36 -9

E 249
15 CYPROHEPTADINE 303 -9 249
16 DUTASTERIDE 883 -9 249
17 M DOXERCALCIFEROL | 1556 -9 249
18 MIDOSTAURIN 1828 -9 249
19 M REVEFENACIN 1910 -9 249
20 ESTRADIOL 20 -8.9

CYPIONATE 294
21 BROMOCRIPTINE 470 -8.9 294
22 BEXAROTENE 847 -8.9 294
23 CONIVAPTAN 927 -8.9 294
24 BETA CAROTENE 1380 -8.9 294
25 CALCITRIOL 480 -8.8 349
26 SIROLIMUS 853 -8.8 349
27 CANDICIDIN 1079 -8.8 349
28 PARITAPREVIR 1734 -8.8 349
29 M MIDOSTAURIN 1829 -8.8 349
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30 M MIDOSTAURIN 1852 -8.8 349
31 MOXIDECTIN 1916 -8.8 349
32 ENTRECTINIB 1969 -8.8 349
33 HEXAFLUORENIUM 1336 -8.7 413
34 ELTROMBOPAG 1450 -8.7 413
35 SIMEPREVIR 1628 -8.7 413
36 VENETOCLAX 1822 -8.7 413
37 M ENTRECTINIB 1970 -8.7 413
38 CAPMATINIB 1983 -8.7 413
39 QUINESTROL 383 -8.6 489
40 MARAVIROC 958 -8.6 489
41 NYSTATIN 990 -8.6 489
42 ERGOLOID 1213 -8.6 489
43 CALCIFEDIOL 1390 -8.6 489
44 ABIRATERONE 1519 -8.6

ACETATE 489
45 PONATINIB 1593 -8.6 489
46 NETUPITANT 1726 -8.6 489
47 TUCATINIB 1982 -8.6 489
48 LURBINECTEDIN 1986 -8.6 489
49 EXATECAN 1993 -8.6 489
50 PIMOZIDE 424 -8.5 579
51 DANAZOL 435 -8.5 579
52 TELMISARTAN 814 -8.5 579
53 HYDROCORTISONE 1327 -8.5

CYPIONATE 579
54 VORAPAXAR 1710 -8.5 579
55 DASABUVIR 1735 -8.5 579
56 ELBASVIR 1815 -8.5 579
57 GLECAPREVIR 1850 -8.5 579
58 AVATROMBOPAG 1878 -8.5 579
59 BALOXAVIR 1914 -8.5 579
60 TRIFAROTENE 1944 -8.5 579
61 AVAPRITINIB 1968 -8.5 579
62 LOPERAMIDE 450 -8.4 685
63 ITRACONAZOLE 678 -8.4 685
64 RISPERPERFORMED | 713 -8.4 685
65 EXEMESTANE 795 -8.4 685
66 CHOLECALCIFEROL 824 -8.4 685
67 DACTINOMYCIN 1058 -8.4 685
68 TESTOSTERONE 1335 -8.4

CYPIONATE 685
69 ERIBULIN 1505 -8.4 685
70 RILPIVIRINE 1516 -8.4 685
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164 MESTRANOL 213 -7.9 1595

203 ETHINYL ESTRADIOL |18 -7.8 1889

Table 5.2 Top 70 potential E. coli cytochromebd inhibitors ranked by predicted affinity
to the quinol binding site of the AlphaFold 2 modelled structure Steroid drugs quinestrol

ethinylestradiol and mestranol were highlighted as drugs of interest and were testec

laboratory.
Ranking Drug Name eDrug3D Predicted Estimated
by Database | Affinity Kd (UM)
predicted Number (kcal/mol)
affinity
39 Quinestrol 383 -8.6 0.49
R
QL
164 Mestranol 213 -7.9 1.6
203 18 -7.8 1.89

Table 53. FDA-approved steroid compounds and their binding affinities to the quinol
binding site of E. coli cytochrome bd-I. Compounds were manually selected based ¢
combination of binding affinity, hydrophobicity, and modelled interactions with Cyx/
cyclopentane group is present for quinestrol and absent in mestranol and ethinylestr:
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Figure 5.1. Docking of FDA-approved steroid drugsto the quinol binding site ofE.

coli cytochrome bd-I AlphaFold2 model. A) E. coli cytochromebd- structure with
highlighted quinol binding siteB) Quinestrol docked in the quinol binding sit€) (
Mestranol docked in the quinol binding sig Ethinylestradiol docked in the quinc
binding site. Red = negative charge. White = hydrophobic. Blue = positive charge.

Drug Name eDrug3D Predicted Estimated
Database Affinity
Number (kcalimol) | K¢tM)
Quinestrol 383 -8.1 1.13
Mestranol 213 -7.5 3.14
Ethinyl Estradiol 18 -7.2 5.21

Table 5.4. FDA-approved steroid compounds and their binding affinities to
quinol binding site of. aureusCydA.
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Figure 5.2. Docking of FDA-approved steroid drugs to the quinol site ofS. aureus
cydA subunit. A) Cytochromebd-1 CydA structure with highlighted quinol binding sit:
B) Quinestrol docked in the quinol binding s@eMestranol docked in the quinol bindin
site D) Ethinyl estradiol docked in the quinol binding site. Red = negative charge. \
= hydrophobic. Blue = positive charge.

5.3.2. In vitro approaches to confirm FDAapproved steroid drugs as inhibitors of

cytochromehbd

5.3.2.1. FDAapproved steroid drugs inhibit oxygen consumption activity irE. coliEC958

bdl only membr ardsn laynd rvVRMBNAr an e s

To confirm the steroid drugs as inhibitors of cytochrdmdd, various experimental
approaches were performed in the laboratory. Firstly, a drug screen was performed to test the

effects of the steroid drugs on oxygen consumption activity in membrane&otalhEC958

148



strain that expresses cytochrobekl as its sole terminal respiratory oxidase (Figure 5.3). Of
the three steroid compounds, mestranol did not lead to inhibition of oxygen consumption
activity in E. coli EC958bd-I only membranes (Figure 5.3A). Quinestrol led to the most
inhibition of oxygen consumption activity iB. coli EC958bd-1 only membranes with an
oxygen consumption rate of about 25 nM/s. Ethinylestradiol also led to inhibition and resulted
in an oxygen consumption rate that doubled thajuirfiestrol(Figure 53A). Ethinylestradiol

and quinestrol were proven the two most potent drugs that were capable of intihmting
oxygen consumption activitgf E. coli EC958bd-I only membranes and so, a dose response
curve was obtained for both (Figure 5.3B). Ethinylestradiol inhildiedoli bdl membranes

with an 1Go of ICso of 47 + 28.9 pg/mL (158 + 97.2 puMjvhile quinestrol inhibited the

membranes with alCso of 0.2 + 0.04 pg/mL (0.5 + 0.1 pMFigure 5.3B).

Moreover, preliminary studies weperformedto determine whether quinestrol would
inhibit the recombinank. coli EC958 cytochromédd-1l that was expressed in d&h coli
MG1655 'EcoM4' strain lacking all respiratory oxidagesrtnoyet al 2010)(Figure 5.4.
Quinestrol was able to inhibi. coli cytochromebd-1l oxidase with an 165 0.4 + 0.3 pg/mL
(1 £ 0.8 uM) Figure 5.4. This is close to the Kgseen irE. coliEC958bd-I only membranes.
Quinestrol was the most potent of the two compounds, therefore, this drug was highlighted as

the top hit of this study and formed the basis of future experiments.

MRSA USA300 LAC strains (see Table 2.1) were provided by Lindsey Shaw
(University of South Florida, Tampa, FL) which were first obtained from the Network on
Antimicrobial Resistance itaphylococcus aure8lARSA). MRSA USA300 membranes
(see section 2.2.2) expressing cytochrdodeas its sole respiratory oxidase were analysed to
determine the ability of quinestrol to inhibit oxygen consumption activity@raampositive
bacterial pathogen. Figuresed e monstr at elsdonh g KBRS Ar aees wer
by quinestrol with an 165 0f 0.98 + 0.1 pg/mL (2.3 £ 0.2 uM).
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Figure 5.3. FDA-approved steroid drugs inhibit oxygen consumption activityof E. coli
EC958bd-I only membranes.Respiration was initiated by addition of 8 ngdccinate as
a substrate and the final concentration of membranes in the reaction chamber w
pug/mL. A) Initial screening of oxygen consumption using 100 uM drug (DMSO, Mestr
Quinestrol, Ethinylestradiol. Drugfor (A) were tested in triplicates with error ba
representing mean with standard deviati®). Dose response with quinestrol ai
ethinylestradiol. Quinestrol exhibited ansb@f 0.2 + 0.04 pg/mL (0.5 £ 0.1 pM) while
ethinylestradiol had an Wgof 47 + 28.9 pug/mL (158 + 97.2 pMPata pointsfor (B)
represent single experiments.
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Figure 5.4. Quinestrol inhibits E. colicytochromebd-Il . Oxygen consumption assay w.
performed on membranes of Bncolirecombinant oxidase that expresEe<oli EC958
cytochromebd-ll. The experiment consisted of various concentrations of quinestrol
the reaction was started with 8 mM succinate.l8& of 0.4 + 0.3 pg/mL (1 = 0.8 pM)
which is similar the 16 seen irE. coliEC958bd-1 only membranes d.2 + 0.04 pg/mL
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Figure 55. Quinestrol inhibits oxygen consumption activity of MRSAUSA300 dbd-
onl yo me iihe finalrcensentration of membranes in the reaction chamber v
mg/mL and the reaction was initiated via the addition of 500 uM NADH as the subs
Quinestrol exhibited an Kg of 0.98 £ 0.1 pg/mL (2.3 + 0.2 puMPData points represer
single experiments.

5.3.2.2. Kinetic assays confirm that quinestrol does not inhibit succinate dehydrogenase

activity in E. coli EC958bd- | only membranes

When usingsuccinate as the electron donor (substrate) in oxygen consumption
membrane assaythere is a&hance that both succinate dehydrogemasgtochromebd- (or
both) areinhibited by quinestrol and ethinylestradiol. @eclude succinate dehydrogenase as
a target folguinestro] the activity of this respiratory complex was measured using previously
described method&olaj-Robin et al 2011).The experiment was designedch that the
conditions of the succinate dehydrogenase assay would match those of the oxygen consumption
membrane inhibition assays. The succinate dehydrogenase assay showed that even at very high
concentrations of quinestrol (125 pg/mL) aethinylestradiol (50Qug/mL), there was no
inhibition of succinate dehydrogenase (Figui®.3t was confirmed that both quinestrol and

ethinylestradiol do not inhibit succinate dehydrogenase activify. icoli EC958bd-I only
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membranes anthat these assays measure the effect of quinestrolthpaytochromebd-I

oxidasealone(Figure 56).

100+

% Activity of SDH
o
o
|

compared to DMSO only

Figure 5.6. Succinate dehydrogenase (SDHE. coli bd-l only membrane assay with
quinestrol and ethinylestradiol. The activity of SDH was expressed gseacentage of the
DMSO only control. Error bars represent the mean with standard deviation for
technical repeats.
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5.3.2.3. Growth assays demonstrate that quinestrol inhibits the growth of bacterial cells

expressing only cytochromeéd as their terminal respiratory oxidase

It was predictedthat quinestrol had a high affinity for the quinol site Ef coli
cytochromebd- (see section 5.3.1) and oxygen consumption assayirmedthatquinestrol
inhibitsE. coli bdl only membranes (Figure 5.3). Growth curves were recorded in the presence
of varying concentrations of quinestrol, and representative raw data is shown in Appéndix A.
to demonstrate how growth rates were calculated. The resultant dose responseEdatalifor
ECO58WT dbanl padp nalnydd 6s t r aniFigwes.V. Expesirhenta/with WT
antbdoNgdnl ybé6 st r aisomatuespff0.d #u0R pgtmlL (0B +0.06 uM) and 0.1 + 0.01
pg/mL (0.3 £0.03 uM), respectively (FigurerB,, Figure 57C). Data for the strain expressing
cytochromébdsl as the sol e r édlpiamltyod)y porxa dduacseed (a
ICs0 0f 0.06 + 0.02 pg/mL (0.2 £ 7 uM) (Figure™3), although the errors of the fits suggest

that there is no difference between all threg i@lues for thes&. colistrains.

Figure 57 demonstrated that quinestrol only led to roughly 50% inhibitioR.icoli
EC958 cellsGiven the hydrophobic nature of quinestrol (LagP®.3), it was hypothesised that
a limitation in solubility might be responsible for the residual cytochrodeetivity at higher
concentrationsA solubility assay was performed in various growth media, solvents, and
detergents to determine whether these conditions could improve solubility of quinestrol and
maximise inhibition oE. colicells (Appendix A4). Attempts to solubilise quastrolresulted
in higher growth rateAppendix A4) which suggestdthat limitations in solubilitywerenot
responsibldor residual activity which was followed up with quinestrol derivatisation work

(Section5.3.2.5.

To investigate the activity of quinestrol againsGeampositive pathogen, growth

i nhibition assays bdwenrlandtansand slyadis ef MRBANUUSABTIO, O
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Growth of all strains was inhibited by quinestrol (Figur8) 5, and dahdanfyom t

experiments produced a significantly lowegdGf 2.2 + 0.43 pg/mL (6.0 £ 1.2 uM).
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Figure 5.7. Quinestrol inhibits the growth of E. coli EC958 cells Six repeats were
performed for each drug concentration and are represented by the error bars showir
with standard deviation#\) E. coliWT cells are inhibited by quinestrol at ans¢©f 0.1+
0.02 ug/mL (0.3 +0.06 h(MB)E. cooll iondlbydd cel |l s are ir
IC500f0.06 £0.02 ug/mL (0.2£7uME)E. c ednil yodbocel | s ar e

at an 1Goof 0.1 + 0.01 pg/mL (0.3 £ 0.03 uM)
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Figure 5.8. Quinestrol inhibits the growth of MRSA USA30Q Six repeats were
performedfor each drug concentration and are represented by the error bars showin
with standard deviationg) Quinestrol inhibits the growth of WT MRSA cells with ars4C
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To assess the ability of quinestrol to Kilfampositivebacteria, viability assays were
carried out ork. coliEC958 and MRSA USA300 straing/hile quinestrol did not kilE. coli
WT cells, MRSA WT cells were killed by quinestrol with a median lethal concentratioggfLC
of 3.4 + 0.7ug/mL (9.3 £ 1.9 uM) (Figure SA). Further work ork. coli mutants revealed
t hat guinestrol h @dll noon | kaNij A 6 NGO ed Iflect 6§ d atha ¢
al t hough g ubdoa $atynidasiad n ksiydink & BIRSAwith LCso values 05.6
0.3 ug/mL (13.7 £ 0.7 uM) and 9.0 = 0.6 pg/mL (24.7 + 1.6 uM), respectively (FigaB).5.
This means that th&rampositive MRSA cells were able to be killed directly by quinestrol

which is not the case f@ramnegativek. coli.
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Figure 5.9. Quinestrol kills MRSA cells but not E. coli. Six repeats were recorded f
each drug concentration and datapoints show the meharerror bars showing standai
deviations.A) MRSA WT cells are killed by quinestrol at a median lethal concentre
(LCs0) of 3.4 £ 0.7ug/mL (9.3 = 1.9 pM). Quinestrol does is not lethal towdtdsoliWT

cells.B)Qui nestrol bdoinll y® &R &Pos56w 0.3 py/mia (137G 0.7
OM) . MRDA lagli$are killed with an L& of 9.0 + 0.6 pg/mL (24.7 £ 1.6 uM).

5.3.24. Development of a PEG quinestrol derivative

Figure 5.6 demonstrated that quinestrol only led to roughly 50% inhibiti&n aoli
EC958 cells. To increase the solubility of quinestrol, an experiment was conducted to solubilise
quinestrol but resulted in higher growth rates (Append®.At was hypothesised that it is the

mode of binding and inability of quinestrol to fully ecwmpete ubiquinol binding to CydA
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that was causing the incomplete inhibition obseiizedoli strains (see Figure 5.6). Therefore,

a PEG quinestrol derivative was designed to improve binding affinity and potentially remove
residual activity at higher concentrations. This was achieved through a CUAAC modification
of quinestrol which changed the chieal formula from GsH3202t0 CssHs51N20s (Figure 510).

There was also@ange in molecular weight from 364.53 g/mol to 597.80 g/mol (Figu.5.

'H NMR was conducted teerify the structure of the CUAAC modified compound compared
to the original quinestrol compoun@dal lal). Theseresults revealed diagnostibemicakhift
changes (Figure 51). In the product, there is an alkyne CH lost at 2.2 ppm and the formation
of a triazole peak at 7.55 ppm (Figure B.1PEG signals are also introduced in the product
(Figure 5.10). An oxygen consumption assay was conductediisingy bd-| only membranes

to determine whether the derivatisation had made quinestrol more soluble. The results showed
that maximum inhibition of cytochromed-| only membranes was achieved with agolGf

0.84 uM (Figure 5.2).

Molecular Weight: 233.27 oH I
J/ ?

Chemical Form'.'h’: CasHs)0; Chemical Formula: C;,H; N0
Molecular W’e]ght: 364.53 Molecular “reight: 507.80

Figure 5.10. PEG derivatisation of quinestrol with a CuUAAC
modification.

159



[~
"Quinestrol CUAAC 3-5" 10 1 C:\Users'daveb'OneDrive\Desktop ; 2
Scale : 1J414 (Quinestrol 10 1 C:\Users\daveb\(neprive\Desktop <

“fuingstrol CuddC 3-5" 10 1 C:\Use:s\daveb\UneDnve\DesktopEL

_ ]
-

N JLAAJJH\}W | _ )

[
l. LA

: : : :
2 [ppm]

A | L

. : T . ‘ .

Figure 5.11. *H NMR of the quinestrol PEG derivative and the original quinestrol
compound The unmodified form of quinestrol is highlighted in red with its three higl
peaks a@pproximately 0.8, 2.6 and 7.25 ppm. Data for the CUAAC PEG derivati\
quinestrol is shown in blue. There are changes in the peaks of the CuAAC der
producing its two highest peaks between 3.2 and 3.8 ppm. Most differences betw:
modified andunmodified quinestrol are seen between 0.5 and 5 ppm.

>
w

% Activity compared to
0 pg/mL Quinestrol PEG *
3
3
|

-

o

o
[]

IC50 = 0.2 yg/mL

% Activity compared
to 0 yg/mL Quinestrol
o
=]

1

ICs5q = 0.2 pg/mL

0.5 uM
0.5 uM
0 1 T 0 1 T T T
0.0001 1 10000 0.0001 0.01 1 100
Quinestrol PEG (pug/mL) Quinestrol (ug/mL)

Figure 5.12. Quinestrol PEG derivative inhibits oxygen consumption activity inE.
coli bd-l only membranes A) E. coli bdl only membrane inhibition by quinestrol PE
derivative. B) E. coli bdl only membrane inhibition by quinestrdRespiration was
initiated by addition of 8 mM succinate as a substrate and the final concentrat
membranes in the reaction chamber was 500 ugBoth quinestrol PEG derivativand
the original quinestrol compourhibited oxygen consumption B coli bdl membranes
with an0.2 + 0.04 pg/mL (0.5 £ 0.1 pMData points represent single experiments.
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5.4.Discussion

5.4.1. Pharmacology of FDAapproved steroid drugs

A preliminaryin silico drug screemenerated a list of FDApproved drugs with high
binding affinities for the quinol site of an AlphaFold 2 model & @oli bd| structure, which
identified steroid drugs as promising candidates for binding to the quinol site. Subsequent
vitro analyses demonstrated that ethinylestradiol and quinestrol inhibitedli bd-1 only
membranes to varying degrees whereas mestranol exhibited no inhibitory effects, which
suggested that subtle structural variations couldtall@nges in binding affinity. The three
steroids used in the current study differ only via the substituent on the C3 atom of the A ring:
ethinylestradiol has a hydroxyl group, mestranol has a methyl ether, and quinestrol has a
cyclopentyl ether. Togethdahesefindings are consistent with the hypothesis that the A ring is
in close proximity to the haerbssg cofactor, and more hydrophobic substituents (i.e.,

cytopentylor methyl moieties) promote binding deep in the quinol pocket.

Ethinylestradiol is a synthetic oestrogen medication that is often used as a birth control
in combination with progestins such as drospiren@®am and Wagstaff 2003previously
ethinylestradiol hebeen used to treat symptoms of menopause, horsensitive cancers and
disorders that are gynecologically relatédduhl 2005) Ethinylestradiol is quickly and
relatively completely absorbed by the gastrointestinal tract once ind&stelsbaum 2012).

An oral dose of 50 mg ethinylestradiol would account for a concentration of 400 pg/mL in the
blood (Barnes and Levrant 20Q&thinylestradiol is usually excreted via urine and faeces as
glucuronides and sulphates and succumbs to enterohepatic circidstell and Hannon
2007) It has been demonstrated that vaginal administration of 50 mg ethinylestradiol only
results in circulating concentrations that are equivalent to 10 mg of orally ingested

concentrationgEastell and Hannon 20Q7)
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Quinestrol is the cyclopentyl ether of ethinylestradiol and is used in hormone
replacement therapy; as a hormonal birth control; for the treatment of menopause symptoms
and for the treatment of some cancers such as breast and p{®btatet al. 2011) Follow
gastrointestinal absorption, quinestrol is stored in the adipose tissue where it is slowly released
and metabolised to the parent compound, ethinylestrg8ioyu et al. 2011) However,
qguinestrol has a longer hdife than ethinylestradiol (over 5 days) and is taken less frequently
as a resul{Buchsbaum 2012)Estrovis, the brand name for quinestrol, was administered as

100 pg/day for 1 week, then 1:@D0 pg/weekBuchsbaum 2012)

Mestranol is an oestrogen medication and was the oestrogen component used in the first
birth control pill (Sneader 2006pefore being replaced by ethinylestradiol. The fate of
mestranol is more variable, and it is assumed that mestranol and the active form,
ethinylestradiol, reach peak levels in the body from 1 to 4 hours after ing@3tiohsbaum

2012)
5.4.2. Novel inhibitors of cytochromebd

Experimental analysisevealed the 16 of quinestrol for inhibiting oxygen consumptionBn

coli bd-l only membranes as 0.2 + 0.02 pg/mL (0.5 uM £ 0.04 uM), although residual activity
remained at around 20 % at higher concentrations. This residual activity suggests that
guinestrol is unable to completely inhikit coli cytochromebd-1 terminal oxidase and further
kinetic analyses will be required to elucidate the precise modes of binding. Indeed, this trend
of low ICsp with incomplete inhibition is mirrored by the growth assays for allEheoli

strains Subsequent growth inhibition work for thelonly mutant strain of MRSA produced

an 1Gyo value in the low micromolar range, and these data showed no residual growth
suggesting that quinestrol is a more effective bactericidal agent against MRSA. The MRSA

WT anmagomnml yoé6 str aisnivwsaleuxehsi bsltieglh tllggo nhliygbh egt rtahic
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suggesting that quinestrol bindshd slightly more tightly tharaa. That said, quinestrol is
clearly also a potent inhibitor of the cytochroec o mp | ex as e vaadoenncyedd by

strain having a lower 1§ compared to the WT strain.

Stark differences were observed betwé&encoli and MRSA when bactericidal activity of
qguinestrol was assessed, whereoliwas completely resistant to killing and all MRSA strains
exhibited several logold reductions in viability with median Lfin the low micromolar
range. This is consistent with a previous screen where quinestrol was shown to inhibit the
growth of vancomycimesistantEnterococcus faeciurand MRSA but not Gramegative
species(Younis et al 2017), and perhaps reflects the suitalilaf steroidbased drugs for
targeting bacterial species such as MRSA that lack an outer membrane. Surprisinglgpthe LC
for the MRSA WT strain is marginally lower than thesd@or this strain even though cell
density was the same upon quinestrol exposure, although this difference in susceptibility could
potentially be explained by the metabolic state of the cells being different in the static viability
assays (less active) coampd to the growth assays where orbital aeration may increase
respiratory metabolism (more active). Indeed, it is Akehwn that some antibiotics target
actively-growing cells more effectively wthal others target less metabolically active cells
(Stokeset al 2019) However, it is difficult to interpret the observed patterns ef #0d LGo
between the WT and mutant MRSA strains, as loss of respiratory oxidases appears to diminish
the lethality of quinestrol (i.e. increases ggCyet enhances the quinestrokdiated growth
inhibition (i.e. decreases ). This could perhaps be linked to differences in metabolic
activity between strains and experimental conditions, but it would be too specutativge a

time to comment further on the bacteriostatic and bactericidal mechanisms. Notwithstanding
these elusive insights, robust conclusions can be made: quinestrol can inhibid-tyqte and

haemcopper oxidases and is lethal towards MRSA cells.
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5.4.3. Derivatisation improvesmode of binding of quinestrol

|t was hypothesised that It was quinestr

residual activity at higher concentratiomsE. coli. A well-known method for combating
problems withbinding affinity is by modification through PEGylation. The compound is
modified via covalent conjugation with polyethylene glycol (PEG) which alters the chemical
and physical properties of the compoyk@ronese and Mero 2008 this instance, CUAAC
modification of quinestrol changed the chemical formula fropgH&02 to CasHs1N3Oes.
PEGylation is known for improving the solubility of drugs and reduces immunogenicity
(Veronese and Mero 20Q8Modifying biological compounds by though PEGylation also

increases the stability of drugs and drug retention in b{gedonese and Mero 2008)

In vitro work with the PEG derivative of quinestrol resulted in maximum inhibition of
E. coli bdI membranes with no residual activitjowever, botlguinestrol PEG derivative and
the original quinestrol compound inhibited oxygen consumptioB. inoli bd-I membranes
with an 0.2 £ 0.04 pg/mL (0.5 = 0.1 pMJhis is consistent with a previous stuaigrformed
to measure the interactions of glycerol, tetraEG, and PEG groups with aromatic hydrocarbons
and steroids (aromatic C, aliphatic C, amide N, hydroxylc&tjonic N, amide O and
carboxylate OJKnowleset al. 2015).PEG400 resulted in strong and favourable interactions
with aromatic and aliphatic C and conclusions were drawn as to how PEG400 largely increases
the binding affinitieof aromatic compounds and sterofsowleset al.2015) Overall, PEG
modification appears to be a promising modification to the quinestrol scaffold to improve

cytochromebd inhibition.

5.4.4. Quinestrol as a novel inhibitor of cytochromebd

The use of quinestrol as a novel inhibitor of cytochrdrdéhas its advantages and

challenges. One of the most obvious benefits of having quinestrol as a novel inhibitor is that
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the drug is FDAapproved, so it is safe for human use. However, the drug is a synthetic
oestrogen so it can have off target effects if used continuously gthysiological ranges. The

aim of oestrogen replacement is to achieve blood levels like thefelidular phase in pre
menopausal women. Natural oestrogen blood plasma concentrations are within the picomolar
range during early follicular phase. In hormone replacement therapy, blood plasma
concentrations are also within the picomolar range. Thgaf@uinestrol in this study against

was within the nanomolar rangs careful consideration of off target effects and dosage would

be required should quinestrol analogues be used to treat bacterial infections. One potential
solution might be to avoid circulatory delivery and to use these drugs to combat more localised

areas, such as cutaneous infections or UTIs.

54.5. Future Work

There is a residual activity that is associated with the inhibitidh o06li by quinestrol
that demonstrates that quinestrol is unable to cause maximum inhibition of the bacteria even at
higher concentrations. This was not seen in MRSA cells. Thdeghatisation withPEG
appears to resolve thissue of incomplete inhibition (i.e. residudbd activity at high
[quinestrol]) further kinetic studies will be required étucidatethe precise mode of binding
for quinestrolandits derivativesto cytochromeod. The use of molecular dynamics is one tool
that can be used to study the binding of known inhibitors of the quinol binding diecwii|
cytochromebd-I. This study used isolated membranes from the various strains to perform
inhibition assays. However, future work with purified forms of the protmokl provide more
mechanistic insights into the modebifding andvould eliminatespecificity issueshat might

arise when linked assays (e.g. wsticcinate dehydrogengsee employed
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Chapter 6

Final Discussion



6.1. Background

Antimicrobial resistances a global healtiboncerrthat needs urgeaictioning Various
researchis undergoing to find ew ways to tackle this issue. Cytochrotmis a terminal
oxidoreductase thas found exclusively improkaryotes and archaaad is a good drug target
to discover new antimicrobials.t 6 s presence i n some of the mo:
including uropathogeni€&. coli, MRSA andMycobacterium tuberculosisas highlighted its

importanceor virulence and host colonisation.

This study employed drug repurposing approatthsesreen for potential new inhibitors
of cytochromebd from a series of FDApproved drugsand knownantimicrobials A
uropathogenice. coli strain that was previouslyengineeed to express singleespiratory
oxidasegcytochromebd-1 andbol)lwascharacterised-derein, multidrugresistante. coliand
methicillin-resistantS. aureusstrains were tested against promising drug candidates against
cytochromebd discovered in this studf¥embranes were isolated from whole cells to measure
oxygen consumption activityrigure 6.1 is a summary of the pipeline usedriee this project

and generate research findings
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6.2. Conclusions

6.2.1. Engineering and characterisation oE. coli strains that express single respiratory

oxidases

Antibiotic resistance is a major concern in some of the most pathogenic strains of
bacteria, leading to multidrug resistance and often almost untreatable infections. The
multidrugresistant ECO5&. coli O25: H4ST131 strain was used for this study. This strain
was isolated from a patient with urinary tract infection and is resistant to most of thiedirst
antibiotics that was once used to treat an infecfiau et al 2008; Rogers, Sidjabat and
Paterson 2011).A strain expressing cytochromied-l as its sole respiratory oxidase was
previously engineered ithe Shepherdab via LambdeRed mutagenesiéNebster, C.M.
(2023) PhD thesis, University of KentMany attempts have been made to engineer a
cytochromebd-Il only strain but were unsuccessful. The thid coli respiratory oxidase,
cytochromebol\jwas also expressed as the sole respiratory oxidase in the bacterium. A major
tool used in ourin vitro assays is the oxygen consumption assay that measures oxygen
consumption in purified membranes. Membranes were isolated fro. tbai cytochrome
bd-I only strain veretested against TTFA, a known inhibitor of cytochrdmdeto confirm the
successful devepment of the assay. Recombinant straing.ofoli EC958 cytochroméd-i
andbd-1l were successfully engineered to determine whether the cytocthdmplasmid of

highly pathogenic strains could be expressed in other strains that are less pathogenic.

Antibiotic resistance is aaturalphenomenon thatan result from prolongeekposure
of bacteriato antibiotics. There are numerous residues within drug binding sitenpfmes
some of which are important for tight binding \@rious compoundsn silico analysis was
usedto identify key residueghat are vitafor the binding of drugs within the ubiquinol site of

cytochromebd. Mutagenesis cabe employedo establishthe effecs that mutation okey
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residuesplay in drug bindirg and potentially modellinghe evolution of antibacterial
resistanceTo simulate this process,utations were introduced to the amino acids (L253A,
F269A, Y387, 1295 and F390) located in the quinol cleft of cytochitodribat are believed to

be important in the proper functioning of the oxidase. Residues L253A and F269A were
successfully mutated and oxygen consumption membrane assays in the presence of TTFA
revealed that F269A membranes were able to consume oxygen. L2&8Awot able to

consume oxygen, and this was believed to be because of the mutation.

6.2.2.Cytochrome bd as a modern drug target

Cytochromebd complexes are restricted to the prokaryotic world which is an attractive trait
when selecting potential drug targets. A small number of cationic amphiphilic peptides have
been identified that bind . colicytochromédd-I, including Gramicidin §Mogi et al 2008)
microcin J25Galvanet al. 2018)and Cathelecidin L37 (Choi & Weisshagr2017) While

these have 1§ values in the uM range they have complex mechanisms of action thought to
primarily involve membrane destabilisation rather than direct targeting didleemplex.
Cytochromebd from M. tuberculosishas attracted much attention as a promising target for
nextgeneration antibacterials (recently reviewedBorisov et al 2021; Mascolo & Bald,
202(Q). Bedaquiline, an FD#Aapproved treatment fortuberculosis and inhibitor of
mycobacterial ATP synthases, has been found to increase in efficacy when cytdotht@se

been knocked oyBerneyet al. 2014) highlighting future combinatorial treatments alongside
cytochromebd inhibitors as promising new therapies. Isoniazid, a-fing treatment for
tuberculosis, works via a complex mechanism that involves perturbation of the respiratory
chain, and loss of cytochromed synthesisDhar & McKinney, 2010)or inhibition with
aurachin C(Zenget al 2019) enhances the efficacy of isoniazid. Furthermore, a raoent
silico screen identified an inhibitor (MQH>: 3-[[2-(4-chlorophenyl)ethylamino]methy]-
ethykindole-2-carboxylic) that binds to the menaquisimhding pocket ofMycobacterium
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tuberculosiscytochromebd, and efficacy was tested using ATP assaysVbrsmegmatis

mutants revealingan ko f 34 OM Wddo wh y @ Harikisha@réenal 2020. A

subsequent study identified a series @r@-quinolone inhibitors that targéd. tuberculosis
cytochromebd (Jeffreyset al 2023) and a very low 1€ of 3 nM was calculated for the CK

2-63 compound from inhibition kinetic data for the purified recombirdnttuberculosis
cytochromebdisolated from are. colirespiratory mutant strain. Finally silico screening of
FDA-approved drugs docking to teobacillus thermodenitrificans/tochromebd structure

and subsequent efficacy assays led to the development of the synthetic compound 8d from the
guinoline moiety of ivacaftor and roquinimg¢Xhou et al 2023) This 68d6é compo
shown to bind to purified mycobacterial cytochrobtewith aKgv al ue of 4. 17 & M
i nhi bdiotn| & 66 Bl.tsmegmatisviotf h a MI C value of 6.25 ¢ N
highlight the potential for targetingd-type oxidases using derivatives and mimics of natural
guinones found in bacteria, which differs from the current study that highlights the novel utility

of steroid drugs as respiratory inhibitors.
6.2.3. Drug screening approaches to identify novel inhibitors of cytochrontsd

Drug repurposing is a more modern tool used in the development of novel drugs
compared to conventional drug discovery techniquesin/silico drug repurposing pipeline
was developed in the host IQ¥ebster, C.M. (2023) PhD thesis, University of Keat¥creen
FDA-approved drugs for their ability to bind the quinol sit&otolicytochromebd-I. Herin,
a series of steroid compounds were selected from théite@nd screened for inhibitory
activity againsthe quinol site ok. coli cytochromebd-1. In addition, known antimicrobials
that target theslectron transport chaiof various organisms were ran through the docking
pipeline to determine binding affinities for the quinol siteEofcoli cytochromebd-I before
performingin vitro analysesThe binding affinities generated from thmoleculardocking did
not often coincide with then vitro data Compounds such as atovaquopeducedan
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extremely lowmolecularKq value (0.49 uM) but was proverompletelyineffectiveagainste.
coli cytochromebd-1 only membranesHowever,other @mpounds such as naphthoquinone
had a significantly highdfqvalue (08.99uM) for E. colicytochromebd-| but led to complete
inhibition of oxygen consumption in membranes. Tdqugstionghe relability of the scoring

functionspresenin molecular docking software suckAutoDock Vina.

Thoughthere are questions around the reliability of molecular docking as a tool in drug
repurposingseveralresearch haveontinued to employ this approach and hbgen proven
effective in highlighting potential inhibitors of cytochroméd. The most recendrug
repurposingvork doneon Mycobacterium tuberculosisytochromebd oxidasehadscreened
over523,192 compourslia molecular dockingSeitzet al 2024) From this,102inhibitors
were screeneexperimentally to determine inhibitory effects agagysbchromebdin inverted
membrane vesicles dflycobacterium tuberculosi€Seitz et al. 2024) A total of six new

inhibitors of cytochromebd were identified from thistudy(Seitzet al. 2024)
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6.3. Future Work

Considering questions around the reliability of molecular docking scoring functions for
binding affinity, future work needs to focus on assessing the trustworthiness of this feature and
improving its precision. A comparative test can be performed betwdenedt docking
software such as Glide, GOLD, M@Bock and the software used in this research, AutoDock
to determine whether there is consistency in the docking scores for ligands to protein. Based
on the results obtained from this, optimisation studas lee done to improve the scoring
function through use of knowmmhibitors of cytochromdxd such as aurachin.BChapter 5
aimed to repurpose a group of steroids from the results of an in silico docking where quinestrol
was the lead compound. Quinestrol is a steroid compound that is a synthetic form of oestrogen.
It is proven to have a high binding affinit)K{ of 0.49 uM) for the quinol site oE. coli
cytochromebd-l. Further testing should be performed to determine whether all naturally
occurring steroids the body would be inhibitory to cytochrorbd or whether the molecular

docking tool is providing high binding affinity values by chance.

To determine the mode of binding thfe repurposed drugs in this studycrycEM
structure with the drugs boundttee various subunits afytochromebdin E. coliand MRSA
should be employed\ recent study hagerformed this method successfully using aurathin
bound toE. coli cytochromebd-1l oxidaseat 3 A resolution(Grauelet al 2021). In addition,
the method of molecular dynamics can be employed to estéidishodes of bindingf each
drug to the quinol site of cytochromt®l. This approach could use known inhibitors of
cytochromebd as positive contralin understanding the interaction between the quinol site and
the drug. The repurposed drugs in this study can then be studied to form compaksowto
inhibitors of the quinol siteMolecular dynamics is a useful tool as the results can provide

insights into druglerivatisatiorwhich is useful in improving drug bindin§lolecular dynamic
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simulation andstructurebased pharmacophore modellilgve been previously used to
identify novelinhibitors of cytochromebc: (Gangwalet al. 2013)and is a technique that can

be adopted for future work in this study.

Cytochromebd holds different properties depending on the organism it is present in
and this should be considered when looking into fustuelies to improve this projecthe
pathogens studied in this project wétecoli EC958, a MDR clinical isolate, and MRSA.
Futurework should include a wider range of pathogens to study the inhibitory effethte
drugs repurposed in this studl. coli EC958 cytochromébd-l and boNyere previously
engineered by the host laboratory but the engineering of cytoctbditien this study was
unsuccessfulA further attemptshould be madéo engineerk. coli cytochromebd-1l via
Lambda Red mutagenesis so that comparative analysis can be made lkete@ebdtype
oxidases.Conductingfuture work with purified forms of the proteins could provide more
mechanistic insights into the mode of binding and would eliminate specificity issues that might
arise when linked assays (e.g. with succinate dehydrogenase) are empésitkinetic
analyses with purified cytochromad complexes could provide mechanistic insights into
modes of inhibitor binding (i.eto validate the hypbesis that quinestrol is a competitive

inhibitor with respect to ubiquinal)
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Appendix A.1. Raw traces of oxygen consumption TTFA assay with. colicytochrome

bdl only membranes E. coli EC958 bd-l membranes were exposed to varic
concentrations of TTFA. The substrate used to starbxiilgen consumptioreaction was
succinate dehydrogenase. One reaction ran for about 30 miraandoltage data wa:
collected. A timepoint was selected for the oxygen consumption data (uM) and the

reaction was calculateBrom the calculated ratésM/s), an inhibition curve was generatt
and 1Go determined.
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Appendix A.2. Sequencedignment to identify conservation of amino acid residues

mutagenesis studirhis was performed on Cydsubunitof aST131E. coliEC958strain.
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