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Abstract

Staphylococcus aurets an important human pathogemesponsible for a range of superficial and
invasive infections worldwide. During inv@s and colonisation of the host, the ability 8f aureuso

adapt to stressful conditions is paramount for survival and the successantithuation of infection.
These stresses trigger production of two small nucleotide alarmahegl y 2 a Aig(@phasphaig)

'y R 3dzl yRAZAIKYRS LttiphodpBate known asppGpp and pppGppespectively which
function as the effedr molecules of the highly conserved signalling network known as the stringent
response to enable cell adaptatioand survival. Previously, screening for (p)ppGpp interacting
proteins inS. aureusdentified four Ribosome AssociatedRB-GTPases, RsgA, Era, RbgA Hii,

each of which are cofactors in ribosome assembly where they cycle between tHeoGA®ON state

and the GD®ound OFF state to govern their function. While bound to (p)ppGpp, the GTPase activity

of these proteins is inhibited.

In this study, we saght to determine the mechanistic effect of (p)ppGpp on&EFPase interactions
with the ribosome by examining the affip and kinetics of this binding in different nucleotideund
states.We show that RATPases bindith higher affinityto p -diphosphatecontaining nucleotides
GDP and ppGppver GTP, which is likely exploited as a mechanism of regulation@ffRAse diwity
within the cell.(p)ppGpp binding also reduced stable complex formation betweetRRases and
the ribosomal subunitsvhen compared to GTP bindin8ructural studies of RsgA revealed that the
ppGppbound state is conformationally reflective of ti@&DPbound OFF state in whighe switch |
loop necessary for catalys&lopts a conformation which is incompatible with rémmne association
and enzymatic activiteading to a decrease in 70S ribosome biogenesis, translation rate and growth
Altogether,we characterise and highligttte inhibition of RAGTPase activity by (p)ppGpp as a major
mechanism of control of ribosomeidgenesis and cell growth during the stringent respoirss.

aureus
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Chapterl ¢ Introduction

1.1Staphylococcus aurelen overview

Staphylococcus aureus anon-motile, Grampositive bacterium responsible for a wide array of
human inéctions worldwidgFenget al., 2008) Etymologically, the binoemn of this species is derived
from the Greelstaphylandkokkustranslatingii 2 ¥ 3 NJWIGIS dé@itglyih reference to the
propensityof S. aureuso form clusters of neaspherical cellsandthe Latinaurumreferring to the
golden hue ofS. aures stationary phaseulturesdue to the presence of the antioxidant carotenoid
staphyloxanthin(Clauditzet al., 2006) The Staphylococcugenuswastraditionally divided into wo
major clades, the coagulase positive staphylocdC&E which exhibit the capacity to clot blood
plasmaduring virulence(McAdow et al, 2012) and the coagulase negatistaphylococci (CNS)
(Foster, 1996)S. aureusonstitutes the solspecieswvithin the CPS clade, whereas the CNS comprises
over 30 species identified to date based their presumed lack of pathogenicity although this
classification approach has since been considered redundant due to the distbaegommensal
CNS such asstaphylococcus epidermidiand Staphylococcus haemolyticusere capable of
opportunistic infetion (Beckeret al, 2014) and that not all pathogenistrainsof S. aureusvere
capabé of producing coagulase@Matthews et al., 1997) Nowadays, the 38 known species of
staphylococci can be placed into one of three major groups basdtier geretic orthologues, in
accordance with comparative genomics studi€satesBrownet al,, 2018) Group Aa large group
dominated by those capable of colonisiagd causing infection inumars, includes such species @&s
aureus,S. epidermidiand S.haemolyticus Group B comprises species with similar cell stalicture
and propensity to infect animal hosts, such&tsphylococcus equoruand Staphylococcus cohnii
and Group C is comprised of species sucBtaphylococcus pseoihtermediusand Staphylococcus

delphiniassociated withihe infection ofdomesticatedanimals

The genome of. aureusfor example strain USA30@&ccession number: CP00025%nsists of a
single circular chromosome, which contaim average between 2Mbp and 2.8 Mbpwith a guanine
cytosine (G+C) content of around 38%a U & y letRDI0I8)|Due to this relatively low G+C content,

S. aureusand all staphylococci are members of tRemicutes phylum.In addition to the single
chromosome,the genome ofS. aureuscomprisesmyriad extrachromosomal elements including
transposons, prophage, mobile genetic elements (MGEs) and both conjugative and nonconjugative
plasmids These extrachromosomal elements often enceai¢ibiotic resistance cassetteand other

important virulence éctors.



1.1.1 Epidemiology 0. aureus

S. aureusvas first identified as a pathogen in 1880%y Alexande©gston following the observation

that the fluid from donor abscessegas capable of inducing abscess formation in a healthy host
(Ogston 1881; 1882)0ver the course of the followg century, this organismvas understood to be a
major human pathogen, artthe cause of many distinct infections worldwide includsdpclinicakkin
abscessesand inflammation and invasivebacteraemia, endcarditis and necrotising pneumonia
(Chalmers and Wylam, 202®s a member of the Group A staphyloco&:i,aureuds found as a
naturalcommensal on the skin and in the nares of around 5%388d of humans respective(Jong

et al, 2015)where itremainsasymptomaticin the majority of immunocompetent hosts. However
there is a correlation between colonisatiaof the skin and recurrent skin infectiauch asatopic
dermatitis (AD) and eczemawith 76% and 100% of AD patients colonised on the skin in healthy
regions and lesions respectivefhbeck and Mempel, 1998)'he incidene of AD in this highly
colonised patient group ighought to be associated with naabove averagdgE response to
staphylococcal toxins, indicative of a heightened inflammatory immune resp@itsaczaket al.,
2019) As with any opportunisti pathogen, the risk ofS. aureusinfection increaseswhen
immunosuppressed or when presenting an open wound, and as such screening for colonisation before
medical treatments including surgehas beome routine(Raoet al, 2008) It is estimated that
preoperative decolonisation reduces the incidence of nosocomial infection by over(R8éet al,

2008)

Multilocussequence typing analyses of seven housekeeping ganeS, aroE, glpF, gmk, pta, tpi and
yqil) from multiple S. aureusstrains(Enrightet al,, 2000; Feikt al,, 2004)has enabled grouping of
distinct lineages into clonal complexashich has enabled tracking of hypgulent lineages which
may require more stringent medical integntion, as well as monitoring the transmission of said
lineages In the UK, the prevalence & aureudacteraemia increased by 3.7% between 2017 and
2018 (Public Health England, 2018).2017, there were 120,000 recorded cases of nosocosial
aureusrelated bacteraemia in the U.S. alone, with 20,000 associated d€kthstiset al, 2019)
representing a mortality rate of 17% and highlighting this aigm as both a leading cause of

morbidity and a heavy finatial burden on the healthcare institution.

1.1.2 Virulence factors db. aureus
As previously stateds. aureuss capable of causing a wide variety of infections in humans, ranging
from subclinical skin and soft tissue infections to severe invasive infeclibesability of this organism

to occupy sucla wide range of niches is in part due to the arsenal of tightylated virulence factors



available which facilitate host invasion, tissue degradation, immune evasion and antimicrobial

resistance.

1.1.2.1 MBA and th&C@eccassette
In 1961, the firsinstance of methicilliresistantS. aureugMRSA) was recorded which demonstrated
insensitivity to the engineereid-lactam methicillin through acquisition of thmecAgene encoding an
alternate penicillinbinding protein (PBP), namely PBPZ&is varianthas a decreased affinitipr
nearly all -lactam antibiotic§Chambers, 199%yith the exception of nexggeneration cephalosporins
including ceftarolingSaravolatzt al, 2011) and therefore a greatly increased resistance to most
broad-spectrum frontline antilmtics traditionally used to treg. aureuinfection. Nowadays, around
10% of those colonised . aureudiarbour MRSA straindonget al., 2015) and infection by these
strains isassociated with a higher rate of madity than methicillinsensitiveS. aureugMSSAlue to
a combination of more potent virulence factors and a lower success rate of antibiotic therapy
(Cosgrovest al, 2003; Letal, 2021y f S RAYy 3 (2 GKS O2 oyefe3SMRBA ( KS
infection. mecAis encoded within a largé40 kb¢ 60 kb)MGE termed the staphylococcal cassette
chromosome mec (SC@&eqg (Kwon et al, 2005) responsible for the horizontal and vertical
transmission of methicillin resistanc&C@iec cassettes consigif two major components, thecr
gene complex and theecgene complexthe former of which encodes two sipecific recombinases
ccrAand ccrBto enable the mobility of this genetic eleme(ifloosavianet al., 2018) Themecgene
complexencodes mecA the reguatory genes ofmecAincludingmecR1and mecl| as well as any
additional resistance determinan(Kwonet al., 2005) InterestinglymecRlandmeclexhibit very high
sequence homology when compared to the regulatefi -lactamase expressiohlaR1and blal,
indicating that themec system may have adapted theselactamsensing regulators during its

evolution(KuwaharaArai et al., 1996; Stapleton and Taylor, 2002)

SC@heccassettes can be typed based on theirABallotype and the class of thmecgene complex,

with 13 types being recognised to dat&inghMoodley et al., 2019) Hospitalacquired $rains of

MRSA (HMRSA) typically encode types lll SC@ec cassetteqIto et al, 2001; Itoet al., 1999)

whereas communityacquired (CAMRSA) strains typically encode typeg Ml (Oliveiraet al., 2006;

Shore and Coleman, 2013; Zhastgal., 2009a) The most common CMRSA SG@&ctyping is IV,

often associated with hypervirulent straifBabaet al, 2002) and encodes no accessory resistance
determinants in themecOf dza G SN ¢KAa WAK2NIQ Ol aaSiidSs Aa GKz2
upon strains harboring it, both due to the lack of additional resistance markers and the altered

ribosomebinding site(RBSpresent in type 1V, which leads to lower PBP2a production and more



efficient growth during the absence of methicillin streffisee et al, 2007) Furthermore this
potentiallyenablesgreater tolerance to the fitness cost of producing further virulence factors such as
PantortValentineLeulocidin(PVL) and tharginine catabolic mobile element (ACM#&jich facilitates

the skinto-skin transmissiondicative of many hypervirulent strairssich as those within sequence
type 8such as the GMRSA USA3(0&traullet al., 2017)

1.1.2.2 Cellvell anchored protes
The cell wall of Gramositive organisms consists of an inner phospholipid bilayer surrounded by a
tens of nanometres thick mesh ofosslinkegeptidoglycanPG) lipoteichoic acids, teichoicals and
cell wall anchored (CWA) protei(fsigure 1.1.2.2)mparting chemical and mechanical resistance to a
variety of stresses and functioning to balance the intracellular tu{@squinaLemoncheet al,
2020) As this&yer forms the outermost surface of the bacterial cell, it is the primary point of contact
between the bacterium and host tissue, and as such is responsible for much of the initial adhesion and
interaction with the host immune systefsukhithasret al, 2013) S. aureugontainsup to 25 CWA
proteinswhich have been covalently linked to the cell wall peptidoglycaeraymesin the sortase
family, primarilysortaseA, which form amide bonds between threonine residues and the cell wall
amine groupgMazmaniaret al., 1999) The presene ofthese CWA proteins is essential for virulence,
and sortasedeficient mutants were found to lack the ability to cause abscess formation in murine

models(Mazmaniaret al., 2000)
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Figure 1.1.2.2: Th&. aureuscell wall. The cell wall structure of Graositive organisms such & aureuss
complex, with a thick layer of crosslinked peptidoglycan constituting alternatiagely/lglucosamine (NAG) and
N-acetylmuramic acid (NAM) units. CrosslinksSn aureusare made up of Ala¢ D-Glu ¢ L-Lys¢ D-Ala, with
pentaglycine crosslinks forming betweepAla and LLys of adjacent strandSrisuknimiet al., 2017) with PBPs
catalysing crosslink formatidmetween nascent lipid dinked PG componentd.ipoteichdc acids and teichoic

acid polymersare anchored to the phospholipid bilayer and cell wall PG respectively. The 25 different CWA
proteins ofS. aureussuch as CIfA, CIfB, Protein A, and SaeXwalently linked to cell wall amino groups
where they carty out a range of functions including those crucial for virulence.

Initial adhesion is an important stage of colonisation, and is mediated by several CWA proteins in the
case ofS.aureusincludingclumping factor A and BJfA, CIB) which enableclumping of bacteria in
plasma through binding to the fibrinogen, fibronectibinding proteins A and B which enables
adhesion to and invasion of the host epithelium, endothelium and fibroblaatsl SasXvhich
enhances the ability of bacterial cells to adheretite epithelium(Laceyet al, 2016) In terms of
immune evasion, Protein Afgd is a major virulence factawhich can bind to the FAragment of
immunoglobulin, the TNFR1 receptor and von Willebrand faoger et al., 2014)to downregulate

the host immune respons&urthermore, protein A has been shown to induce an immunomodulatory
effect through activation ofl-10 and TGF production by regulatoryl-cells (Uebeleet al, 2020)
Additionally, the ironregulated surfae {sd) proteins contain a haerbinding motif in order to
circumvent nutritional immunity in the case of ferrous idifsteret al., 2014) While it has never
been shown, these CWA proteins are hypothesised to play an important role in recognit®&n of
aureus by the adaptive immunesysten and as sut form part of the complex hogtathogen

interaction.



1.1.23 Secreted toxins
In addition to the exterior display of CWA proteiSsaureusis capable of producing a wide array of
secreted virulence factors which fall into three major groups: the exfedidoxins the poreforming
toxins and superantigens (SAg&liveiraet al, 2018) Exfoliative toxinsare highly specific serine
proteases secreted by 5% of clinil aureusn order to hydrolyse the cadherins which anchor
keratinocytes together in human skin, enabling invasion and the development of superficial infections
such as impetigo and staphylamal scalded skin syndronfdisatsuneet al., 2013; Leest al., 1987)
SAgsare proteins secreted by some bacteria, primarily members of tBéreptococcusand
Staphylococcugenera, which stimulate an intense, ntotalisedadagive immune responséxu and
McCormick, 2012)hich is boh qualitatively and quantitatively distinct from normakeéll activation
due toinduction d a pro-inflammatory cytokinestorm includinglFN, TNk and I:2 (Fleischerand
Schrezenmeier, 1988; Holtfretet al., 2006) leading to host symptoms such as fever, desquamation,
diarrhoea, hypotension, and in severe cases multiple organ failure and toxik syxadrome While
this may seem counterintuitive given the quantiti/virulence factors dedicated to immune evasion
immunemediated tissue damage may provide alternate routes of dissemination of bacterial cells, as
well as leading to the release of iatrellular contents as a source of nutritidkpproximately 80%f
clinical MRSA strains encode at least &fggeneof the 23 currently describe(Dliveiraet al.,, 2018)
howeverthe majority encoe several(Xu and McCormick, 2012Z}hepropensity of superantigens to
be encoded and maintained on MGiasclinically relevant strains @&. aureusuggess that these

secreted toxins hava productive effect on fithesshile invading the host tissue

The success or failure of infection depengemarily on the ability ofS. aureugo evade immune
clearance. The hypervirulent @ARSA strains of sequence type 8 have significantly increagatity
for destroying host neutrophils, which are the majorkeayte involved in initial clearance of bacterial
infections(Voyichet al., 2005) While not strictly limited to mononuclear phagocytes, staphyl@abc
pore-forming toxins such as haemolydin haemolysid , phend soluble modulins (PSMs) and
leukotoxins including?VL(Babaet al., 2002; Oliveirat al., 2018; Otto, 2010&re involved in host cell
lysis throudp oligomerisation to form open pores in cell membranes, facilitating leakage of the
intracellular matrix, collapse of the proton motive force and ultimately cell déhatset al,, 2013;
Vermaet al, 2021) The pecise significance of these toxinstire outcome ofS. aureusnfection is
the subject of ongoing research, however studies have shown that the prevalence of PMARSBA
strains infection is 85%, compared to 5% ofMRSA strainfLinaet al., 1999; Naimet al., 2003) This

implicates increased pofforming toxin production in virulence within the immunocompetent host



and indeed PVfproducing strains are more likely to inflict invasive, systemic infections tloa-PVL
producing MRSA strair{§illet et al,, 2002) The leukotoxins LUKED anehaemolysin hge potent
activity against human erythrocytes, forming a key source of ferrous iron when in conjunction with
the haem scavenging ISD CWA, and it is estimated 988 of MRSA strains worldwide carry
erythrocidal poreforming toxins(Liuet al., 2015a)

1.1.2.4 Regulation of virulence fastor
The breadth of niches capable of infiltration By aureuss facilitated mainly by the vast array of
available virulence factors. However suboptimal expressfdhese virulence factors comes at a cost
to growth and fithesgLeeet al, 2007)and may compromise successful infectidbue tothis,
regulation of virulence factor production has evolved to be extremely stringent transcrgily in
response to growth phase or cellular energy availabjiigleman, 1983)Two omponent systems
are the major regulators of virulence B aureusincluding theagr, arlSR lytRSand sae operons
(Bronneret al., 2004) Other regulators include SigB and other DINAding repressors such as Rot
and SarAThe overall regulatory network in this organism is highly complex and interlinked, with
multiple factors feeding into the overall control of virulence factapeession, wich often leads to
indirect activation or repression of genes through accessory regulator interactions. This enables a high
degree of specificity and control over virulence factor production depending on thetimsal

requirements and conditias of theimmediateenvironmentof the bacterium

Two component systems are generally sensitive to exogenous, extracellular signals. The signal is
recognised by a sensory histidine kinase, either through direct binding or through recognition of a
primary receptor, which triggers homodimerization andubsequent autophosphorylation or
transphosphorylatiorof a histidine residue of the intracellular domgifiwariet al., 2017) Following
priming of the histidire kinase, the cytoplasmic response regulator docks and catalyses aspartyl
autophosphorylation using the phosphohistidine as a donor, which enabN4 binding and
transcriptional up or downregulation (Zschiedrichet al, 2016) The most weltunderstood
staphylococcal two component system is the accessory gene regudatdisystem which is involved

in a quorum sensing network culminating in the downregulation of CWA proteins and upregulation of
secreted toxins when cetlensity reahes a thresholdBronneret al, 2004) with 104 genes being
upregulated and 34 downreggated in tdal (Dunmanet al, 2001) This locus consists of five genes,
agrA agrG agrD, agrBandhld, and is transcribed as two divergent transcripts REAdIRNAIllnder

the control of two promoters P2 and3®¥Le and Otto, 20151 triggers polycistronic transcriptiar

RNAII, includinggrA agrG agrDandagrB agrDencodes the precursor peptide to the major quorum



sensing autoinducing peptide @J which is processed into mature PAby AgrB. AgrC and AgrA
constitute the twocomponent signalling system responsibde fletectingthe threshold level oAIP,
representing the histidine kinase and response regulator respectii@gniget al., 2004) Upon
homodimerization and autophosphoryation of AgeSpartyl phosphorylation of AgrA, this protein
can bind to the P2 and P3 promoteasad the promoters controlling PSM transcriptitm promote
expression of RAII, RNAIIl and exogenous P$®secket al., 2008) RNAIII encodes the haemolysin
1 exotoxin, however prior to translation it also functions as the intracellular effector cdigieystem
regulating transcription of many genes directly, or indiredtiptigh interaction with other regulatory
factors and ressengeRNASMRNAsjGoerkeet al., 2001; Schmidet al, 2001) ultimately repressing
CWA virulence factor@luntzingeret al., 2005)and upregulating exotoxin productiqBoissetet al.,
2007) This is achieved @ manner independent of other toxicontrolling two component systems
such assae(Liuet al,, 2016) highlighting the functional redundancy within the regulgtonachinery

of S. aureusirulence factors.

In S.aureus the sigma factor A () is responsible for promoting transcription of housekeeping genes
during proliferative growth when in complex with RNA polymerase (RiDM®ra and Misra, 1996)
However,S. aureugncodes several alternative sigma factors to further regulate the transcriptome
under specific conditions.B is responsible fomodulating the stress response in response to heat
shock, oxidative stress and antibiotic stressis responsible for adaptation to conditions of nutrient
limitation and" "has been shown to be involved in competence and prophagelation(Taoet al.,
2010; Tuchscheret al., 2015) " Bexpression peaks during late exponential phase, and positively
regulaing sarAexpressiorand many virulence determinants includiheandi -haemolysin catabse
(Kulliket al,, 1998)and staphyloxanthin productio(Shawet al., 2006)while indirectly decreasing
transcription of the regulatornagr-associated factor RNA(Bischoffet al., 2001)

1.1.3 Currentreatment optiorsfor S. aureugfection

As with all bacterial infections, the predominant methods of treath@ureusnfection are through

the use of broaespectrum antibioticssuch as cephalexin, dicloxacillin and clindamycin for MSSA
strains and caimoxazole, doxycyclingancomycinmupirocin linezolid and ciprofloxacin in the case

of multidrug resistant (MDR) MRSA strains. These are used in combination with culture ticagnos
which aim to establish the resistance profile of any gigemain to enable efficient treatment and
epidemiological trackingNaturally,S. aureuss susceptible to nearly every antibiotic used to date,
however this organism exhibits an extraordinagpacity to develop resistance to antibiotics. This is

primarily achievedthrough horizontal gene transfer, often facilitated through conjugation and phage,



yet other mechanisms such aslection pressure andindom mutation remain importanfChambers
and Deleo, 2009)

Treatment of hypevirulent MDR strains of MRSA often involves the use of antibiotics ofdastt,
which commonly cause an array of side effects. One such antibiotic is the glycopeptide vancomycin,
which has been thereferred treatment for MDR Granrpositive infections isce their emergence.
Continued use of antibiotics exerts a strong selectmyessure to encourage the maintenance of
resistance markers, and the first vancomytitermediate S. aureugVISA) strains emerged in 1997
(Hiramatsuet al., 1997) following extended use of vancomycin during the3Q9 and exhibit a range

of genetic elements which decrease sensitivity to vancomfRishishwaet al., 2014) VISA strains
were followedshortly by vancomycirresistar S. aureugVRSA) in the early 2&entury(CDC, 2002)

The true vancomycinesistant phenotype is imparted through tkanAoperon, acquired b$. aureus

from vancomycirresistant enterococci, in which thenA operon is encodedntransposon (Tr)546

as part ofa mnjugative plasmid@Arthur et al., 1993) This gene can be maintained$naureuseither
through plasmid maintenance or through integration of 1546 into the acceptor genome.
Vancomycins a glycopeptide antibiotic which prevents the correct assembly of the peptidoglycan cell
wall through specific binding to the-Bla-D-Ala terminus of lipid Qvan der Aaret al,, 2016) ThevanA
operoncomprises seven genes, which modify the lipid 1l stem to constitutéear@nal DAlaD-Lac

and decreasing the affinity of vancomycin binding by three orders of magniioledenet al., 2010;
vander Aartet al, 2016) VRSA is particularly rare, in part due to the tightly regulated prescription of
vancomycin throughout the Western world, witnly 2.4% of clinical isolates &. aureugncoding

the vanA operon(compared to 4.3% classed as VIB&tjveen 2010 and @19 (Shariatiet al., 2020)
Concerningly$S. aureusas recently exhibited resistance to mangjor antibiotics of last resort, that

is to say those which have been reserved for use in the absence of other effantiagicrobial
therapy, including daptomyciriPaderet al, 2016; Saat et al., 2018) cindamycin (Dorneanuet al,,
2016) and fifth-generation cephalosporinsuct as ceftaroling(Morroni et al., 2018) Thus, the
requirement for novel antistaphylococcal therapies is extremely urgent, sparking much research into

this topic

Within nosocomidenvironments, the prevalence 8f aureusfection is greater in patients following

the insertion of an exogenous medical device such as a catheter or prosthetic, with up to 37.7% of
MRSArelated bacteraemia being catheter associa{@uiervoet al., 2015) Removal of the catheter

and the associated biofilm often enables successful treatment, however in the cgsesifietic

implants removal is often not a viable optiatue to risk and costand to this end prophylactic



impregnation of antimicrbials into the prosthetic has proved an effective solution, reducing infection
rates by 50%Parviziet al., 2008; Romanét al,, 2019) The development of antimicrobial polymers is
atopic of ongoing researclising such mechanisms as heavy metal impregnd@uintero-Quirozet

al., 2020)and nanostuctured polymers based on the antimicrobial properties of insect widgskins

et al, 2020) The adoption of systematic disinfection protocols within hospital environments has also
proven successful in reducing MRSA cagasver 50%Garveyet al,, 2018) as well as a range of other
nosocomial infectionsConsidering thencreasing difficulty inreating MDR infections, stringent
disinfection and sterility protocols in combination with routine decolonisation of patients and hospital

staff has become an important frontline prophylactic solution to increasing MRSA prevalence

Arguably the most impdant tool of humanity against microbial infection is the vaccine, however
research into potential vaccines agaifstaureufas so far proved unsuccessful upon reaching human
clinical trialsdespite several candidates showing piiging preliminary datén animal model§Daum

and Spellberg, 2012; Dayanal.,, 2016) The diminished effectiveness of SAgs and gorming toxins

in the northuman model is theorised to render clearance of infection more effective, édpein the
murine host(Bubeck Wardenburgt al,, 2008; Salgad®abdn and Schlievert, 2018urprisinglyPVL
was ineffective at augmenting @ARSA infection in nehuman primate model¢§Olsenet al., 2010)
leading to the suggestion that vaccine development may be impossible prior to the establishment of
a representative model systenand following the harmful effect o seemingly promising vaccine
first-in-humantrial (Fowleret al,, 2013)it was suggested that focus should shift to novel prophylactics
and postinfection treatments rather than general vaccind3espite this, research into vaccine
development is ongoing and nowdusing primarily on-€ell activation rather than impsement of

opsonisation(O'Brien and McLoughlin, 2019)

1.2 Translation irprokaryotes

1.2.1 The prokaryotic 70S ribosome

Ribosomes are a fundamental requirement of cellular life, and no known living organism to date has
been identified which does not requirdbosomegRootBernstein and RoeBernstein, 2015)Similar

to the eukaryotic 80S ribosomehe 70S prokaryotic ribosoenis a large, yet incredibly precise
macromolecular machine responsible for facilitating the second step of the central dagma
translation of mMRNA into primary amino acid sequedcgingde novagorotein synthesisAround 50%

of the dry mass of ai. colcell can be attributed to the ribosomes, and the intracellular concentration

of ribosomes is the major determinant of growth rate, wihcoli containingbetween7,000 per cell

during stationary phase an@0,000 per cel{around 70 >M) during rapid growth(Nierhaus, 2014)

1C



Here, specific details unless stated otherwése based on the mostomplete andwell-understood
model of translatiorg, E. coliThe mature 70S complex comprises two subunits, the small 30S and the
large 50S subunits, the functions of which together enable translational fidelity via accurate decoding
of mMRNA and specific peptidyl transfer respectiyebunget al., 2011. The50S contains three distinct
siteswhich constitute the peptidyl transferase centre (P8¢ Aminoacyl(A) site, the Peptidyl (P)

site and the Exit (E) site, which facilitate the mRNA ratchet during elonddtaraeet al,, 2011) The

30S contains cognate sites which form at the subunit interface to yield the functional combination of
the mRNA decoding centre and the mature AHRE. colj the 30S subunit is made up of 21 ribosomal
proteins (rproteins) and a single 16%hosomalRNA(rRNA, and the 50S subunit consists of 34 r
proteins and two rRNAs, the 23S and(3@mnaeet al, 2011) leading to tle 70S particle mass being
around 60% rRNA and 40% protein respectivElye PTC of the 50S ribosome is encoded within
domain V of tle 23S rRNADespite evolutionary drift towards the usage of proteins as catalytic
machinery (enzymes) due to the enhanceddtional spectrum due to the 20 commonly employed
amino acid residues, there as yet existgonoteinaceousenzyme capable of peptyditransfer(Leung

et al, 2011) The riltmsome is thus a ribozyme, a relic of the RNA world, in which chemical catalysis
was carried out using the four canonical RN#sesbefore the evolution of amino aciebased
machinery Thishas been hypothesised to have been gelflicating and selfjovernng prior to the

development of cellular liféRootBernstein and RoeBernstein, 2015)

1.2.2 The translation elongation cgcl

The fidelity of translation is the keystone upon which all life is built, with single amino acid
substitutions, deletions dnsertions often leading to decreased viability of the catid the control of

the polypeptide elongation process is highly cemed between all organismg§Rodnina and
Wintermeyer, 2009) This is split into four distinct phases: initiation, elongation, terminatod

recycling(Figure 1.2.2)which together enable the efficient translation of mMRNA.
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Figure 1.2.2: Théranslation elongation cycle; a schematica) Initial formation of the 30S IC occurs following
the kinetically limiting association of the mRNAn@ate containing the initiating AUG codon, the initiating
fMet-tRNAVet |F1, IFZGTP and IF®) Association of the 50S subunit triggers release of the initiation factors
sequentially, and in a GTPadependent manner in the case of IF2, forming the TOX) Elongation occurs
following delivery of the correct alRNA by EF u-GTP, which dissociates via GTBrblysis enabling peptidyl
transfer to occur between the P andsite amino acids, subsequently hydrolysing the ester bond linking the
nascent chai to the Rsite tRNA. d) PeptidyRNA translocation occurs followilg=G-GTP association, which
leads to ismerisation of the 70S into the hybrRstatein which the P and -aite tRNAs contacts the adjacent
binding site. GTP hydrolysis B¥G leads toreturn to the N-state and release of the newly translocateeske
tRNA.e) The elongation cycle terminatepan recognition of an mRNA STOP codon (usually UAG), which is
recognised by either RF1 or RBZacilitate release of the nascent chain. REBP hen associates and displaces
RF1/RF2, then dissociates in a GTPase dependent manner. Following FIRG ametliated subunit recycling,
the translation cycle can begin anewmformation drawn from(Gualerzi and Por2015; Moore, 2005; Noller,
1984)
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1.2.2.1 Initiation
Initiation of translation is the process during which the 30S-ipittation complex (prdC) brms
around the mature 30S ribosomal subufiRigurel.2.2a, B. This is controlled kinetically by three
initiation factors (IF) in bacteria, namely IF1, the guanosine triphogphgtirolasg GTPase) IF2 and
IF3 The complex equilibrium between these fagpas well as the initiatinty-formylmethionine
conjugatedfMet-tRNA™! (tRNAI) the objective mRNA ahthe 30S ribosomal subunit facilitates the
rapid and accurate 30S pt€ formation(L6épezAlonsoet al, 2017a) Initially, there is no Watsoen
Crick base pairing between the iaitor codonAUG ¢ccasionalljJJUG or GUG 8. aureugMcLaughlin
et al, 1981) and the initiator anticodon present on the acidon loop of fMettRNA™"; the 30S pre
ICformationisfacilitatedvia ShineDalgarno (SD) interactions with the afD sequence on the &nd
of the 16S rRNAShine and Dalgarno, 197#first-order structural rearrangement of the 30S gd@
following association of all factors positions the mRNA such that cadtinodon recognition can
occurwithin the 30S Bite (LopezAlonsoet al., 2017a) This cordrmational change matures the 30S
pre-IC into the 30S initiation complex (l@hd capable of complexing with the 50S ribosomal subunit,
followed by dissociation of IF1 and IF3 to form th@S ICIF2 remains associated until the acceptor
arm offMet-tRNA™tis delivered into the 30S-gite, triggeringhydrolysisof guanosine triphosphat
(GTP)aNd subsequent dissociation of IFRPomsicet al, 2000. As the primary stage of translation,
initiation is often the target of regulation to control the rate of translation within celsould the P
site be occupied by a nonconventional initiator coddRl and IF3 will sterically prevent the
maturation ofthe 30S prdC to the 30S IC, and hence inhibit association with thgl59%eanaet al,,
1993) Furthermore, translational repssor proteins often occlude thBRBSof specific mMRNAs to
regulate translatior{Jennetet al,, 2005) an effect which can also be mediated through small antisense
RNA interference, although this is thought to haveyraater effecton mRNA stability than the
formation of the 30S préC(Watkins and Arya, 2019)

1.2.2.2 Elongation
The elongation cycle of therokaryoticribosome is capable of incorporating six amino acids into the
nascent chain per second, with the 30S/50S interface ratcheting the distance of precisely three
nucleotides along the mRNA template following each peptidyl transfer gteméauvet al, 2014) In
the cytoplasm, elongation factor (EF) forms a higfaffinity ternary complex with GTP and the
aminoacyl (aaJRNAiIn the case of the 20 canonical amino adiiggure 1.2.2c,d)in rare cases, the
modified amino aid selenocgteine forms a ternary complex in the cytosol with the alternative
translation factor Sel@orchhammeet al,, 1989) Decoding occurs following delivery of thatRNA

to the Asite to form acomplex with the ribosome anBFTu, and upon correct recognition of the
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tRNA anticodon with the mRNA template codbnt not just high affinity association of nearognate
anticodonsallosteric activation of EFu leads to GTP hydrolysis and dissocidfidmanget al,, 2009b)
Peptidyltransfer canthen occurfollowing nucleophilic displacement of thearboxyl carbon of the
ester bond ofpolypeptidytRNA within the Rsite, and formation of a peptide banbetween tre
nascent chain and the a&NA within the Asite. This GTPase activity of-E&, dependent on the
WatsonCrick pairing between cognate codons and anticodons, confers a degree of translational
fidelity which would be lacking if ne@apgnate codns and antodons could trigger peptidyl transfer
simply by associating with the ribosoniEhe peptide bond formation occurs between theahd P

site of thePTC and following this event complex conformational changes of the ribosome itself on
both smallandlarge scalesncluding a Brotation of the 30S relative to the 50fagilitate the passage

of the A and PRsite residues to the P and E sites respectiuelgrder to accommodate the neda
tRNA within the A sitéNolleret al, 2017) Crucially, this process cannot allow any template slippage
which wouldcausea reading frame shift and either premature termination aberrant protein
synthesigNolleret al,, 2017) This rotation causes the ribosomelgavel K S W QN)istatgiahdd | £ Q
Sy i SNJI i KR)staeKid whidl tReGassociated tRNA molecules are angled such thaRNwe
anticodonloopremains in the initial site whereas the acceptor tail of the tRNA moves to the next site
(Moazed and Noller, 1989TheN and R-states can be fluctuated between before the association of
GTPRbound EFG to the Asite, which structurallynimics tRNA bindingChenet al, 2016) TheR
ribosomal state allosterically triggers the GTPas#ivity of EFG, which undergoes a large
conformational change upon entry into thguanosine diphosphateGDB-bound state which
stimulates a further intresubunit conformational change, leading to mRigkslocation Esite tRNA
dissociatiorand EFG dssociation to enable association of the subsequentRidAwithin the Asite
(Chenet al,, 2016) The nascent polypeptide chain is fed through the exit tunnel, which can prevent
premature peptide hydrolysis by peptidaséisat target unfolded proteins, and the quaternary
conformation of the exit tunnel can aid in correct flihg before entry into the cytosgKudvaet al.,
2018)

Each mRNA templatean often be occupied by multiple actively trarnslg ribosomes, raising
translational efficiency by producing multiple functional proteins per mRNA molecule transcribed
(Brandtet a., 2009) DuringE. colexponential growth, 7% of ribosomes at any given time participate

in polysomes, with an average density of occupation of 1.3 ribosomes per 100 nucldgtidieseva

et al, 2018) In addition to cytosolic free polysomes, membrane associgbetisomes are often
responsible for the caranslational export of periplasmic or secreted protei{f@nithet al, 1978)

Overpacking of translating ribosomes may lead to collisions or queuing, reducing the overall
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translation rate in a manner similar to traffic. Recently, it has been observed via dssmencing
that certain mMRNA sequeas promote ribosomal stalling and euragedisome formation, although
this phenomenon can also be attributed to mMRNA sequences which encode pfirhalix translation
(Zhaoet al.,, 2021) It has been proposed that monitoring of disome conxgle by chaperone proteins
may facilitate correct folding ofde novopeptide chainswith unfavourablefolding dynamicgCollart
and Weiss, 2020)This dfersinsidht into an intriguing mechanism of elongatiomediated regulation
of protein synthesigNurenbergGoloub and Tapé, 2019; Zhaet al,, 2021)and demonstrating that

regulation can occur dahe elongation level as well as during initiation.

1.2.2.3 Termintaon
Upon completion of the nascent polypeptide production, termination occurs following recognition of
a nonsenseSTOPcodon within the mRNA templat¢Figure 1.2.2e)namely UAG/UGA/UAA i
prokaryotegMartin et al., 1988) Release Factor (RFand 2 areesponsible for reading the UAG/UAA
and UGA/UAA stop codons respectively, using the highly conserved PVT and SPF recognition motifs,
with both stabilising the ribosome in thé-state (Ma et al,, 2017) although RF2 complexes confer a
greater degree of rotational flexibility between the- Wnd R-states. Hydwlysisof the ester bond
linking the nascent chain anddite tRNAs achieved by the 50SdRe and the conserved RF1 and RF2
GGQ motif, which features a universally methylated glutamine residue in order to increase the rate of
peptide releae (Rodnina, 2018 The reactin progresses via a tetrahedral intermediate due to
nucleophilic attack and proton transfer by an activated water molecule, yielding free peptide and
deacylated tRNARodnina, 2018)Release of RF1 and RF2 from the terminated ribodsiaeilitated
by RF3a GTPase whiatonstitutes one of the rare prokaryotic cases of a guanosine exchange factor
(GEF) being utilised to encourage GTP binglimigh the ribosome itself serving to enhance nucleotide
exchange(Peskeet al, 2014) The relative 5 nM and 20 nM affinity of free RF3 to GDP and GTP
respectivelyhowever suggds that under most circumstances where cellular GTP concentrations are
an order or magnitude higher than GDWPariket al., 2017) RF3 will freely enter the GIi®und state.
This GEF activity may be adaptation to enable the essential process of translation even under
nutrient-limiting conditions where GTP concentrations plummBeptide release results in the
stabilisation of the RFGTPRF1/2ribosome compleshifted into theR-state, and facilitaes RF1 or
RF2 release, followed by GTP hydrolysis and dissociation €bBF3ronthe ribosome(Adioet al,
2018)
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1.2.2.4 Recycling
Bah mRNA and tRNA remain in the péstmination ribosome, and removal ohése factors is
necessary befora second round of initiation and elongation can oc&upkaryotic ribosome splitting
is facilitated by ribosome recycling factor (RRF) an@,Ekring which RRF binds to thesite of the
ribosome and stabilises thetated R-state, such that the Bite tRNA adopts a hybrid conformation
between the Pand Esites(Gaoet al., 2005) Subsequent hydrolysis of GTP bydgifomotes steric
clashing betweerhe elongated domain | of RRF ahe crucial intersubunit bridges B2a and &3
to a 60 rotation of RRRboutits ownlongitudinal axigGaoet al., 2005) MRNA isapable of stochastic
exchange, however association of the-tieditaining 30S IC with the 50S subunit triggers release of
the associatedleacylatedtRNA from theP-site (Gualerzet al,, 1971) although the prese temporal
occurrence of this has proven controversi@org et al, 2016) Following splitting, 30S pi&
formation can occur in @paration for a downstream elongation cycle.E. colj depletion of RRF
decreases theecycling of 3untranslated regiorassociated ribosomes, however this protein was not
essential(Saitoet al., 2020)suggesting the presence of othless efficient mechanisms of ribosome
recycling. Indeed, the heathock associated GTPase HflX is known to be capable of dissotixing
ribosomes independently of GTPase hydrolg@anget al., 2015) and this has been hypothesised to
represent a parallel mechanismf asplitting terminated ribosomes under differentipstream

conditions.

1.2.3 The 100S ribosome complex

Protein synthesis as a whateone of the most energintensive processes within the cell, atel novo
ribosome biogenesis alone can account for up to 40% of total energy usage during exponential phase
growth (Strunk and Karbsteir2009) Duringgrowth limting conditions transcription of the rRNA
encodingrrn operon is often repressetb prevent cell growth and enable losigrm survival(Durfee

et al,, 2008) however the matureibosomes represent a huge enyy investment and therefore are
converted to inactive hibernating forms referred to as 100S complexesPrioteobacteria such ak.
coli, this complex formation is achieved through the activity of two proteins, ribosome ratidn
factor (RMF) andhort hibernation promoting factorghort-HPF)(Beckertet al., 2018) RMF binds
within a cleft adjacent to helix 28 (h28), h37 and h40 of the 16S rRpZYy which bS1 usually
associategBeckertet al, 2018) A cluster ofpositively charged residues mediates this binding
betweenh -helix 1 (1 1) of RMF and the ®f the 16S rRNA, positioning the aBiD sequence in such a
manner that it is incompatible with the cognate SD of mMRNAs. $ti binds within the 30S A and
P-sites adjacent to h30 and h44 of the 16S rRNA, renderingibesome inactive due to occlusion of

the tRNA binding siteBeckertet al., 2018) Together, thee proteins indirectly stabilise 100S dimer
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formation indrectly through stabilisation of bS1 and uS2 on the 30S ribosome, initiating a productive
point of interface. These proteins on particle 1 form inparticle bridges with uS4 and uS3, granting

2-fold rotational symmetry to the complete 100S parti¢Beckertet al., 2018)

In Grampositive bacterissuch asS. aureusa longHPF homologue is the sdigctor involved in 100S
formation, via an unrelated meché&m in whicchomodimerization of the extended CTD of |eH§F

is the major stabilising factofMatzov et al, 2017) with some interation between 30S rRNA
augmenting thisMoreover, while inorganisms containing both RMF and shbHRF, 100S complexes
are strictly formed during stationary phase. In organisms containing-Htig however, 100S
complexes can be isolated from exponentiahpé cultures also, albeit at a lower concentration than
during stationary phas€Akanumaet al,, 2016; Uetaet al., 2013) While the precise reason for this is
unknown,it is thought to contribute to translational regulation and the overall bacteriattedging
strategy(Basu and Yap, 201@hich leads to increased antimicrobial toleran&eletion of longHPF

in both S. aureusand Bacillus subtilideads to mass breakdown of 70S ribosomes upon entry to
stationary phase, ultimately leading to cell death via lossasfslational machinery and the inability

of cells to resume growtfAkanumeet al., 2016; Basu and Yap, 2016)

The precise events leading to the disassembly of the 100S complex upon resumption of growth
remains he subject of investigation, altlugh several factors capable of this disassembly have been
identified. Canonically, the 100S must be split firstly into two 70S monomers, and then into
constituent 30S and 50S subunits to enable initiation of translatifiX is an universally conserved
GTPase shown to the be capable of 70S disassembly in a Gifidapendent mannefCoattam et

al., 2016)duringrepair of heatshock related rRNA dama@eeyet al, 2018) however this protein is

also capablef GTPaseependent dissociatn of the 100S compleBasu and Yap, 201 Recently,

the 100S ribosome has been identified as a target e6Ehd RRRediated splittingm a GTPase
dependent mannethrough the conformational change of Ediplacing longHPF irs. aureusather

than via NRstate transition of the70S (Basuet al, 2020; Feaga&t al, 2020) Thus, it has been
suggested that during standard outgrowth conditions, the highly abundartP6ach) Efs and RRF
function to recycle 100S complexes into active ribosomes, whereas HfIX may function under more
specific heasshock related conditions, aniah transexpression of HflX camomplementRRF deficiency,

supporting two parallel disassemhtathways regulated on a transcriptional leyBasuet al., 2020)
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1.2.4 The ribosome as an antimicrobial target

The universally conservaxerall structure and mechanism of action of the ribosome has led to the
evolution and rational development of many antibiotics whielnget the process of translation
through binding to both the large and small subuiiftese includeommonly usedntibiotics such as
aminoglycosides, chloramphenicol, lincosamides, macrolides, mupirocin and tetracycline, in addition
to many more.For recent reviews on this extremely broad antibiotic class, @&enz ad Wilson,
2016) (Linet al., 2018)and(Wilsonet al., 2020) The majority of clinically usezhtibiotics target either

the 30S decoding centre, often causing slippage to yield premaionsense codons or nonfunctional
protein variants, or the 50S-$ite to inhibit peptidyl transfe(Wilson, 2014)Some less commonly
usedantibiotics prevent adRNA synthesis or association, or by sterically blocking the nasbain
from passing through the exit tunnéWilson, 2014)The breadth of activity and efficacy of these
antibiotics has led to the ribasne-targeting class as the most common antibiotic target in terms of
quantityd Y I €t&lA2620) and these are often used in conjunction or as part of an antibiotic cocktail
to help curtail the development of antimicrobial resisce in an effort to prolong the effectiveness of
these valuable broagpectrum antibiottsé Y | @té@lA 2020)

The development of resistance to ribosortggeting antibiotics is testament to the #iby of
microorganisms to adapt even the most fundamental process due to the overwhebalagtion
pressure of extensive antibiotic usagdycobacteria andGramnegativebacteria have an innate
resistance tasome antibiotics with large structures, suchraacrolidegVaara, 1993)although some
innately sisceptible organisms have developed resistance to a wide variety of antibiotics through the
use of multidrug efflux pumpéran Veen, 2010Aside from this efflux approachne of the more
commonly employed mechanisms of resistance is modification of target motifs and sites within the
ribosome. Most ribosome targeting antibiotics speeifig target the rRNA sequences, and providing
that the integrity of the rRNA helices ortalytically active sites are not compromised, either single
nucleotide polymorphisms (SNP) or singtpy rprotein deletions which influence rRNA structure
can confe almost total resistancéGomezt al,, 2017) For example, mutation of the 50S proteins bL4
and W5 inS. aureusind S. epidermidigsolates confer resistance to linezolid in combination with the
commonly described SNP C2534LhMarre et al, 2013) An alternative but highly effective
mechanism of resistance arises following methylation of rRNA bases by methyltransferases including
KamA, KsgA and Kgnf@uptaet al., 2013) Notably, the common determinant of resistanizethe
macrolice erythromycin erm, functions by specifically methylating the highly conserved adenine
nucleotide within the Asite to prevent binding of erythromycin and confer high levels of resistance to

a range of macrolides, lincosamides and strepaogins(Choiet al., 2018) Methylation of active site
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residues leads to dimished translatioal efficiency, and so tavoidthe fithess cost associated with
antibiotic resistancegenes such asrmB are often induced by the presence of the antibiotic in
guestion (Rosatoet al, 1999)or as a general podtanscriptional response to ribosome stalling

(Dzyubak and Yap, 2016)

Thefunctional redundancy between classes of riboserageting antibiotics ig subject of concern,
as resistance determamts frequently confer resistance to a range of antibiot{ggilson, 2014)Due
to this, the development bnovel ribosometargeting broad spectrum antimicrobials is a priority for
worldwide medical researghand b this end, many ovel therapeutic approaches currently in the
research and developmental phase are focused on targeting the exceedingly compiscnré

assembly procegdNikolayet al., 2016)

1.3 Ribosome assembly

1.3.1 The current model afbosome assembly

The innate complexity of the 70S ribosome requires an extremely well organised assembly process,
owing to te fact that aberrant ribosome conformation can lead to catastrophic errors in translation
(Rodnina, 2018)and involves a high level of coordiitat between several concurrent stepBhese
include the transcription and postanscriptional modification of rRNA, which camtail both
methylation and pseudouridylatigrcorrect posttranslational modification and folding of primary,
secondary and teiary rproteins, and the precisely timed association and dissociation of myriad
ribosome assemblgofactors(Connolly and Cudy, 2009) The bacterial cell employs two major tactics

for correct preliminary assembly, firstly-t@nscriptional assembly edRNA during which the nascent
rRNA transcript is immediately processed by endoribonucleases, then bound and stabilised by
conditutively expressed primary-proteins to induce correct foldingFigure 1.3.1.1)Davis and
Williamson, 2017) Secondly, this folding of the nascent rRNA forms the epitopes required for further
r-protein association, and as such the assembly of the ribosomal subbothi$imited and guided by

the conformational state of the newly transcribed rRMougeyet al,, 1993; Ramakrishnan, 1986)

In agreement with this, cryaectron microscopy (cry&M) studies of multiple 30S asselyb
intermediates shw that assembly occurs from the-3 of the 16S rRNA, from the head domain to

the lower body domain, in line with the orientation of rRNA transcript{i@azet al., 2019)
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Figure 1.3.1.1: Mappingprotein association during ribosomal subunit assemba). The updated Nomuraap
(Grondek and Culver, 2004; Hedd al, 1974; Mizushima and Nomura, 197B&sed on thermodynamic
dependencies of-protein binding to the 16S rRNA during assembly of the 30S subuBit @oli The clear
hierarchy of primary, secondary and tertiary protein bingd is represented here as grey, orange and yellow
boxes respectivelyand interprotein interactions are shown with thick black arrowke 16S rRNA is split into
three domains, the 5 central and 3 to depict the geography ofprotein association rel@te to the 16S. S1 only
transiently associates with the 30S complex and as such is omitted from this figure. b) The updated Nierhaus
map (Herdd and Nierhaus, 1987; Réhl and Nierhaus, 1982%ed on thermodynamic dependencies of protein
binding to the 23S and 5S rRNA during 50S subunit assentblgdi The 23S rRNA is split into three domains,
the 13S, 8S and 12S, which demonstrates treggegphy of 50S assemblihe hierarchyf r-proteins is not clear

due to the plethora of minor interactiongsmall black arrowsyvhich contribute to the modularity of 50S
assembly. The 5S rRNA is represented by a blue triangle, and relies of L5, L1% tarebkaciate with the pre

50S subuni Dashed black arrows represent interactions considered transient during the assembly process.
Figure drawn by the author using Adobe lllustrator.

Despite the absolute requirement of correct rRNA conformation fargtational efficacy, the subunit
assenbly process is known to be highly modular in terms-pfatein associatiorfDaviset al., 2016)

rRNA is encoded on the genome by the multicopyoperon,with E. coliencoding seven copieB.
subtilisencoding 1@&ndS.aureusencoding either five or siFluitet al,, 2016) Depending on the copy
number of a particular specieshese operonsan comprise up to 1% of the total genomic DNA
(Farrelly et al, 1995) During transcription, the polycistronic precursor rRNA is processed by
ribonudease (RNase) Ill, yielditiee monocistronic rRNA precursor 5S, 17S, 25S and tRNA sequences
(Figure 1.3.2) (Apirion and Mizak, 1993)Proteinindependent folding of these precursors recruits
r-proteins in a hierarchical manner, with primarpnoteins initially binding to naked rEN(Figure
1311y YR Wi201Ay3a Ay Q &a&Deckidid Bvrdsithedi8e s@@(Pab2 NI | ( A 2
and Williamson, 2017)This conformatiorfacilitates secondary-protein bindingto the primary

factors (Napper and Culver, 2015Finally, tertiary 4proteins can associate with the secondary r
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proteins (Raziet al,, 2019) with each subsequent binding event further stabilising and remodelling
the rRNA foldJomaaet al, 2011; Talkingtoret al., 2005) The processing of 17S rRNA during 30S
subunit assembly is thought to occur following association of primary and secorganteins during
relatively latestage assemblyThe enzymes involved t6S maturationdiffer greatly between the
Frmicutes and -Proteobacteria; irE. colil15 nucleotides are removed from thet&rminus by RNase

E and G, and 33 nucleotides from thée3minus by the functionally redundant-8 exoribonucleases
RNase R,HP, Il and poginucleotide phosphaorylase in conjunction with the endoribonuclease activity
of YbeYKaczanowska @RyderAulin, 2007; Tamaret al,, 2018) In the Firmicutes, rRNA processing
is less well understoodbut is thought to involve initiaprocessing by RNase and potential
downstream processing by the poorly understood ribosesiependent endoribonucleases Rael and
YacR(Clouetd'Orvalet al, 2018) Increased size, complexity and modularity of tfS5subunit has
led to increased difficulty in modelling assembly efficiefihaviset al., 2016; Seffoulet al., 2019)
however the general mechanism by which the 5S and 25S rRNA precursor molecules are decorated by
primary, secondary and tertiaryproteins prior to processing, although the precRBlases involved

in this processing remain unknown in prokaryotes.
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Figure 1.3.12: A schematic overview of rRNA processing in prokaryotedtial transcription of the multcopy

rrn operon by RNARom one of two promotergields a polycistronic tratript containing the 16S 33, 5S and

in many cases multiple tRNA&ndoribonuclease processing by RNase Il begins concomitantly with
transcription,cleaving the transcript into pr&6S (17S), pr@3S (25S), preS and préRNA following secondary
stem bop recognition.R-proteins associate continuously throughout thisopess, encouraging secondary
structure formation, stability and processing factor recruitmehtange of exeand endoribonucleases facilitate
further processing (as indicated) duringbsmit biogenesis to produce mature 16S, 23S, 5S and tRRNASIi
RNases were included here, as the process of rRNA processing is best understood in this a@ypinismand
Miczak, 1993; Li and Deutseh&996;RoyChaudhuret al.,, 2010)

tRNA transcripts require both 8nd 5 processing, with the conserved RNase P removing precursor
specific nucleotides from the ferminus (Li and Deutscherl996)depending on the specific tRNA
precursor sequence each tRNA anticodon variant is encodsgparately with different precursors,
often with multiple differing copies of each anticodon variant encoded within the same genome
(Fujishima and KanaiQ24) E. colicontains 86 tRNA genes, with lif@-like tRNAs such as the seven
valine-binding vaiantsfrequentlyencoded within several polycistronic opera@grawakt al,, 2014)

The 3 terminus of tRNA precursors is processed by a complexpaondy understood network of
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exoribonucleasesncludingRNase BN, D, PH, T, Il and polynucleotide phosphoiifgsawalet al.,

2014)

1.3.2 Ribosomessembly clactors

The acaracy of h44 foldingt the 3 of the 30S 16 SRNA specifically that of the decoding centregs

been implicated in downstream translational fidelity, and as such maintaining this accuracy during
biogenesis ofle novaibosomes is crucidibr the function of every translated proteend the viability

of the cell as a whol@Razket al., 2017) h69 of the 23S rRNA forms a lage maturation step during
50Sbiogenesis, being located towards thea&minus. This helix interacts extensively with h44 of the
30S to form the crucial intersubunit bridge, B2a, during 70S IC formation, as well as directly contacting
the Rsite tRNA during elongatiopnh69E. colivariants exhibit a dominant lethal phengpe due to a
drastically slowed rate of initiatiorfLiu and Fredrick, 2015pnd assembly defects in this helix
recapitulate thidethal phenotype Non-optimal pseudouridylation, M coordination and secondary
conformation can reduce translational efficien&akakibara and Chow, 2011; 2QE2centuating the
necessity for stringent quality control during assemyny protein families contribie towards the
assembly process, including endo/exoribonuclea&EERses helicasesmethyltransferases, kinases

and several mor@Apirion and Miczak, 1993; Bennisehal., 2019; Martiret al., 2013;Pletnevet al.,

2020) The focus of this section will be dme four ribosomeassociated GTPases (BAPases)sed

in this study,which directly contribute to the correct assembly of the ribosomal suburits.
information regarding other R&TPases inlwed in ribosome assembuch as the highly conserved
anti-associatiorfactor ObgEFenget al,, 2014) the 50S associated BigKumaret al,, 2015)and the
tandem 50S assembly factor Oétwang and Inouye, 2006; 2018&e(Bennisoret al., 2019; Britton,
2009; Verstraeta et al,, 2011)

1.3.2.1The conserved GTPase domain
As the major currency of energy within the cell due to their kegkrgyi ,' -phosphodiester bond,
nucleotide triphosphates (NTPs) such as adenosine triphosphate (ATP) and GTP have a variety of
proteins dedicated to their hydrolysiRomero Romeret al, 2018) The phosphatdindingloop (P
loop) NTPases constitute the ni@bundant class of proteins withi. coli representing up to 18% of
all translated protein under exponential conditionSTPases are regularly involved in the storage and
transfer of energy within the cell, wherea3 Bases are more heavily implicatedignal transduction,
where they may function asonomeric small GTPase switcloesvithin signalling complexes such as
two-component systemsl'he monophyletic GTPase superclass can be further divitedio major

subclasses which diffém their functional components and role in the cell. First are the SIMIBI (Signal
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Recognition Particle, MinD and BioD) GTPases, involved in chromosomal segregation, protein
trafficking and membrane transport, and secoade the TRAFAC (Translation Facteso&iated)
GTPases involved in intracellular transport, motility and translafi@ipeet al, 2002) The TRAFAC
subclass imuch more functionally diverse and Wstudied than the SIMIBI class, with many TRAFAC
GTPases being involved in translation or ribosome assembiyastiirther classified as R&TPases.

The correct organisation and timing of both early and {stiEge rprotein association onto precursor
rRNA is often regulated and facilitated by-BAPases, which act as checkpoints of ribosome assembly
through the binding of immature sections of the rRNA while in the-@Uhd ON state, sterically
preventing the prematre association of-proteins or rRNAnaturation factors(Britton, 2009) RA
GTPases each contain at least one accessory-tiidkag domain, unlike small GTPases such as Ras
which exist in the cytosol as an isolated GTPase dofWanstraeteret al., 2011) Uponcorrect folding

of the target rRNA, the GTPase activity of the assembly factor is activated, GTP is hydrolysed to GDP
and the RAGTPase enters the GlbBund OFF state enabling dissociation from the ribosome and

association of downstreamproteins a maturation factors(Britton, 2009)

The universally conserved GTPase domain is a globular arrangement of aicshieat surrounded

by h-helices, with the presence of either four or fiveghly conservedunctional motifs(G1G5)
involved in the recognition, binding and hydrolysis of GFigure 1.3.2.4) (Bennisonet al., 2019;
Verstraeteret al,, 2011) The G1 motif, also referred to astiValker A motif or the #oop, is present

in the vastmajority of identified NTinding proteins; both ATP and GTP binding. The [GxxxxGKS/T]
consensus sequence facilitates orientation of thandi -phosphate of NTPs in such a way to allow
nucleophilicattack of thes-phosphate by theprimary R amino group of theconserved G1 lysine
residue (Deltoro et al, 2016)during hydrolysisThe G2 motif,also referred to as switch I, is
characterised by a conserved threonine in the TRAFAC GTPasewlfidixan bind and coordinate
the essential M@ cofactor responsible for activating the hydrolytic water molecuwidile
simultaneously stalising the! -phosphate leaving group of G{®arvalhaet al,, 2015) The G3 motif,
also referred to as the Walker B motif or switch Il, is situated adjacent to tféddfactor and plays

a similar role in activation of the hydrolytic water molecule atabilisaton of the! -phosphate as the

G2 motif. The G3 consensus sequence is [DxxG]. Both switch | and switch Il undergo large
conformational rearrangements during the transition from the @blnd ON state and GE#und

OFF state, which contribute tdé¢ role ofthe GTPase as a molecular switch through alteration of
binding specificity to target proteins in order to regulate actiierstraetenet al, 2011) The G4
motif is characterised by four largeydrophobic and often aromatic amino acids followed by the

consensus [(N)TK/Q)xD] within which the conserved lysine/glutamine residues forastacking
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interactions with the guanine ring. The aspartate residue is crucial fospikeificbinding of guanine
over alanine nucleotidesyith the Rgroup carboxylatéorming bifurcaed hydrogen bonds {donds)

with the guanine land 2 primary andsecondary amines but not the fertiary amine or 2methine
group of the adenine rinfDaumke and Praefcke, 2016)usrepresenting a selectivity barrier against
the latter. The G motif is poorly conserved and not strictly ubiquitous, however is hypothesised to
interact with the guanine nucleobase via a wateediated hydrogen bonding networklydrolysis of

the i ,»-phosphodiester proceeds via amBlike ADy pathway, in which famation of a single
pentavalent transition state facilitates bond formation between an active hydroxyl group and
inorganic phosphateR) leavinggroup and bond cleavage to release the leavingugroccurs via a

single intermediatgCarvalheet al,, 2015)

a)
N-terminus C-terminus
1 G2 G3 G4
Thg GTF_'ase P-loop/Walker A Switch | Switch [I/Walker B
oman GxxxxGK(S/T) XTxX DxxG (NT)K/Q)xD ) Not conserved
b)
N-terminus C-terminus
RsgA
(YloQ/YjeQ)
Era
RbgA
(YlqF) GIPNVGKS

HfIX

Figure 1.3.2.1: The domain structure of the KB Pases RsgA, RbgA and Hi)XA schematic representation of

the highly conserved domain structure and fuioctal motifs of the canonical GTPase domain. These motifs
include the G1 (Poop/Walker A) motif, responsible for recognising thandi -phosphate of the GTP substrate.

The G2 (Switch I) and G3 (Switch I1) motifs coordinates an essentfatdflctor, which in turrcontacts the' -
phosphate leaving group of the GBRbstrate and also activates a water molecule in order to facilitate
hydrolysis. The G4 motif grants highly selective binding of nucleotides containing guanine rings relative to
adenine rings via specific-stacking interactions and bifurcated hydrogemioing to amines specific to guanine.

The G5 motif is also thought to enhance binding specificity to guanine rings, however this motif is not highly
conserved and therefore difficuib identify. b) Specific domain structure of the four TRAFAC GTPasessdscu
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in Section 1.3.2.2, including the G1, G2, G3 and G4 consensus motifs as peatineus)SA300 homologues.
Note the presence of accessory domains in all four cases, andrthdacipermutation of the RsgA and RbgA
GTPase domaifBennisoret al., 2019; Verstraeteet al., 2011)

1.3.2.2 GTPases involved3asS subunit assembly

1.3.2.2.1 RsgA (YloQ, YjeQ)
The tridomain GTPase RsgAe(YinE. coli YoQ inB. subtili} is a latestage 30S assembly factirat
is widely distributed anchighly conserved amonligacteria, although nonessential for proliferative
growth (Guoet al., 2011) The Gmotifs of RsgA adopt a different permutation than the canonical
GTPase domain, arranged asGBG1-G2G3(Figure 1.3.2.1h)and as such this protein is a member
of the Circulaly Permuted ¢p)GTPase family alongside other-BAPases such as RbgA, Gaamnd
YgeH Despite the sequential permutation, the spatial orientation of then@Gtifs is consistent with
that of canonicalGTRse domains and so GTP binding and hydrolysis occurs in an identical manner
(Levdkov et al,, 2004) One structural consequence of the circular permutation is that the highly
flexible switch Il loop is locateat the extreme @erminus of thecpGTPase domain, and as such-a C
terminal domain is required for stabilisatipwhich may beunctional or purely serve to stabilise the
cpGTPaséAnandet al., 2006) RsgA has two accessory Rbidding domains, thé -barrelN-terminal
oligonucleotide/oligosaccharidkinding fold (OBfold) domain and a @rminal Zinefinger (ZNF)
domain (Figure 1.3.2.2.1alLevdikovet al, 2004). The most commonly accepted model for GTP
hydrolysis by foop GTPases features the use of a catalytic glutamine residue which resides within
the switch Il loogMishraet al.,, 2005) however RsgA and all FBY Pases exhibit a substitution of this
catalytic glutamine residue for a naratalyic hydrophobic amino acid, and as such members ef th
Hydrophobic Amino Acid Substituted for Catalytic Glutamine ({&A¥ase subclass and therefore the
hydrolysis of GTP is triggered via a different mechanism. Despite the availability of several high
resdution crystallographic and cry8M structures of Rg\ homologues, the precise means of catalysis
has yet to be elucidated due to the innate flexibility and low resolution of the switch | régéedikov
et al, 2004;L6pezAlonsoet al, 2017a; Raat al, 2017) It has been suggested that a highly conserved
switch | histidine residue, located slightly upstream of the G2 threonine, facilitates the hydrolysis of
GTP following correct maturation of the h44 bindisge on the 30S subunifLépezAlonsoet al,
2017a)
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N-terminus C-terminus

cofactor

GMPPNP

OB-fold

Figure 1.3.2.2.1: The structure and binding site of Rsg)ACartoon representation &. coliRsgA (PDB: 5UZ4).

The model is coloured according to domain, with théeNninal OBfold colouredblue, the central GTPase
domain coloured green and thet€rminal ZNF colouredink. The associated Zrcofactor is represented by a

grey sphere, and thbound GMPPNP ligand is represented by a stick model and coloured by atom as follows:
carbon, whie; nitrogen, blue; oxygen, red; phosphorous, orange.The cryeEM structure ofE. coliRsgA
associated with thé. coli30S ribosomal subunit (PDB: 5SURatet al, 2017) The RsgA model is coloured as

in (a), and the 306proteinsareshown as a grey surfacéhe rRNA has been coloured as an orange .Hédjure

drawn by authomusingPyMOL

The affinity of RsgA binding to the 30S subunit is extremely(6§. 2 7.7 nM (Thurlowet al., 2016)
and cryeEM models haveadentified the RsgA binding site towards theo8 h44 (Figure 1.3.2.2.1b)
adjacent to the 30S decoding centfiedpezAlonsoet al, 2017a) The30S bodyis contacted by the
OBfold, with residues 4%1 inserted into the minor groove of h44site. The 30S head is contacted
by the ZNF, in a positidnvolved in interactions between a&®NA and the ribosomal$tte, leading
to positioning of the GTPase domain adjacent to the decoding site of h44 to generate a tripartite
interaction interface(L6pezAlorsoet al, 2017a)In the case oE. coliYjeQ linding to the 30S, h44 is
clamped between the switch | loop and & 7 extension while in the Odonformation(Raziet al,
2017) although this extension is lacking in the Firmicutes homologuegdikovet al, 2004) The
localisation of the binding sites of RsgA suggests that thigjorcan monitor the maturation state of
the rRNA of the Rite and 30S decoding centrln vitro, an excess of Rsdfas been shown to
dissociate 70S complexego the constitutive 30S and 50S subunits while destabilising-fireteins
uS2, uS3, uS7, 1Band bS21(Himenoet al, 2004) implying that under very specific physiological

conditions, RsgA may be capable of rescuing kinetically trapped 30S and 70S ribosomes by
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encouraging dissociation of incorrectly boundproteins. Further sidies into the cytosolic

concentration of RsgA arequired to lend weight to this hypothesis.

RsgA also directly contributes to the function of a 1#@®@hPase 30S assembly cofactor, RisAich is
thought to bind strongly to thes end of the 17S preRNA prior to encourage maturation via
temporary destailisation to enable RNase activiyattaet al,, 2007) RbfA consists of a singular type

II khomology (KH) domain, characteristic of nucleic acid bagimoteins, and is constitutively
expressed in prokaryotes under prolifers conditions. Association of RbfA to the 16S rRNA
facilitates correct secondary structure formation of hl and dramatic alterations in the tertiary
structure of h44 and h45, whicibolishes the 30S0S interface and prohibits 70S formati@attaet

al., 2007) RsgA association to the 30S subunit can sterically displace RbfA in a-Gi@asedent
manner, followed by Rsgiediaed positioning of h44 and h45 in a manner amenable to subunit
joining. Thé suggests that a primary function of RsgA may be to ceaserrddiated maturation
events and remodel the 16S rRNA into a-¢68patible conformation during latstage 30S assembly
immediately prior to 30S prC formation(Gotoet al., 2011; LopeAlonsoet al, 2017a)as a final

guality control checkpoint.

13.2.2.2 Era
Era is one of the most wedtudied bacterial GTPases, in paredo the universal conservation and
pleiotropic roles across eukaryotic and prokaryotic organisms including ribosome assembly, apoptosis
and cell cycle contraQJi, 2016; Sharmat al., 2005; Verstraeteret al, 2011). Era consists of two
domains, an Merminal GTPase domain and g&e@minal RNAbinding KH domaiFigurel.3.2.1h.
Crystallographic studies have identified that the KH domain of Era specifically bir@iothike 16S
rRNA adjacent to the an8D recognising the highly conserved GAUCA n@bigfure 1.3.2.2.2ajvhich
is universally conserved as part of hgbu et al, 2011; Tuet al, 2009)and forms part of the
intersubunit interface(Figure 1.3.2.2.2bAn excess of Eiia vitro has been shown to inhibit 30S and
50S joining in a similar manner to most intersubunit interfassociated factoréSharmaet al., 2005)
When the Aquifex aeolicushomologue of Era idbound to the norhydrolysable GTP analogue
GMPPNP, a slight rotation in thédKlomain and rearrangement of the switch Il loop leads to Era
adopting a closed conformation, forming a tight binding pocket around the bound ligaigdire
1.3.2.2.2a)JTuet al, 2009) In theE. colEraGDPRbound state, the relative domain positioning opens
by between 10 A and 15 A to enable stochastic nucleotide exchange, while simultaneously altering
the binding interface between Era and the 30®uwit to control association depending on the

nucleotide bound(Figue 1.3.2.2.2a)Tu et al, 2009) While the target binding rRNA sequence is
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undoubtably the GAUCA motithe 12fold optimum GTPase stimulation reliem the correctly
ordered antiSD sequence (CCUCC), and 6. iooli Era functions to monitor the maturation and
correct ordering of theissdGAUCACCUGEs sequencewhich is crucial forefficient 30S prelC
formation(Tuet al., 2011) In the mature 30S IC, the Era binding site is occupied by thefimatain

to associate, namely bS1; the association of Era and bS1 on the 30S particle is mutually exclusive.
Therefore, Era sterically premés association of bS1 prior to complete maturation of the &t motif
(Himenoet al,, 2004) During formation of the 30S p#€, IF3 associates with thglCAsza (Pioletti

et al, 2001) which when caosidered in the context of Eraccluding IF3and bS1 recruitmenand
mRNAbindingto the 30S subunitould feasibly suggest that Era dissociation from the mature 30S
subunit could be the final qualityontrol stage before formation of the 30S pi€ and nitiation of

translation.
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N-terminus C-terminus

AaEra-GMPPNP-RNA EcEra-GDP

GTPase
domain

b)

platform

Figure 1.3.2.2.2: The structure and ribosome association site of &r&tructural models of thA. aeolicugra
bound to GMPPNP and the 12 bp Rfgéognitionmotif AUCACCUCCUAA (PDB: 3IEVEandliEra bound to
GDP (PDBIEU) (left and right panel spectively). The models are coloured by domain, with theédminal
GTPase domain coloured green and théeinal KH domain colouregink. The associated ligands are
coloured by atom as follows: carbon, white; nitrogeyey oxygen, red; phosphorousrange, and the Mg
cofactor is represented by a grey sphelote the alternate conformations, with the GMPRN&und model
adopting the open conformation and the GIbBund model adopting the closed conformatids) TheE. oli Era
binding site on the=.coli30S ribosome. The cry©M structure of thee. colEra 30S association site (PDB: 1X18)
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(Sharmeet al., 2005)was aligned with the cry&M structure of theE. coli30S ribosomal subunit (PDB: 5UZ4)
(Razket al,, 2017) The 30S-proteins are coloured as grey surfaces, and the rRNA is coloured as orange helices.
The density assigned to Era is coloured gresthough lack of structural detail makes it impossible to identify
specific domainscofactos or ligands.

Until recently, Era was considered essential for prokaryotic growth, howser mutations inS.
aureushave been shown to be viable despitepefound growth defectat least in part due to a
reduction in 70S ribosome contefWoodet al,, 2019) An increase in free 50S subunits and a decrease
in 30S subunits was also observed, further corroborating that Era is implicated ias86®bly.
Analysis of pre80S intermediates from Ewdepleted E. oli cells through use of cryBM and
guantitative mass spectrometry revealed accumulation of a plethora of both early andtége
assembly intermediategRaziet al., 2019) The only consistency betweehese intermediates was
lack of structure of the 30S platform domdiRaziet al., 2019) with electron density relating to uS2,
uS5 bS21, h44 and hééntirely lackingFurthermore, density for h23 and h24 in the platform region
was fragmengd, leading theauthorsto postulate that correct assembly of the platform region relies
heavily on overcoming the kinetic barrier associated with h23 and h24 foldimgj that Era may

directly or indirectly facilitate thifolding (Razet al,, 2019)

Overexpression ofr& can partially suppress theayth phenotype associated withrsgAstrains,
indicatingsome functional redundancyGoto et al,, 2011; Guoet al, 2011; Woodet al, 2019)
although Era may be involved in a downstream assembly step as destabilisation of h44 by Era
decreasestie affinity of RsgAibding to the 30S from 58.4 nM to 28/ (Raziet al., 2019) In many
bacteria, includinde. colitheeragene is encoded within the same operon asybeXY Zluster. YbeY

is a highly conserved endoribonuclease with pleiotropic effects of cellularfRdtessingDavieset

al., 2010) deletion of whichn E. colieads to5 processing defects arabcumulation oboth 17S and
semiprocessed 16%$163) rRNA(Jacobet al, 2013) leading to the formation of defective 70S
ribosomes anda slowing of growth Sharing an operon is often an indication of a biological
relationship, and indeed bacterial twloybrid assays using YbeY as bait have identified that this
endoribonuclease interacts directly with both Era via the GTPase domain, aeneptbtein uS11

which binds the 30S subunit adjacent to Evarcruysset al., 2016) Overexpression of Era jriybeY

strains can partially recover the 16S processing defect, implicating other exoribonucleases such as
RNase PH, RNase R and RNase Il in 16S procddsiugh the precise details of this ar@aelar
(Jacolet al,, 2013; Vercruysset al., 2016) S. aureugra has also been shown to interact directly with

the coldshock DEAIDox RNA hatase CshANoodet al., 2019) which has previously been implicated

in 50S rRNA processing via direct subbmtling (Giraudet al, 2015) Deletion of this helicase 8.

aureusled to 16S processing defects at’@5 suggesting that while able to directly associate with

31



the 30S, CshA is important in 30S rRNA processing eotteshock conditiongWoodet al., 2019)¢
potentially via unwinding of kinetically trapped ndéunctional secondary structures. No direct link
between CshA activity and 16S processingdesn observed however, and as subk possibility of
these processing defects beiigdirect cannot beoverlooked especially considering that CshA has
been implicated irgeneral metabolic processes such as fatty acid homeogtasemiciet al,, 2020)
and mRNA decagyngleet al,, 2020) Taken together with the direct interaon between Era and YbeY,
this has led to the proposal that Era may function as a scaffold protein, enabling the assaufidts
rRNA processing factors to their target sites, and triggering dissociation of both Breegmdcessing

enzymes upon cori processing and maturation of the 16S binding site of Era.

1.3.23 GTPases involved in 50S subunit assembly
1.3.2.3.1 RbgA (YIgF)

The latestage50Sassembly cofactor RbgA is an essential protein in the Firmicutes but is completely
absent from all cldes of the Proteobacterijaand constitutes an firminal cpGTPase domain
featuring an unusuald4oop, and a @erminal AmiR and NasR transcription aetimination regulator
(ANTAR) RNA binding/remodelling domdfigures 1.3.2.1band 1.3.2.3.4) (Do et al, 2008)
Interactions between the ANTAR domain and 23S rRNigekeh38, h81 and h85 positidRbgA
adjacent to the bL5 protein implicated in mediating the interaction betweeftRNA and the
ribosomal Psite (Figure 1.3.2.3.1bjDo et al, 2008) suggesting that RbgA may be implicated in
monitoring the Psite rRNA prior to bL5 association. This iattion places the GTPase domain in close
proximity to the conserved peplyl transferasamplicated nucleotide€£928, C942, A2301 and A2354
(Seffouhet al,, 2019) GTP hydrolysis upon detection of the correctly conformed nRdlAd facilitate
entry ofRbgAinto the GDFboundOFF state, followed yissociation andubsequenbL5 association

to form the functional50SP-site (Seffouhet al.,, 2019)
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N-terminus C-terminus
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‘ / protuberance

GMPPNP

GTPase Exit tunnel

domain RbgA

Figure 1.3.2.3.1: The structure and 45S association site of RiggBrystallographic structure 8f aureufRbgA
bound to GMPPNP (PDB: 6G(Rausctet al, 2018) The Nterminal GTPase domain is coloured green, and the
Gterminal ANTAR domain is colourpthk. The GMPPNP ligand is coloured by atom as follows: carbon, white;
nitrogen, blue; oxygen, regthosphorous, orange. b) The cr#M structure oB. subtilisRbgA associated with
the immature 45S ribosomal suburiRDB: 6PR) (Seffouhet al,, 2019) The 50S-proteins are coloured as grey
surfaces, and the rRNA is shown as an orange helix. RbgA is coloured asaj pad (he rough positions of
the ribosomal A, P anddtes are indicated.

Mutation of the ANTAR domain of RbgABnsubtilishasbeen shown to completely abrogate the
ribosomal interaction, with a deleterious phenotype vivo(Matsuoet al, 2006) and depletion of
this protein through the use of RNA interference results e formation of 45S intermediates,
although it is unclear whether these are kinetically trapped dead complexes or whether the
preserce of RbgA could provoke correct maturati@ickeret al., 2006) These intermediates were
found to be lacking uL16, bL27 and bL36, each of whichibaterto ribosomal Asite and Fsite
integrity to enable efficient a8RNA associatiofUickeret al., 2006) Both uL16 and bL27 interacitiv
16S helices implicated in RbgA binding, h38 and h81 respectively, further implicating-thisFase
in cofactor recuitment following correct maturation of the ribosomal #BNA binding sites. In the
presence of GTP or GMPPNP, RbgA can interact btnoitg both the 50S and 45S subunits, although
interaction with the mature 50S stimulates a-&fld increase in GTPasetivity, resulting in these

complexes being remarkabshort-lived (Matsuoet al., 2007)
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Suppressoscreens were caigd out inB. subtilisutilising a F6A variant of RbgA, which exhibitsa 12
fold reduction in GTPase activation upondiilg the mature 50S subun{Gulatiet al, 2014) All
identified suppressors mapped to a putative binding groove of thetein uL6 mutation of which
appeared able to reverse the slegvowth phenotype of the F6A variant. Interestingly, these
suppressor strains all accumulated 44S intermediates, wiék distinct from the 45S intermediates
observed in the F6A variant and RbgA knockuo{igure 1.3.2.3.1bjand exhibited an increase in
70S content relative to the F6A strgiBulatiet al,, 2014) The 44S subunits isolategere capable of
stochastic maturation into mature 50S subunititro, perhaps expiaing the suppression of the F6A
growth defect. Despite the lack of direct interaction between uL6 and RbgA, the suppressor mutations
observed in the uL6 binding grooveegostulated to destabilise the utd®S interaction, preventing

the formation of prenature intermediates. Likewise, RbgA association to the immature 23S rRNA is
thought to properly position h38, h81 and h87 to facilitate the association of secongantains

uL16, bL27 and bL36, which in turn facilitate tertiafyratein association (sth as uL6) at adjacent

sites(Gulatiet al., 2014)

1.3.2.3.2 HfIX
HflX is a universally conservedd®p NTPase with previously reported Base and ATPase activity,
implicated in a plethora of processes includifR\\A unwindhg, 70S and 100S ribosome splitting,
manganese homeostasibypoxia tolerancand the heat shock respong¢€oathamet al,, 2016; Dey
et al, 2018; Jaiet al,, 2009; Ngaret al,, 2021; Senguptat al,, 2018) although despite genetic links,
the mechanisms of many of these functions are unkno@enomicallyhflXis encoded on a heat
shock operon directly downstream of the universal stress response prbigim E. colj under the
control of a heat sensitive promet (Tsuiet al., 1996) although inS. aureusthis protein is encoded
upstream of an unknown hypothetical protein in a bicistronic opeb&mind anuncharacterised
promoter. Thisprotein exhibits a threelomain achitecture inE. colandS. aureuswith a conserved
HfIX Nterminal domain(ND1) a central GTPase domain and-&@ninal domain of unknown function
(Figures 1.3.2.1band 1.3.2.3.2p(Dutta et al, 2009) ND1and the GTPase domain are joitidoy an
extended helical linker regioroften referred to as theiker helical domairfFigure 1.3.2.3.2a)The
conserved\D1was previously shown to contain a unique nucleotide binding fold capable of binding
and hydrolysing ATP in alébp independent manner, which was recently shown to be a functional
ATRdependent R helicase involved in unwinding heat damaged rRNA secpratauctures to
enable repaif(Deyet al,, 2018) The helicase activity of HfIX can be activatedyeizeric salt washing
usingl.5 M NaCl to induce abemt secondary structure formatio(Deyet al., 2018) and as such it

stands to reason that this prote could be involved in rescuing kinetically trapped ribnabsubunit

34



intermediates during the assembly proces®th generally speaking and in the context of the heat

shock response

a) b)
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Figure 1.3.2.3.2: The structure and 50S association site of HjXA cryeEM structural model oE. coliHfIX
bound to GMPPNEPDB: 5ADY(yhanget al, 2015) The model is coloured by domains, with tN®1RNA
helicase domain coloured blue, the helical linker domain coloured cyan, the GTPase domaiadcgteen and
the Gterminal domain colourecink. The Md* cofactor is coloured grey, and the bound GMPPNP ligand is
coloured by atom as follows: carbon, white; nitrogen, blue; oxygen, red; phosphorous, orange. HNCryo
structure of E. coliHfIXGMAPNP associated with th. coli50S ribosomalubunit (PDB: 5ADYXhanget al.,
2015) 50S #proteins are coloured grey, and the rRNA is coloured oraH§ is coloured as in (a). Note that
the helical linker domain contacts deep into ttieosomal Psite, the presence of deactiRNA i which regulates
the RNAhelicase activity of HflXAlso note the position of the HflX-fdrminal domain relative to the 50S donor
site which contributes to formation of the critical intersubunit bridge, B@aring 70S assembljNucleotide
bases have beaeremoved for clarity.

Historically, HfIX has been reported to bind to the 30S, B0§ure 1.3.2.3.2band 70S ribosomal
particles independently of guanine nucleotid&lombachet al,, 2011; Jairet al., 2009) This was
clarified using isopycnic ultracentrifugation to example the interaction between HflX and the
ribosomal particles in different nucleotid@ound states. An enrichment of HfB0Sand HfIX30S
complexeswere observed in the presence of GMPPNP, with dissociation of thé RPase from the
50S requiring GTP hydrolygBasu and Yap, 2017; Zhagigal., 2015) This pattern of nucleotide
dependence was recapitulated the case of mature 70S ribosomes, with the addition that while
bound to GTP, HflX is capable of rapid 70S splitting in a Gifld@ependent fashion. The GTPase
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activity of HflXvas partially inhibited by the presence of-BRNA in the ribosomal-Bite, tut not by

the presence of uncharged tRNA, suggesting that the preferred substrates ehéetfigted splitting

are translationally stalled ribosomgZhanget al, 2015, potentially as a means of rescue and
recycling of stalled complexeBheGTRindependent splitting activity of HflX can be explained due to

the preferred binding site of this protein at the subunit interface, with théeNninal domain
protruding towards the 50S PTC and disrupting the intersubunit bridge(B@athamet al., 2016)in

a manner similar to RRF during canonical giegnination subunit recyclindt is therefore apparent

that HfIX can act as an assembly factor, rescuing kinetically trapped assembly intermediates, as an
anti-association factor through steric hindering of 70S formation, and as a 70S splitting festoiing

stalled ribosomes undestress conditiong§Zhanget al.,, 2015)

The dissociation of 100S ribosomal hibernation complexes has been attributed partially E~G3,

and RRn vivg the predominant splitting factor has yet to be unvened (Matzovet al., 2017) HfIX

has demonstrated the capacity to split 100S complexes into first 70S, then 30S and 50S complexes in
a GTPase dependent mannasthis dissociation was inhibiteathen HfIX was bound tthe non-
hydrolysable GTP analogu6MPPNRBasu and Yap, 20L7The transcriptional regulation dffIX

renders this protein unlikely thbe the primary splitting factor, as expression is highest during heat
shock and not during genergiowth (Tsuiet al,, 1996) and as sucthe function of the 100S splitting
activity of HfIX is unknown. It remains a possibility that keataged 70S ribosomes could be

inactivated and stored in 100S complexes selectively, however this process has never been shown.

1.4 The stringent response

Insitte L2 LIz F A2y ReylrYAOa 2F &HO0CRYNIQI OV Sy = T Afyt
stochastic environmental conditions, particularly relating to nutritional availability, define the
opportunity for bacteria to undergo proliferative growthminediate utilisation and uptake of
available micronutrients coupled with potentially toxic waste product efflux limit populations to
stationary phase for the vast majority of the time, with changing conditions triggering outgrowth
(Jaishankar and 8astava,2017) The control of this metabolic dichotomy relies on the highly
conserved stress response network termed the stringent response, in which production of two
guanine nucleotide alarmonegFigure 1.4) guanosine 3 -bis(diphosphate) andyuanasine 3-
diphosphate 5triphosphate (ppGpp and pppGpp respectively), facilitate modulation of the cellular
transcriptome and proteome in order to survive transient conditions of st(esinget al, 2020;
Steincha et al., 2020) Historically, (p)ppGpp was referred tormagicspot following the observation

of ahighly variablel Y I 3 A On TAC jgate©when studying cellular nucleotide p@éshel, 1969;
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Dalebroux and W8anson, 2012)A third alarmone, guanosine -8iphosphate 5monophosphate
(pGpp) has been identifidd vitroin Enterococcudaecalis(Gacaet al., 2015)andin vivoin B. subtilis
andBacillusanthracis(Yanget al., 2020) with functions distinct from te more welistudied (p)ppGpp

molecules.
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proteins Synthetase|| a5 proteins Hydrolase

Figure 1.4: The structures of guanine nucleotides GTP, GDP, ppGpp and ppaGire displayed formula of
GTP and GDP, differentiated by the respective presence and absence! gbtiosphate group indicated with
brackets. b) The displayed formula of (p&mp, with pppGpp containing a GTP backbone and ppGpp containing
a GDP backboneThe majorguanine, ribose and di/triphosphate groups are nameahd the standard
nomenclature of speific groups and positions are indicated in red, as referenced throughasitthlesis.For
pGpp, both the - and- -phosphate are absent from the formula shown in @)The domain structure of i) long
RSH proteins, ii) SAS proteins and iii) SAH protelosng RSH proteins consist of a tmacrodomain structure,
with an Nterminal enzymatic domain containing the hydrolase and synthetase subdomains, atetraidal
regulatory domain containing the T@GShelical, CC/ZNF and ACT/RRM subdomajrSASroteins constitute

a single synthetase domain with a&@minalh -helix { 5), responsible for forming intermonomer contacts during
tetramerization. iii) SAH proteins constitute a single hydrolase domain.

During theE. coli stringent responsgintracellular concentrations of (p)ppGpp carerts between 1
mM and 2 mM(Cashel, 1975with a concurrent decrease in the intracellular pools of other guanine

nucleotides such as GTP, GDP andPGWarik et al, 2017) This leads to regulation of tdhr
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metabolism via both direct and indirect processes, including generally reducing transc(ptidee
et al, 2008)and translation(Bennisonet al, 2019; Corrigaret al., 2016; Kastleet al, 2015)
Ultimately, themajorimpact of the stringent response is greatly reduced groamkl metabolism to
impartenhanced tolerance to conditions of nutriedéprivationandenvironmental stess, which has
been implicatel in such events as virulence, stationary phase, sporulapersister formatiorand
biofilm formation(Liet al,, 2015; Steinchent al,, 2020)

1.4.1 Regulation of the stringent response

Turnover of (p)ppGppn bacteria is carried out by members of the RelA/SpoT homologue (RSH)
superfamily, named as such after the initially characterisglédRnd SpoT fror&. coli There are three
main subclasses of RSH proteins, the long RSH enzym&sning both synthetasera hydrolase
domains(Figure 1.4cj)the small alarmone synthetases (S&Syure 1.4ciiand the small alarmone
hydrolases (SAHFigure 1.4ciijywhich together regulate the intracellular (p)ppGpp concentration
(Irving and Corrigan, 2018)he activies of these proteingreregulated on both a trargiptional and
posttranslational level,with each responding to distinct environmental stimulihe stringent
response can ® activated in response to a plethora of cellular stresshrs to the range of signals
detected by both RSHroteinsand SAS protms, such as acid stress, fatty acid starvatiangd the
highly characterised amino acid starvati(@ashel, 1969; Seyfzadeh al, 1993) although in the
photosynthetic cyanobacteri&ynechococcus @lgatusthe absence of UV light has been shown to
inddzOS 6 LI LIIDLII a8y UKSAAE AY | dzy Al dedodethly2gi8)NI NBE F f S

1.4.1.1 Long RSH proteins
Long RSH proteins typically constitute distiNcand C terminal macdommains(Figure 1.4ci)TheN-
terminal macrodomairconstitues the enzymatidvig?*-dependentsynthetasesubdomain, which can
catalyse pyrophosphate transfer from an ATP donor to théb8se hydroxyl group ahe GDP/GTP
acceptor,as well aghe Mr?*-dependenthydrolase subdomaiwhich hydrolyses(p)ppGpp toeither
GTP or GDPRia release of the Jyrophosphate(Figure 1.4.1.1aleeet al., 2018) The Gterminal
macrodomaincontainsfour signal receptiveegulatorysubdomains, namely th&éhrRS, GTPase and
SpoT (TG$ h-helical, conserved cysteine/ZNFCQ/ZNF and aspartate kinase, chorismite and
TyrA/RNA recognition motfACTRRM subdomaingFigure 1.4.1.8), although the precise makeup
of the long RSH-términal domain differs between homologuéAtkinsonet al, 2011; Lovelandt al,,
2016) The Germinal domain of log RSH proteins can facilitate homodimerization, enabling
hydrolysis of (p)ppGpp but preventing synthg3iang and Ishiguro, 200These bifunctional proteins

often constitute the sole means of (p)ppGpp hydrolysis within the cell, and as such areiadsent
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cellular viability as unchecked accumulation of (p)ppGpp is both bacteriostatic andltegiet al.,
2018) Due to this the default setting of long RSH protein during proliferative conditions is synthetase
OFF hydrolas®N.

CC/ZNF

b)

; A-site
! deacyl-tRNA

RelA N-terminal

. domain
RelA C-terming

domain

Figure 1.4.1.1: The interaction between RelA and the 70S ribosoa)élhe domain structe of a long RSH
protein, namely E. coliRelA (PDB: 5KPX, chain 3Byveland et al, 2016) The enzymatic f&rminal
macrodomain consists of the pseudohydisda(blue) and the synthetase (cyan) subdomains, and eerfinal
regulatory domain consists of the TGS (beidehelical (orange), CC/ZNF (purple) and ACT/RRH) (re
subdomains, which adopt an elongated conformatibip.The structure oE. coliRelA boud to the ribosome
activation complex, including the 30S subueiggn PDB5KPX, chaing-26), the 50S subun{tan, PDB: 5KPX,
chains AZ, 15, 27 and 28)the A-site deacylateeRNA pink, PDB: 5KPX, chain 3)d RelAdark blue) PDB:
5KPX, chain 33)\ote that the Germinal regulatory domain of RelA wraps around thsi# tRNA, and the N
terminal enzymatic domain is exposed to the cytosol.

In Gramnegativeorganisms such ds. colithe RSH gene is duplicated into the bifunctional SpoT and
the homdogous yet monofunctional synthetase ReMittenhuber, 2001) which lacks hydrolase

activity due to complete loss of the crucial HDxXED miottifle is known regarding the activatiari
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SpoT, other than the fact that the hydrolase/synthetase swit@pahds on conformational
antagonism between the {erminal subdomains, governed by secondary factor association such as
by the acyl carrier protein in response to fatty acid starva(Battesti and Bouveret, 200@)nd the
HPr/Rsd sugar sensingtwork (Leeet al., 2018) Upon fatty acid starvation, phosphate limitation or
carbon limitation, pppGpp synthesis is activated by SpoT using the preferred &foasubstrate
(German et al, 2019) The long RSH proteins in Grawositive organisms, usually named Rel, bear
similarity to the bifunctionbE. coliSpoT due t@ catalyticloop featuring the conserved RxKD motif,
which imparts a strong electrostatic attraction to thgphosphate of GTESajisketal., 2007) although

S. aureuRel has been shown to synthesise (p)ppGpp in response to amino acid sta(@sigaret

al., 2010) This preference in substrate indicates downstream differences betweendtengy and
targets of ppGpp compared to pppGpp, which can be differentially synthesised in response to
different stressos. Indeed Gramnegativebacteria seem to prefer ppGpp synthesis, whereas Gram
positive bacteria seem to preferentially synthesise pppGalthough the significance and rationale

for this is unknowr(Mecholdet al., 2013)

The evolutionary benefit of maintaining the pseuddgdrolase domain in RelA was unknown until
recently, when it was found thahis domain while enzymatically inactive, is crucial for regulation of
the synthetase activity via an extended loop betwédhand h 7 (Sinha and Winther, 2021possibly

by sterically preventing (p)ppGpp binding to the psednjorolase domain active sitevhich woudl

alo prevent ATP binding to the synthetase subdom@iammanet al, 2020) Activation of RelA
synthetase activity relies on the scidion of uncharged tRNAs with the ribosomakite, which is
followed by ribosome stallin@inha and Winther, 2021yhe TGS can interatitectly with uncharged
tRNA(Figure 1.4.1.1b)while the CC/ZNF and ACT/RRM subdomains associate with the 23S h38 and
the Asite finger respectively. The orientation of RelA on the ribosome displays -eeniihal
synthetase and pseudbydrolase domainso the cytosol, whergopGpp synthesis occurs using the
preferred GDP substrai@rownet al,, 2016; Lovelandt al, 2016) It has also been proposed that a

initial RelAtRNA complex forms prior to ribosome assdicin, suggesting that stringent response
activation may occur in this manner upon amino acid starvation when charged tRNAs are scarce
(Wintheret al.,, 2018)

1.4.1.2 SAS proteins
In addition to the bifunctional Rel protein, most Grgoositive bacteria in the Firmicutes phylum also
encode two SAS proteins, namely ®@ahd RdP in S.aureusand B. subtilis(Stenchen and Bange,
2016) although these are generally refed to as SASand SAS2 respectivelBeljantseveet al,
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2017) These proteins consist of a single domain homologous to the synthetase domain of long RSH
proteins (Figure 1.4cij)lacking both the hydrolase domain anetgdminal regulatory machinery.
Despite theirsequential homologythe activity of RelP and RelQ differs greatly, exhibiting different
transcriptional profiles and responding to different stressoathough both are predominantly
implicated in cell wall stigs (Geigeret al,, 2019, including ethanol stresPandoet al,, 2017)and
antibiotic stresgThackray and Moir, 2003} his regulabn is primarily on the transigtional level,

with relPtranscription induced early during the stringent response in response to cell wall stress, and
relQtranscribed more heavily during exponential groweigeret al,, 2014) The specialistetl wall
stress alternative siga factor '™ in B. subtilisalso upregulates transcription o&IP proteins in
response to teichoic acid depletion and cell envelope danfggenmphungporn and Helmann, 2008)
and the two component systemraRSwhich is activated in response to cell wall damage has been

shown to upregulate RelP productian$.aureus(Geigeret al,, 2014)

Structural data has revealed that Redl@d RelFrom B. subtilisandS. aureusespectivelyform highly
ordered homotetramers, displaying twiold rotational symmetrywith a central cleftand an
extremely higlly conservedhelicalinterface (Manavet al., 2018; Steincheant al,, 2015; Steinchent

al., 2018) This tetramerization is dependent on the presence of a stabilisitegr@inal helix,h 5. In

vitro, the synthetase activity d@. subtilisRelPis significantly higher than RelQ, although RelQ can be
stimulated in an allosteric fashion by the binding of pppGpp at the homotetramer intevideh
serves to stabilise the catalyticl@op (Steincheret al, 2018) and it has been hypothesised that RelQ
may function as a signal amplifier to augment the pppGpp production by RelR, muBgorted by

the semiconstitutive expression athis protein during exponential phag&eigeret al,, 2014) E.
faecalisRelQcanbind tosmall RNAs in the homotetramer cleft while in the absence of pppGpp, which
inhibits the synthetase actityi (Beljantsevaet al., 2017) Notably, the binding consensus GGAGG
exhibits strong similarity to the SD sequendé®mwever the specifisingle stranded RNA binding
partners of RelQ are unknawlt remains a possibility that this protein could be invohiadpost
transcriptional regulabn of stringent response associated genes, as the presence of pppGpp displaces

RNA binding, potentially allowing transcriptioBeljantsevaet al., 2017)

Recent bioinformatic analyses of the immediate genomic envirorinsemrounding genomic SAS
genesrevealed that some subclasses can be encoded in overlapping two orgbrez=operons in a
similar manner to toxirantitoxin (TA)systemsin the genomes of Firmicutes, Proteobacteria and
Actinobacteria as well as 12 othetasses on both Gramegative ad Grampositive bacterigJimmy

et al, 2020) These have been caid toxic SASTOXSA¥systems and have presumably evaded

41



detection to date due to theinovelantitoxin-encodinggg Sa | @2 ARAY 3 (GKS G&LAOIf
method of identifying TA systemén addition to the fact that the long RSH SpoT is capable of
detoxifying all testedfoxSAS protein€limmyet al,, 2020). Within this subgroup of ToxSAS proteins,

several were uncovered which synthesasenosine 35 -bis(diphosphate)dpApp. The SAS protein

Tas1 fom Pseudomonas aeruginogatoxin and a type VI secretion factor, leading to rapid synthesis

of ppApp when within thetarget cell(Ahmadet al, 2019) causing rapid growth inhibition and
ultimately cell deah. This protein is encoded adjant to the cognate antitoxirWhile the functions

of these ToxSAS modula=e as of yet unknown, it has been hypotised that they may function, in

addition to the regular TA system roles of genomic maintenance, during phage infection in order to
prevent the Iytic cycle and protect the population as a wh@enmyet al., 2020)or potentially even

as intercellular secreted toxins

In Gramnegativebacteria, only one SAS protein has been identified to date, which forms a subclass
referred to as Rel{Dasguptaet al, 2014) Unigue to bacteria of th&/ibrio genus, RelV has been
implicated in production of (p)ppGpp in respent fatty acid starvatiofDasguptaet al,, 2014)and
anaerobic conditions, where Mbrio cholerathis protein plag a key role in the expression of cholera
toxin (Ohet al,, 2014) This may be a key regulatoréf choleraevirulence while in the anaerobic gut

environment.

1.4.1.3 SAH proteins
7 subgroups of SAH proteins have beeedictedin bacteriathrough bioinformaticanalysegAtkinson
et al,, 2011) although biochemical studies have only succeeded in identifying a single functional SAH
protein to date. ThaelH:gprotein from the Grampositive bacteriumCorynebacterium glutamicum
was shown to possess Mtrdependent(p)ppGpp hydrolase activitiy vitroand when recombinantly
expressed itfkE. coliRuweet al,, 2018) The independent loss of this gene in related spesiggests
a nonessential role in cellular homeostasis, and as such the precise function of this jmoteio
remains to beelucidated, but may & involvedin efficient resumption of growth following rentry

into favourable condition§Ruweet al., 2018)

In eukaryotic organismsuch as humangiomo sapiensand fruit flies Prosophila melanogastgran
RSH hydrolase domain homologuediil has been identified, althoigeukaryotic organisms lack
long RSH or SAS proteins required to carry out a stringent res®uset al,, 2010) MesHhl deletion
in D. melanogasteretarded growth andmpaired starvation resistance and severpnmagramming of

the transcriptome(Sunet al., 2010) Despite being a SAH and RSH hydrolase domain homologue, the
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in vivo substiate for Meshl isnicotinamide adenine dinucleotide phosphat&NADPH Upon
transcription of meshl under amino acid starvation conditions, Meshl dephosphorylates the
dinucleotide NADPH, leading to depletion of NADPH and subsequent ferroptosisiependant cell
death(Dinget al,, 2020) In humans, dysregulation of ferroptosis leads to a myriad of debilitating and
fatal diseases, and research into the potential role of the SAH protein Mesh1 in this process is ongoing
(Hanet al,, 2020; Yingt al,, 2021)

1.4.1.4 Other proteins involved in (p)ppGpp turnover
Aside from long RSH, SAS and SAH proteins, (p)ppGpp turnover can be regulate®RBydrfantors.
E. colienamdes the guanosine pentaphosphate phosphat&epA, which is responsible for the
conversion of pppGpp into ppGpp through hydrolysis ofithephosphodiester liniMecholdet al,,
2013) In E. coli ppGpp is a much more potent effector relating to the regulation of cell growth, and
as such pppGpp synthesised by SpoT can be rapidly converted to dd&ppmologues of GppA
have been identified in Grapositive oganisms, suggesting a more nuanced role of the

ppGpp/pppGpp ratio depending on the incident stressor.

Recently, the role of the third alarmone molecule pGpp has been highlight&d $ubtilisand B.
anthracis with distinct functions compared to (p)ppGppancet al,, 2020) with emphasis on purine
metabolism as opposed to translatiolvhile RSH homologues are capable of synthesising pGpp
vitro, the enzymatic awvity in this @ntext ismuchslower than for the synthesis of (p)ppG@mnd the
affinity of these proteins for the substrate GMP is comparatively (ganget al., 2019) Thus,this
mechanism of pGpp production is thougho be irrelevant physiologicallyThe nucleoside
RALK2ALKEFGS tAY1SR (2 I ye ladeANNaiM dmthe BaciltudgednisA - 0 | f
was found to be capable of the rapid conversion of both ppGpp and pppGpp to @pget al,
2020) which facilitated rapid recovery from stationary phase. Furthermore, deletion of &g g
reduced comptitive fitness against wiltlype cells, suggesting that the interconversion between
(P)ppGpp and pGpp is a crucial aspect of nucleotide-tfingng during the stringent response.
Previously identified NuDiX hydrolase€incoland Thermws thermophilusre capable of hydrolysing
(P)ppGpp, although they yield thetringent responsenactive guanosine 35 -bis(monophosphate)
(pGp (Oogaet al, 2009; Zhangt al,, 2018) and as such are considered to be part of an alternative
(P)ppGpp rermval pathway during resumption of growthther than part of the finelstuned stringent
response networkalthough the conditions under which these proteins function are unknown due to

the continuad essentiality of SpoT.
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1.4.2 Downstream targets of th&iagent respmse

1.4.2.1 Alteration of the transcriptome
InE. coliinduction of the stringent response leads to a change in the transcription of over 700 genes,
including an increase in amino acid biosynthesis and transport related genes, other such nutrient
scavenging effectors, and a decrease in the synthesis of (Bwhea/azquezt al, 2019) InGram
negativebacteria, this effect is mediated thugh direct association of (p)ppGpp to the RNAP at two
distinct siteqFigure 1.4.2.1akite 1, formed by thée -. subunit interface of RNARhichis implicated
in the response to DNA breakage and reg&ivaramakrishnaet al., 2017) and site 2, formed at the
interface ofRNAR subunit and the associated tacription factor DksAyhich isimplicated in full
activation of the *S responsein a synergistic mannewia both direct binding and indirect
downregulation of the housekeeping sigma factof’, (Rosset al., 2016) DksA(p)ppGpp assodi@mn
with RNAP also destabilises insically unstable open DNRNAP complexes, such as that formed
during transcription of theRNAencodingrrn operonand during transcription of the housekeeping
sigma factor ", leading to a decrease transcription of select genes. Likewise, positivesitiry of
the RNAP complex is thought to activate transcription of genes which form an innately stable open
complex including those involved in amino acid uptake and biosynthesiaddition toalternaive

stresssigma factors such asand" S(Doniselliet al., 2015)

44



a)
Gram negative bacteria

FI;._> m
FI,_> O-SIE

P
|_> amino acid biosynthesis

b)

Gram positive bacteria
GTP

BCAA

P

|_>/|CodY I) codY regulon
S

X

P genes containing

uanine initiators
COOO"
1234

(P)ppGpp

Figure 1.4.2.1: The effect of the stringent response on transcriptionGram-negative and Grampositive
bacteria.a) InGramnegativeorganisms, an initial complex forms between RNAP, DksA and ppGpp, the latter of
which binds at two distinct sitesboth directly to the interface between RNAP and DksA and also at a distal site
on RNAP. This leads to destabilisation of the openpiernof a variety of promoters, including tihe operon

and rpoD, which encodes the housekeeping factof’. Other genes are upregulated, depending on an
intrinsically high open complestability, such as genes erding amino acid biosynthesis and uptake systems
and the alternative stress response sigma factdrand ' S. b) In Grarmpositive organisms, (p)fppp binds to

and inhibits HprT, @k, GuaB and Purkll of which are involved irhe GTP synthesis pathway. This, coupled
with the utilisation of GTP during (p)ppGpp synthesis, leads to a decrease in the cellular GERdoool
derepression of theodYregulbn, increasng transcription of up to 150 genes involved in stationary phase and
the stress responsel.ow GTP pools also leads to unfavourable transcription initiation frotiation sites
containing guanine nucleotides in the +1, +2, +3 or +4 siteshvitnitudes thern operon(Doniselliet al., 2015;
Geiger and Wolz, 2014)

In Grampositive bacteria, a mutation of the MAR motif at thetédminus of the RNAP -subunit

renders (p)ppGpp incapable of associatiblauryliuket al., 2015) Instead, transdption is influenced
by the rapid decrease in cellular GTP levels during induction of the stringgminee(Geiger and
Wolz, 2014)during which GP is used as a pyrophosphate acceffagure 1.4.2.1b)his decrease in

GTP concentration is subjdo positive feedback, as the newly synthesised (p)ppGpp can biaddo
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inhibit the activity offour enzymes involved in purine synthedise inosire monophosphatgIMP)
amidophosphoribosyl transferase Purkhe IMP dehydrogenase GuaB, the hypoxanthine
phosphoribosyltransferase HprT and the guanylate kinase (&ukriganet al, 2016; Irvinget al,

2020; Kriekt al,, 2012) This lowering of the GTP pool contributes to alteration of transcription in two
major ways. Firstly, many genes contain guanine as an initiating nucleotide, which normally
encompasses the +q¢+4 promoter sites. This selection of genesoiwes therrn operon and genes
encoding many ribosome maturation cofactqksasny and Gourse, 2004; Kagllaal., 2015) While
lowered GTPelels can reduce the transcription initiation rate of these promoteaosy-level
expression can still occur, which may facilitate dewel ribosome assembly and permissive
translation during the stringent respong¥inogradoveet al., 2020) This method of transcriptional
regulation £ems restricted to Grarpositive bacteria, as i&. colincreasing (p)ppGpp concentration

had no effect on initiation rate of guanirentaining promotergHaugeret al., 2008) despite beaig
known to bind and inhibit GuaB and P(vFanget al., 2018) The second meeamism of transcriptional
regulation relies on theepressor protein of thecodYregulon, CodY.l8ng with the branched chain
amino acids leucine, isoleucine and valine, GTP is a cofactor which upon association with CodY,
enables DNA binding and repressiohtranscription of many genes involved in letige growth
predominantlyconcerning amino adibiosynthesisbut alsostationary phase entry, sporulation and
biofilm formation (Geiger and Wolz, 2014; Poét al, 2009) In S. aureusover 150 genes are
upregulated during the stringent response, seven ofclihare regulated independently of treodY
regulon(Geiger and Wolz, 2014pf the 161 downregulated genes in tBeaureustringent response,

none are dependent on CodY activity, and as such are considered to be regulated by the alternative
stress response sigma factoP (Miller et al, 2012) Furthermore, a family ofp)ppGppspecific
riboswitches has recently been identifien the FirmicuteqSherlocket al, 2018), with associated
genes including amino acid syn#ie enzymes andTRbinding cassette (AB&pansporters such as
NatA This findingepresens not onlya novel link betweerip)ppGpp and\BGtransporters, but also
betweenNatA-mediated Nahomeostasé andhighlights the fact that the plethora of genes wdhe

control of (p)ppGpjs more varied than expected.

1.4.2.2 Inhibition of ribosome assenduhyg translation
It has long been known that the stringent response redudbesiovoribosome formationhowever
until recently this was attributed solely to ¢hreduction inrrn transcription. Whole open reading
frame (ORF)eome screening of initi@lyaureugCorrigaret al,, 2016)and subsequentlfz. col{Zhang
et al, 2018)identified that five RAGTRises are bound and inhibited by (p)ppGpp, namely RsgA, RbgA
(Grampositive bacteria only), Era, HfIX and Olggigure 1.4.2.2(Fenget al., 2014) The mechanism
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of inhibition is currently uncertain, although multiple crystallographic studies competition assays

have revealed that (p)ppGpp is a competitive inhibitor of GTPase activity which associates with the
active sitg(Corrigaret al,, 2016; Fengt al,, 2014; Pauscét al., 2018) leading to aeduction in mature

70S biogenesis and aatease in growth ratdNotably, the determinant features of these A Pases
which enables (p)ppGpp binding are unknowithough structural studies have revealed that the
guanosineb -(tri/di)phosphate backbone of (p)ppGpp is recognised ifdantical manner to GTP and
GDP(Pauschet al,, 2018) The RsgA howlogue fromB. subtilis YloQ,is incapable of this binding
(Corrigaret al,, 2016) although further investigation into the mechanistics of this selectivity remain
difficult due to the innate flexibility of the switch I loop rendering the precise (p)ppGppacten

site unresolved during-Ky crystallographyl evdikoet al., 2004)
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Figure 1.4.2.2: The effect of the stringent response on prokaryotic translatigdppGpp syrtesis

by RSH superfamily enzymes can inhibit translation on a transcriptional artfguosational level.
Through direct binding and inhibition of the GTPastvidg of RsgA, RbgA, Era and ObgE, (p)ppGpp
can inhibit thede novobiogenesis of mature rigomes. (p)ppGpp can also bind to and inhibit
translational GTPases IF2-HFEEFG and RF3 to inhibit the initiation, elongation and termination
steps of the traslation cycle. The 100S ribosomal hibernation complex is usually split by a
combination olEFGand RRF, or HflX in a GTRdspendent manner. BoteFGand HflX are inhibited

by (p)ppGpp, leading to the inhibition of 100S splitting into mature 70S sisbérnally, while 100S
splitting is GTPase dependent, botBFG and HflX are involved in 708plitting in a GTPase
independent manner, and as such the binding of (p)ppGpp may promote the dissociation of active 70S
ribosomes into inactive 30S and 50S sutaiBasu and Yap, 2017; Aganet al, 2016; Mitkevichet

al,, 2010)

While not stricty considered assembly factors, extensive work has been carried out to define the

interaction between (p)ppGpp and the KA Pase BipA and the TRAFAC GTPase (Paaé& al,
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2015; Maciaget al, 2010) BipA isa paralogue oEFG, and has been shown to be capable of 70S
ribosomeassociation and regulation of many cellular processes including heat shock, cold shock,
nutrient depiivation and virulence(Fanet al, 2015) DnaG is a DNA primase responsible for
synthesising 10 nucleotide longprimers to facilitate DNA polymerase activitjaciaget al.,, 2010)
Binding of (p)ppGpp to the BipA activiteeshad no effect on the tertiary structure of the protein,
suggesting that inhibition is caused simply thgb outcompetition of GTP associatifRanet al.,

2015) DnaG on the other hand has been studied in nawtail. During elongation of the RNA primer,

a crucial MA* cofactor is coordinated towards the active site.eTB-diphosphate of (p)ppGpp
contacts this cofactor, leading to reorienting of the guanine base in a conformation distinct from that
of the typial GTP substratéRymeret al, 2012) preventing NTP substrates entering the active site
using the specific nucleotidyl properties of (p)ppGpp. Since the binding site @TRAses recognises
guanine rings througtstacking interactions via the conserved G4 lysine residue and via specific
bifurcated hydrogen bonding between the G4 aspartate and guanine ring, it can be speculated that
the presence of the 3diphosphate of (p)ppGpp could distort the A Pase binding site in a similar
manner to DnaGStructural studies of. aureusRbgA reveal aearrangement in the switch | loop
following (p)ppGpp binding, which differs from the position of this loop in G dPPNMound
homologue fromSaccharomyces cerevisjgeeventing enzymatic activity in the form@rausctet al,,

2018) This was attributed tateric inhibition due tohe presence of the 3liphosphate of (JppQop,

preventingadoption of the active conformatioand hydrolysis prolonging inhibition.

It has previously been shown that pppGpp bindindtasubtilisRbgA (Ylggnhances the affinity of

this protein to the mature 50S subunit but not the immature 48Sembly intermediatéAchilaet al,
2012) This led to the proposition of a modef how RAGTPases function during the stringent
response. Upon compigive inhibition of these proteins by (p)ppGpp, they adopt a distinct
conformation lackig GTPase activity yet retaining the capacity to associate with mature ribosomal
subunits. The presence of these proteins on thature ribosomal 30S and 5Gsibunits would
sterically hinder 70S formation, preventif@S formation andgroductive translatio while under

conditions of stres§Achilaet al,, 2012)

In addition to inhibitingde novoformation of ribosoms via downregulation afrn transcription and
inhibition of RAGTPase activity, the stringent respse effector (p)ppGpp also directly targebe
translation process through inhibition of the GTPase activity of IFRuEF+Gand RF3Figure 1.4.2.2)
(Bergman, 2014; Miloet al., 2006; Mitkevichet al, 2010) Cumulatively, this leads to a profound

decrease in each of the four stages of translation, namely initiation via IF2 inhibition, elongation via
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EFTu and Ef& inhibition, termination via RF3 inhibiti@md recycling vi&FG inhibition. One of the
mysteries surrounding the stringent response is that many upregulated genes are translated into
functional proteins, requiring translation despite th@own inhibition of ribosome assembly and
translatioral G PasesRecent kinetic insight into the regulation 80S IC formation revealed that
while bound to (p)ppGpp, IF2 was still capable of facilitating initiatpnalbeit in a
permissive/restrictive manngiVinogradovaet al,, 2020)depending on the affinity of differarmRNAs

to the 30S prdC. This affinity is regulated depending on the nuclecbidand state, potentially
providing further translational regulation ahe cellular proteome in response to rising (p)ppGpp
concentrations. While the major targets of thigréation are unknown, it has been shown timatufA
MRNA encodinthe GTPas&FGis preferentially translated when comparedrtanfAMRNA encoding

IF1 rRNA(Vinogradovaet al., 2020) suggesting that essential haleeping mRNAs maglselected

for permissive translatiorSince (p)ppGpp has been shown to bind to and inhibit the GTPase activity
of both HfIX ancEFG, it is possible that this molecule inhibits the only two known mechanisms of
dissociating the 100S some complex, poddy maintaining a pool of inactive but mature ribosomes

to utilise during growth resumption.

1.4.3The stringent response and virulence

As mentioned previously, the stringent response is essential for the virulence of many bacterial
pathogens including.aureusandP. aeruginoséGeigeret al,, 2010; Voget al., 2011) with mutation

in the long RSH protein synthetase domadth,, exhibiting decreased fitness in murine infection
models(Geigeret al,, 2010) Deletion of the CodY regulatan the CAVIRSA strairdS/00 greatly
increases virulence in a PWidependent manner, suggesting that the transition between
commensalism and virulence is at least in part dependent on the efficient transition between the
repressive GTBound CodY and thegpmissive apaCodY durig the stringent respons@ontgomery

et al, 2012)and the subsequent transcriptional alteration. TbedYregulon inS aureusencodes
several important virulence factors, including haensaly' , the agrlocus, and genes involved in PIA
independent biofilm formatior{Majerczyket al., 2008) The stringent response has also beeectiy
implicated in toxin expressn in Gramnegativebacteria,includingV. choleragOhet al, 2014)and
Salmonella enteric@PizarreCerda and Tedin, 20043rains of S. entericancapable of synthesising
(p)ppGppor carrying out a stringent response, namalyoTrelA double mutants(ppGpp), were
avirulent in mice and exhibitedecreased expression of positive regulators of pathogenicity islands,
demonstrating the importance of (p)ppGpp in both direct and indirect expression of virulence factors

(PizarreCerda and Tedin, 2004)
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In the current posigolden era of antibiotics, the emergence of antiliéaesistance is a huge concern.
While resistance is primarily governed by the acquisition of resistance markers, often via MBEs, phage
or conjugation, the stringent response has also been implicated in regulation of these factors once
incorporated into tle genomeg(Aedo and Tomasz, 2018he most well characterised determinant in

S. aureuds the SC@ec cassette, in which thenecAgene is strongly expresseghen (p)ppGpp
concentrations are higldespite a low cellular growth ratékim et al, 2013) While the pecise
mechanism of this is unknown, the exogenous origin of tlecAgene has been hypothesised to
render its regulation outside of stringemontrol, leading to maintenance of transcription during
(P)ppGpp accumulatiofpedo and Tamasz, 2016)In Helicobacter pyloriSpoTmediated (p)ppGpp
accumulation has been shown to upregulate exp@ssif the multidrug efflux pump GluP, which may
have evolved as a mechanism to remove intracellular toxic metabolites when their accumulation
becomes damaging during biofilm formatig@eet al., 2018). Efflux pums of this class are ubiquitous
amongst biofilmforming bacteria, and it mains to be seen whether the stringent response is

responsible for their regulation in other bacterial pathogens.

While resistance relies on genetic adaptation to resist a giveibiatic, there are other means of
surviving transient antibiotic stressesamely persistence. Persister cells are isogenic relative to the
bacterial population, yet slow growing due to stochastic fluctuations in intracellular ATP
concentrations(Fauvartet al, 2011) The slow growth phenotype of persister cells leads to the
ineffectiveness of antibiotics which target dynamic cellular processes, such as ltelynthesisi(-
lactams) and translation inhibitors (macrolides etc.)eafteading to the failure of antibiotic therapy
and recurrence of infectiorfFauvartet al, 2011) The similarity between the strigent response
phenotype and persister cell phenotype is high, although it is important to consider that the stringent
response is a direct reaction to stress whereas persister foeits stochastically, contributing to the
bacterial bethedging strategyd ensure population survivaln Gramnegative bacteria, the link
between the stringent response and persistence is appar@ppGppinduced induction of TA
modules results in a xersable decrease in intracellular ATP concentrations and a slowing of growth
(Shanet al, 2017) and the incidence of persister cell fornatiis decreased inelA/ spol double
mutants ¢ potentially implying that the direct effect of (p)ppGpp on cellular ATP levels via inhibition
of PurA, PurF and HprT may induce persistd@tmnget al, 2018) In S. aureusthe link between
persister cell formation and the stringeresponse is more disputed. Small colony variants (5&8¥'s
typically isogenic cells with a slow growth phenotypalthough genetic alterations such as
chromosome segment inversion can also mediate SCV formati8n aureugCuiet al., 2012) In

isogenic cells his phenotype can be indudesither stochastically through microfluctuations in gene

51



expression, or via prolonged stringent respoaseseen in a clinical isolate with a constitutively active
Rel synthetase activitfGaoet al, 2010)whichis associated with an increased instance of antibiotic
insensitive chronic infectianFurthermore, the increased incidence of intraleukocydic aureus
persiser cells has been attributed to induction of the stringent response by the plethora of
antimicrolial factors present in macrophage phagolysosomes, contributing to the success of infection

and failure of antibiotic therap{Peyrussoret al., 2020)

1.44 The stringentesponse as a drug target

The importance of the stringent response in bacterial virulence lgdighted this signalling network

as a target for novel antimicrobials, with the added benefit that if the stringent response network is
mutated during thedevelopment of resistance, there is a chance of a concurrent decrease in virulence
such as duringaxic overaccumulation of (p)ppGplallet al, 2020) To date, several inhibitors of
(P)ppGpp synthesis have been published and tested, although tihea@f of these molecules is
disputed. Surprisingly, no inhibitorsfahe essential(p)ppGpp hydrolsis by longRSHs have been

suggested to date.

Relacin is a synthetic, rationally designed inhibitor of (p)ppGpp synthesis designed using the crystal
strudure of Redeqfrom Streptococcus equisimi(id/exselblatet al, 2012) The first generation relacin

was synthesised as a deoxyguanodi@sed analogue of ppGpigure 1.4.4a, bwith thep YR o
diphosphates substituted for glyeglycyl dipeptides linke to the ribose via cadimate bridgesto
maintain structure while reducing chargehis molecule can inhibit the synthetase activity of long RSH
proteinsin B. subtilisMycobacterium tuberculosasnd E. faecalist concentrations of around 2 mM

in vitroand up to 12 mM when used to challenge enterococcal biofjfByslket al., 2017; Wexselblatt

et al, 2012; Yanlingt al., 2018) The 12 mM concentration required to disrupt biofilm, while nontoxic

to host epithelium, may prove clinically difficult to maintain depending on tha\@dability and haif

life of relacin.E. colsurvival was not affected by relacin, indicating that thislecule may be unable

to transverse theGramnegativecell wall.Relacin also has no inhibitory activity eithervitro or in

vivoon SAS enzymd&acaet al, 2015) yet could still be used in combination witonventional
antimicrobials in an attempt to decrease levels of persisteRcethermore, attempted optimisation

of relacin yielded the second generation rela2ioh(Figure 1.4.4¢)n which the glyg-glycyldipeptides

were replaced with glutamyglutamic acid moietie§Wex®lblatt et al,, 2013) increasing the potenc

against long RSH proteins but failing to inhibit the activity of SASs.
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Figure 1.4.4: Displayed formulae of pppGpp and the analogous Relacin and R&dca) The structure of
pppGpp. b) The structure &elacin, note that the 3diphosphate and Striphosphate moieties of pppGpp have
been substituted by glycylycyl dipeptides. ¢) The structure of Rela2d) note the presence of glutamyl
glutamic acid moieties at the and 5 positions(Wexselblattet al., 2013; Wexselblattt al., 2012)

The majo hurdle in ppGpganalogue development is thiarge,complex and highlychargedribose-
tetraphosphate moiety. Therefore, simpler nucleotide phosphonate compounds have been developed
in anattempt to overcome this hurdle while maintaining efficaigya sinilar manner to many clinically
relevant and masproduced antiviral{Groaz and De Jonghe, 202Blighthroughput screening of
phosphonate compounds Bn E. colsystem revealed two potentigandidates, termed DRB250 and
DRMO014 (Beljantsevaet al., 2017) which proved effective at inhibiting the synthetase activity of both
E.coliRelAandE. faecalifkelQ at submillimolar concentrationsalthough when tested against li&
subtiliscells no effect was observed, and it was concluded that small phosphonate compounds may

be incapable of entering bacterial celBeljantsevaet al., 2017)

The human immune system includes a multitude of antimicrobial peptides. One of whichQ1BR
hasbeen shown to exhibit activity against mature biofilms in a range of Grasitive and Gram
negative bacteria, which was initially attributed to specific targeting of the stringent respgdase
electrostatically sequestering (p)ppGfgte la FuenteNufiezet al, 2014) This was disputed through
use of minimal media either containing or lacking valine, in which the stringent response is
nonessential and essential respectiveljth the activity ofIDR1018 againsE. coliconsistent in both
cases(Andresonet al, 2016) Futhermore, relA spol double mutants were shown to be more
sensitive to the activity of IBR018, directly contradicting the suggestion that this peptide targets
(P)ppGpp specificalliAndresoret al, 2016) A more potent derivative of IDR018, DJK5 was shown
to downregulate transcription ospoTin P. aeruginosaduring murine abscess infection models
(Pletzeret al,, 2017) although the degree of specificity and molecular mechanisthisfis unknown.
Recentlyanother synthetic derivative of IDFO18, 1018M, was developed to specificédigget MRSA
biofilms. While shown to be able to sequester ppGppitro due to electrostatic interactions, there
is no evidence that the anbiofilm effect of this peptide is in any way stringent response reléiate

et al,, 2021) Despite the disputed mechanism of action, these antimicrobial cationic peptides have
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proven highly effective against broagectrum biofilms, which are frequently the cause of recurrent

and antibiotictolerant infections.

1.5 Aimsand objectives of this project

In this study, we aim to fully characterise the intersection between thagtnt response and post
translational regulation ofle novoribosome biogenesim S. aureususing a variety dbiochemical,
microbiological and structural technigaeAs detailel above, the stringent response is a vastly
complex signalling network witfar-reaching implications within the cetind studying the stringent

response in the absence of complex Omics studies is difficult.

Firstly, we aim to fully characterise the @naction betweenfour (p)ppGppbinding RAGTPases
namely RsgA, RbgA, EradaHiflX with the four predominarguanine nucleotided vitro (Chapter 3)
This is done in order to better understand the fundamental properties of thes&R2ases, while
simultaneously enabling contextualisation of downstream data due to a better uratetistg of the
nucleotide binding affinitiedNe purified and characteriskethe wildtype proteins nucleotide binding

capacity, GTPase activity and the competitive nature of inhibition by (p)ppGpp.

Having characterised the impact of (p)ppGpp on the enzigntapacity of the four R&TPases, we
next sought to determine the ima of this alarmone on thallosteryand ribosomebindingfunction

of these enzymefChapter 4)It had previously been proposed that subtilidRbgAsequestes mature
ribosomal subnits during the stringent responsélNe initially hypothesised that this adel is
consistent among the four RBTPases, maintaining a pool of mature subunits which can facilitate
rapid resumption of growthHowever following use of a variety of techniquesliuding pulldown
assays and stoppeftbw fast kineticsye observed thathat GDP andp)ppGpp binding to R&TPases
actually inhibited association to the ribosomal subuniésading to the proposition of a new model in

which the RAGTPases are held in molated, inactiveDFFstate during the stringent response.

Xray crysallography was the employed in order to develop a molecular model of (p)ppGpp
mediated inhibition of RASTPases, as well as the general (p)pp&gjve site binding interaction
(Chaper 5). We hypothesisd that the binidngof ppGpp has allosteric and canimational effects on

the RAGTPases, modulating the function to favour cell survival during the stringent response.
Through comparison of our structural models of RsgA with modeRsgA homologues in other
nucleotidebound states, we propose a generabdel! for the regulation of R&TPases activity during

the stringent response.
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Finally, in order to better understand the role of A Pases in cell growth and the stringent response
we perform sitedirected mutagenesis to yield conformationally trapp&if-Fstate Era variants
(Chapter 6), under the hypothesis that the @ft&te variants would structurally mimic the (p)ppGpp
bound statein viva We hoped that bycharacterising the efict of these variants on nucleotide
binding, enzymatic activity, cell gmth, ribosome formation and rate of translation, our
understanding of the intricacies of the ON/OFF switch in the case @& THasewould increase to

better understand the role of thse proteins while bound to (p)ppGpp

It is apparent that thestringent response is not only a crucial regulator of virulence in pathogenic
bacteria, but also memerging determinant concerning the repeated failure of antimicrobial therapy
both through egulation of resistance cassettes and facilitation of the gioewing persister cell
phenotype. Ultimately, byinvestigating the mechanistics of (p)ppGmediated inhibition of RA
GTPases i. aureuswve aim to better gain insight into the complex andestial switch between the
proliferative and virulentstates by means of the stringent response, specifically regarding the
modulation of translation to suit this purposé i our hope to contribute to the understanding of the
complex regulatory networkf the stringent response and the biochemical determinants whiely

in the future contribute tathe design of true stringent respongargeting antimicrobialshat may be

essential in improving current therapies against a broad variety of bacteria, apddRSA.
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Chapter &; Materials and methods

2.1 Bacterial stiins and growth conditions

E. colistrains were grown in lysogeny broth (LB)oorLB agar (Fisher) arffl aureusstrains were
growth in tryptic soy broth (TSB) or on tryptic soy agar (TS3j°at or 30C. Liquid cultures in LB or
TSB were aerated by shiag at 200 rpm at the temperatures indicated. Strains used in this study are
listed in Table 2.1E. coli cultures were supplemented where appropriate with antibiotics at the
following concentations: kanamycin, 3dg/ml; carbenicillin, 5Qug/ml in LB or 50 ug/mlin LB agar,
chloramphenicol10 pg/ml.S.aureuscultures were supplemented where appropriate with antibiotics
at the following concentrations: chloramphenicdl,5 pg/ml (or 100 ug/ml during production of
mRNAdeficient runoff ribosomes); spectinomycin, 25Qg/ml; tetracycline, 2 pg/ml and
erythromycin 10 pg/ml. If required, anhydrotetracycline (Atet) was added at 100 ng/ml final
concentration. Bacterial cultures were stored letegm by mixing 1:1 with freezer media consisting

of 10% bovine serum albumé&BSARnd 10% monosodium glutamate, and freegat-80°C.

Table 2.1: Bacterial strains used in this study

Strain Relevant features Reference

Escherichia coBtrains

XL1Blue Cloning strain: TetR Stratagene
endAl gyrA9gal) thi-1 recAl relAl lac ginv4
F'[::Tn10 proABlack lacZhsdR1{rx mg)

BL21 (DE3) Strain used for protein expression Novagen
F ompTgal dcmlon hsd$(remgS) < 6 5[RablacUV5s
T7p07ind1 sam7nin5]) [malBk120

RMC0147 XL1BluepET28b XL:-Blue: KanR Novagen

RMC0169 BL21 (DE3)ET28bgppA KanR (Corrigaret al., 2016)
RMCO0178 BL21 (DE3J)ET21aelseq CarbR (Mecholdet al.,, 2013)
RMCO0361 BL21 (DE3)CN55ITETr86&gAhis T199ACarbR (Corrigaret al., 2016)
RMCO0395 XL1BluepET28krsgA KanR (Corrigaret al., 2016)
RMC0396 XL1BluepET28krbgA KanR (Corrigaret al., 2016)
RMC0397 XL1-BluepET28kera: KanR (Corrigaret al., 2016)
RMCO0398 XL1BluepET28khflX KanR (Corrigaret al., 2016)
RMCO0399 BL21 (DE3)ET28krsgA KanR (Corrigaret al., 2016)
RMC0401 BL21 (DE3)ET28krbgA KanR (Corrigaret al., 2016)
RMC0402 BL21 (DE®ET28kera: KanR (Corrigaret al,, 2016)
RMC0403 BL21 (DE3)ET28khfIX KanR (Corrigaret al,, 2016)
RMCO0531 XL1BluepCN55IiTE CarbR (Woodet al,, 2019)
RMC0896 BL21 (DE3)ET28b: KanR This study
RMC1035 XL1BluepET28krsgAT19A: KanR This study
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RMC1036
RMC1037
RMC1038
RMC1040
RMC1041
RMC1042
RMC1043
RMC1044
RMC1045
RMC1046
RMC1048
RMC1049
RMC1050
RMC1052
RMC1053
RMC1055
RMC1067
RMC1068
RMC1070
RMC1071
RMC1072
RMC1292
RMC1293
RMC1296
RMC1297
RMC1312
RMC1313
RMC1314
RMC1323
RMC1531
RMC1532
RMC1684
RMC1685
RMC1686
RMC1687
RMC1747

SEJ1

LAC*

RMCO0355

XL1BluepET28brsgAK113T: KanR
XL1BluepET28brbgAT155%A: KanR
XL1BluepET28brbgAK59T: KanR
XL1BluepET28keraK123T: KanR
XL1BluepET28EnfIXT239A: KanR
XL1-BluepET28BnfIXK326Tl: KanR
BL21 (DE3ET28krsgAT199A: KanR
BL21 (DE3)ET28brsgAK113T: KanR
BL21 (DE3)ET28krbgAT155A: KanR
BL21 (DE3)ET28krbgAKSIT: KanR
BL21 (DE3)ET28keraK123T: KanR
BL21 (DEJET28EnfIXT239A: KanR
BL21 (DE3)ET28khfIXK326T: KanR
XL1BluepCN55iTEThgAT155%: CarbR
XL1BluepCN55iTEThgAKS9T: CarbR
XL1BluepCN55iTEEraK123: CarbR
XL1BluepET28kera S268CKanR
BL21 (DE3)ET28keraS268C: KanR

XL1BluepCL55iTETr862gAHis K113T: CarbR
XL1BluepCL55iTETr86fIX-His T239A: CarbR
XL1BluepCL55iTETr862fIX-His K326TCarbR

XL1BluepET28bmCherryera: KanR
XL1BluepET28bmCherryhflX KanR
BL21 (DBE3ET28bmCherryera: KanR
BL21 (DE3)ET28bmCherryhflX KanR
XL1BluepET28kera T40A KanR
BL21 (DE3®ET28keraT40A: KanR
XL1BluepCN55iTE€raT40A: CarbR
XL1BluepCN55iTEEra-His: CarbR
XL1BluepET28kera1-180: KanR
BL21 (DE3)ET28kera1-180: KanR
XL1BluepET28krbgAnG2: KanR
BL21 (DE)ET28krbgANG2: KanR
XL1BluepET28kera-nG2: KanR
BL21 (DE3)ET28keranG2: KanR
BL21 (DE3)ET28kyjbM: KanR

Staphylococcus aureustrains

RN4220spa;protein A negative derivative of RN422

ANG34

LAC*: Erm sensitive @MRSA LAC strain (AH1263)

Accession number: CP000255
LAC* pCL55iTETr862: CamR

This study
This study
This study
This study
This study
This study
This study
This study
This study
Thisstudy
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Thisstudy
This study
This study

(Grundling and Schneewind, 2007

(Boleset al., 2010)

(Corrigaret al., 2016)
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RMC0368 LAC*rsgApCL55TETr862: CamR (Corrigaret al., 2016)

RMCO0369 LAC*rsgApCL55iTETr862gAHis: CamR (Corrigaret al., 2016)
RMCO0371 LAC*rsgApCL55ITETr862gAHIST199A: CamR (Corrigaret al., 2016)
RMC0372 LAC*nhfIXpCL55iTETr862: CamR This study
RMC0373 LAC*nhfIXpCL55iTETr862fIX-His: CamR This study
RMC0562 LAC*pCN5S5ITET: SpecR (Woodet al, 2019)
RMC1081 RN422spapCL55iTETr8aagAHis K113T: CamR  This study
RMC1083 RN422spapCL55iTETr8a2fIx-His T239A: CamR  This study
RMC1085 RN422spapCL55iTETr8a2fIx-His K326T: CamR  This study
RMC1089 RN422spapCN55iTE€raK113T: SpecR This study
RMC1106 LAC nrsgApCL55iTETr862gAHis T199A: CamR This study
RMC1107 LAC*nrsgApCL55ITETr8aagAHis K113T: CamR This study
RMC1114 LACHhfIXpCL55iTETr86ifIX-His T239A: CamR This study
RMC1115 LAC*nhfIXpCL55iTETr862fIX-His K326T: CamR This study

RMQ262 LAC*nerapCNS5ITET: TetR, SpecR (Woodet al,, 2019)
RMC1263 LAC*nerapCN55iTEEra: TetR, SpecR (Wooad et al., 2019)
RMC1315 RN422spapCN55iTE€raT40A: SpecR This study
RMC1533 LAC*nerapCN55iTEEraT40A: TetR, SpecR This study
RMC1534 LAC*nerapCN55iTE€rakK123T: TetR, SpecR This study
RMC1690 LAC*nerapCN55iTE€ra-His: TetR, SpecR This study

2.2.1 Analysis of bacteligrowth

Strains were grown overnight in TSB supplemented with the appropriate antibioticS@ia®id with
shaking, before diluting into 5 ml of fresh TSB plus antibiotics and 100 ng/ml Atet if required. Cultures
were grown at 37C with shaking andbsortance at 600 nmAso) was measuredat 2 hour (hr)

intervals over a period of Brs.

2.2 Manipulation of DNA
2.2.1 Isolation of plasmid DNA

The GenelJet Plasmid Miniprep Kit (ThermoScientific) was used to isolate plasmid DNEA dmdias
LISNJ G KS Y ydzFl OGdzZNENRA Ay & i NHzGuind NA dvas elatédusing G K S
MilliQ water (ngH.O) instead of the provided elution buffeFor preparation of plasmids fror8.
aureusstrains, 5 ml of stationary phase culture swasuspended in 108 of TSM (50 mM THEICI pH
7.5, 0.5 M sucrose, 10 mM MglCand lysed via the addition of 03g/ml lysostaphin for 3@ninutes

(mins) at 37C. Plamid DNA was then isolated as tarcoli
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2.2.2 Isolation of genomic DNA

Genomic DNA (gDNA) wiaslatedfrom 5 ml overnight stationary phase cultures®faureusising

the Wizard Genomic DNA Extraction Kit (Promega). Cells were harvestegsasdended in 106l

of TSM (50 mM TrEICI pH 7.5, 0.5 M sucrose, 10 mM Mpé@hd lysed using 0:2g/ml lysostaphin

for 30 mins at 37 ® ¢KS SEGNI OGAzy 2F 3I5b! gL a GKSy OF N

instructions.

2.2.3PCR
Primers were desigrieusing SnapGene (GSL Biotech LLC) and synthesised by Eurofins, and those used

in this study are listed inable 2.2.3Polymerase chain reactioPCRreactions which require high
fidelity were typically carried out in a 50 volume using Phusion masterix with HighFidelity buffer
(ThermosScientific). For reactions which did not require high fidelity extension, such as colony PCR,
typically Taq polymerase master mix (NEB3 wsed Reaction mixtures contained approximatéy

ng of plasmid DNA or 100 ng of genomic DNA,>Nbof each primer, and 1X final concentration of

the respective Tag or Phusion master mix.

The T100 thermocycler (BioRad) was programmed to carry out a PCR reaction as follows: Initial
denaturation forthree mins at 9%C; five cycles of denaturation for 30 seconds atC95primer

annealing for 30 seconds at 45 (may differ depending on specific melting temperature of certain

primers), elongation at 7Z (1530 seconds per kb when usiRgusion, or 1min per kb when using

Taq); 25 cycles of the above with an annealing temperature 858 final Imin extension at 72C.

PCR products were visualised using agarose gel electrophoresis and purified using the GeneJet Gel
Extraction kit (ThermoScientific) agf) (G KS Y I ydzF I OG dzZNENXD& Ay aidNHzOG A 2
mgH.O was used to elute colurmound DNA instead of the provided elution buffer. Mutagenic

inverse PCRs were carried out using Phusion as above, with the exception that the second phase of
reactioncontained only 13 cycles at an annealing temperature €5and so templates were subject

to 18 cycles of amplification instead of 30.

Colony PCRs were carried out udihgolby directly adding a colony to the reaction mixture. The PCR
reaction waghen carried out using Taq polymerase as above. When carrying out colony PCR. using
aureus the colonies were first resuspended in 50 pl TSM (50 mMHRIspH 7.5, 0.5 M sucrose, 10
mM MgC4) and lysed via the addition of 0.5 pug/ml of lysostaphin anedibation at 37C for 1hr. Cell
debris was removed via centrifugation at 17,00Qravity @) for 5 mins, and 5 pl of the supernatant

was added to the PCR reaction mixture.

59



Table 2.2.3: Primers used in this study

Number Name Sequence (50 U Restriction
site

RM@®@O3 R5geh CTTGCTTTCAATTGTGTTCC

RM®O4 F5geh GTTGTTTTTGTACATGGATTTTTAG

RM@®@O5 RpCL55 GCGCATAGGTGAGTTATTAGC

RM®O6 3-pCL55seq CACGTTTCCATTTATCTGTATACGGATC

RM®O7 seq Ptet inserts AATTCCTCCTTTTTGTTGACACTCTATC

RMCO014 FRsgAT199A CATTAAATCGAGGAAAGCATACTGCAAGACATGTCGAACTAT

RMCO015 RRsgAT199A CGAATAGTTCGACATGTCTTGCAGTATGCTTTCCTCGATTTA

RM®62  T7 promoter TAATACGACTCACTATAGGG

RM®63  T7 Terminator GCTAGTTATTGCTCAGCGG

RMC065 RBamHi16B12St CCGGATCUTAARTCTAACCTTTCTATTTGA BamHI

RM®66 FNhel16D7St CCGCTAGGTTATTCAATGGTATCCAGGAC Nhel

RM®@67 RBamHi16D7%St CCGGATCLTAATTGTTAGCGTCATTTGCTA BamHI

RM®68 FNdel16F3St CCCATATBCAGAACATAAATCAGCATTTGT Ndel

RM®69 RBamH{16F3St CCGGATCUTAATCTTGGTTRACATAACC BamHI

RM®71 RBamH{21E%St CCGGATCUTATTTTTTAAATCCTTTTATACGA BamHI

RMQA57 FKpnlera GGGGGTACTCAGGAAAGGATTTAGAATAAATG Kpnl

RMQA69 FTETPCN GCAGCTCTAATGCGCTGTTAATCAC

RMQA71 RpCN34 GTTATCCCCTGATTCTGTGGATAACCG

RMC365 FRsgAK113T G@GAGAATTTTGGTGACTACAAAAGATAAAACACCAATTG

RMC366 RRsgAK113T CAATTGGTGTTTTATCTTTTGTAGTCACCAAAATTCTCGC

RMC367 FRbgAK59T CACGTGTTGTTATATTAAATACAAAAGATATGTCTAATTTAAA

RMC368 RRbgAK59T CATTTAAATTAGACATATCTTTTGTATTTAATATAACAACACG

RMC369 FRbgAT15% CTGGTAATAAACCAGGTGTGGCCAAACAACAACAATGGATT

RMC370 RRbgAT155A CTTTAATCCATTGTTGTTGTTTGGCCACACCTGGTTTATTACC

RMC373 FErakK123T CAGTATTTTTAGTATTAAATACAATAGATTTAGTGCATCCAG

RMC374 RErakK123T CTGGATGCACTAAATCTATTGTATTTAATACTAAAAATACTG

RMC375 FHfIXT239A GAAAAAGATCAATTATTTGCAGCGTTAGATCCTAAAACACGA

RMC376 RHfIXT239A GAATTTGTCGTGTTTTAGGATCTAACGCTGCAAATAATTGAT(

RMC377 FHfIXK326T CTCAAATAGTTATTTTTAATACAAAGGACTTATGTGATCATG

RMC378 RHfIXK326T CATGATCACATAAGTCCTTTBAARRTAACTATTTGAG

RMC469 FEraS268C GTGATATAGAAATGCTTCTAGGCTGTAAAGTTTACTTAGAAT

RMC470 REraS268C CCATAATTCTAAGTAAACTTTACAGCCTAGAAGCATTTCTAT#

RMC510 R-Notl-Era 180 GGG CGGCCABTCATCTGGATAATATTTAGGTCC Notl

RMC536 R-Saclera-His AAAGAETTTAGTGATGGTGATGGTGATGACCATCTTGGTCT Sacl

AACC
RMC539 FEraT40A AATCATGTCCGATAAAGCTCAAGCAACTAGAAATAAAATTCA
RMC540 REraT40A AACACCTTGAATTTTATTTCTAGTTGCTTGAGCTTTATCGGAC
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RMC553 FmCherryBamHlI CCGGATCCGGCGTTAGTAAAGGCGAAGAAGATA BamHlI
RMC554 FRsgAmCherry AGATCTCCGCGCGGCAGCAAGACAGGTCGAATAGTGAAATC
RMC555 RmCherryRsgA  TGTCTTGCTGCCGCGCGGAGATCTTTTATATAATTCATCCAT
RMC556 FRbgAmCherry  AGATCTCCGCGCGGCAGCGTTATTCAATGGTATCCAGGACA
RMC557 RmCherryRbgA  AATAACGCTGCCGCGCGGAGATTATARARTCATCCAT

RMC558 FEramCherry AGATCTCCGCGCGGCAGCACAGAACATAAATCAGGATTTGT
RMC559 RmCherryEra TTCTGTGCTGCCGCGCGGAGATCTTTTATATAATTCATCCAT
RMC560 FHflXxmCherry AGATCTCCGCGCGGCAGCGCTCAGCAACAAATTCATGATAC
RMC561 R-mCherryHflX CTGAGCGCTGCCGCAGBECTTTTATATAATTCATCCAT

RMC735 FEradG2 CATGTCCGATAAAGTTATGACAAGAGATGACGCGCAA
RMC736 REradG2 TCTTGTCATAACTTTATCGGACATGATTGCTATTTTATGGC
RMC737 FRbgAdG2 GGTAATAAACCAAAAGTTGGTAATGCATTACAACTA
RMC738 R-RbgAdG2 CATTACCAACTTTTGGTTTATTACCAGTCTGCGCAA

2.2.4 Agarose gel electrophoresis

Agarose gels were made up of TAE buffer (40 mM -atesate pH 8.0, 1 mM
ethylenediaminetetraaceti@acid (EDTA)) with 1% (w/v) agarose, which was dissolved via heating of
the TAE and cast into a gel mould of the desisize, and a 1:10,000 dilution of SybrSafe (Invitrogen).
Prior to loading, DNA samples were mixed with 6X DNA loading dye (ThermdiSgiemith the
exception of PCR reactions using Taq, which already contain 1X DNA loading dye in the Tag master
mix ard so can be loaded into the agarose gel directly. Band sizes were estimated by reference to a
DNA 1 kb ladder (ThermoScientific). Elechraqesis was carried out submerged in TAE buffigh a

field strength of 7.5/ cm? for at least 20 mins, and ¢hresulting gels were imaged using a ChemiDoc

MP imager (BioRad).

2.2.5 Restriction digestion of DNA

Digestion ofl0 ng of plasmid DNA, gDNA or PCR productcaased outin a 25>l reaction with a

final concentratim of 1X CutSmart buffer (NE@)an alternative suitable reaction buffer (NEB), and

10 U of the suitable restriction enzyme (NEB). Reaction mixtures were incubatetCafioBat least 3

hrs,and then either heainactivated,or the digested DNA was puefl using the GeneJet Plasmid
aAYALINBLI YAG O0¢KSNY2{ OASYy(lATA éndvisualised b Hgardse §el Y I y dz
electrophoresis. When carrying out siirected mutagenesis via inverse PCR>ILOf product was

digested with 10 U of Dp{NEB) directly in the 1X Phusion polymerase master mix (ThermoScientific)

at 37° for at least 3 s, heat inactivated then used directly for transformation.
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2.2.6 Ligation of DNA fragments

If required due to @jestion with a single restriction enzynuigested plasmid vector was treated with
Antarctic Phosphatase (AnP) (NEB) to dephosphorylate thadb3 ends of DNA and prevent self
ligation. This was carried out using the entire inactivated digested mirtyparified, digested vector.

0.25 UAI reaction volume was added along with 1X AnP buffer (NEB) and the DNA sample, and the
reaction mixture was incubated at 37 for at least 1h AnP was heat inactivated at ®for 5 mins

prior to purification of thedephosphorylated plasmid DNA using the €&t Gel Extration Kit

(ThermoScientific).

Ligations between digested DNA insert fragments and digested plasmid vectors were carried out using
at least a 5:1 ratio of insert:vector, using 125 ng digested irssedt25 ng digested plasmid. Ligations
werecarried out in a reaction volume of 25 using 1X T4 ligase buffer (NEB) and 400 U T4 DNA ligase
(NEB). Reaction mixtures were incubated for at leasis4hl16°C, then were heat inactivated for 20

mins at 68C and either immediately used for transfortizan or stored at-20°C.

2.2.7 Prepation and transformation of chemically competé&ntcolicells

E. colicultureswere grown in20 ml ofLB at 37C overnight with shaking at 200 rpm, then diluted
1:100 (v/v) into 1 litre PSiroth (0.5% (w/v) yeast extract, 2% (w/v) trgpe, 20 mM MgS§) pH
adjusted to 7.4 using 0.1 M KOH) and grown untib@nof 0.50.7 was reached. Cells were cooled to
4°C harvested via centrifugation at 6,000g for 10 mins, and kept on ice for themainder of this
protocol. Cell pellets werevashed with 200 ml ice cold filtesterilisedTransformation BufferT(fb) |

(30 mM CHCOOK, 100 mM RbCI,10 mM Ga&l mM MnGl 15% glycerol, adjusted to pH 5.8 using
acetic acid). Cell suspension was kept ioe for 15 mins, before cells were-harvesed and
resuspended in 25 ml ice cold, filteterilised Tfdl (10 mM MOPS adjusted to pH 6.5 using KOH, 75
mM CaCl 10 mM RbCI, 15% glycerol). Cells were incubated on ice for 15 mins, then aliquoted into

500> aliquots and flash frozen endry ice/ethanol bath and stored a80°C

To transform chemically competeit colicells with plasmid DNA, 108 of cells were incubated on
ice with 1 ng plasmid DNA for 30 mins. To transform with ligapimduct, 100>| of cells were
incubated on ice with &l ligation product for 30 mins. Cells were then heat shocked &t 48r 50
seconds before immediate incubation on ice for 2 mins. 8106f SOC medium (0.5% yeast extract,
2% tryptone, 0.025% NaCDh tnM glucoseand 2.5 mM KCI, adjusted to pH 7.5 ugingy MHCI) was
then added and cells were incubated at’G7for 1hr with shaking to enable outgrowth. Cells were

then plated onto LB agar with the appropriate antibiotic to select for positive transtoten Plates
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were incubated at 37C overnight to enable growth of colonies. If lawn cultures were obtained, these
were resstreaked on LB agar plus the appropriate antibiotic for single colonies, and were subsequently

screened using colony PCR.

2.2.8 Preparation analansformation of electrocompeter@. aureusells

5 ml overnight cultures 6. aureufRN422Mnspawere grown at 37C withshaking andliluted 1:100

(v/iv) into 200 ml TSB and grown at°@7for 3hrs until mid-exponential phase was aehed fsoo
between0.6 and 0.8). Cells were then cooled on ice, harvested via centrifugation at>6¢df@d 10

mins, and kept on ice for the remainder of this protocol. Cell pellets were washed thrice with 200 ml
ice cold sterile 0.5 M sucrosmlution andresuspendedri 2 ml ice cold sterile 0.5 M sucrose. Cells

were aliquoted into 11& aliquots and flash frozen in a dry ice/ethanol bath before storag8@&C.

Before electroporation, all plasmids were dialysed againgit,O for at least hr using a 0.025m
filter (Millipore) to remove dissolved salts. 0 of dialysed plasmid DNwas added to 116
electrocompetentS. aureusRN4220nspacells in a GeneFlow 1 mm electroporation cuvette (Cell
Projects). The cells were then subject toedectrical pulse of 2.5 kV, with a resistance of #08hd a
capacitance of 25F, and recover using 900 of BrairHeart Infusion (BHI) broth with the addition
of 0.5 M sucrose and incubated at°&7with shaking for 1rhCells were then plated on Tktes
supplemented with the appropriate antibiotic to select for positive transformants, hagtates were

incubated at 37C overnight.

2.2.9 Phage transduction $ aureus

In order to produce a phage lysate from the donor strairsofiureusa 5 mlovernight culture was
grown at 37C in 2:1 LB:TSB supplemented with the appropriate antisiai@ 5 mM CagfWwith
shaking. This culture was diluted 1:50 (v/v) into 5 ml of fresh 2:1 LB:TSB with antibiotiavavid 5
CaCl, and grown at 37C for 3hrsin order to reach mieexponential phase. 108l of phage lysate
from wild-type S. aureusdiluted to a concentration which would provide confluent but not complete
lysis, was added to 5081 of midexponential phase culture, and incubated statically atmoo
temperature (RT) for 30 mins to enable armeind of replication. The phage used raureusvere
typically. 85,. 80" or . 11. 5 ml of liquid top agar (0.8% baeigar, 0.8% NaCl, 5 mM Ca@as
added to the lysate/culturenixture andoverlaid onto prevarmed TSA plates supplemented with the
approfriate antibiotics. Overlays were left to solidify and incubateeslabup overnight at 37C. 3

ml of TMG (10 mM THBICI pH 7.5, 10 mM Mga®.1% (w/v) gelatine) was added to overlay plates

containing confluat plagues, and the top agar was removed afatified via centrifugation at 13,000
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x g for 10 mins. Supernatants were filtered through a 022 membrane (Millipore), and stored at
4°C.

Overnight cultures of the recipiens. aureusstrain were grownovernight in 5 ml 2:1 LB:TSB
supplemented with the appropriate antibiotics and 5 mM Gal#fore harvesting via centrifugation
and resuspensiomil ml fresh 2:1 LB:TSB with antibiotic and 5 mM £aGd 500>l of phage lysate

to 250>l concentrated regient culture and incubate at 3Z for 20 mins with shaking to enable
infection. Cells were cooled td@ on ice and kept on ice for the remainaéthis procedure. 1 M ice
cold, sterile trisodium citrate was added to a final concentration of 40 mM, afisl were harvested

via centrifugation at 17,008gfor 1 min in a precooled microcentrifuge. Supernatant was discarded,
and pellet was waslietwice in 1 ml ice cold, sterile 40 mM trisodium citrate, and then resuspended
in 300 >| of ice cold trisodim citrate before plating onto TSA plates supplemented with the
appropriate antibiotic and 40 mM trisodium citrate. Plates were incubated &€ @¥ernight or longer

until single colonies formed, and colonies were restreaked at [@&égtes to cure of phag

2.3 Protein purification and analysis

2.3.1 Expression of recombinant protein&ircolBL21 (DES3)

For exponential phase expression, overnight cultureBS.afolBL21 (DE3)arbouring the appropriate
pPET28b or pET21a expraessivector were dilutedo an Asgo 0f 0.05into fresh LB supplemented with
antibiotics andgrown for 3 his at 37°C until anfsoo Of 0.50.7 was reached. Cultures were induced
with 1 mM & 2 LINR d:etliogalactopyranosid€IPTG) and incubated for 3sat 30°C to enable

protein expression.

For stationary phase expressionfcolBL21 (DE3j)ontaining pET28bsgA overnight cultures were
diluted to anAsponmOf 0.05 into 1itre of fresh LB supplemented with the appropriaatibiotics and
incubated overnight at 30°C with shaking. Saturated cultures were induced with 0.75 mM IPTG for 6

hrs at 30°C with shaking to enable protein expression.
Cells were harvested via centrifugati@at 6,000 g at 4°C for 10 mins, washed with 50 ml Protei

Storage Buffer (50 mM T#4Cl pH 7.5, 200 mM NacCl, 5% (v/v) glycerol), before the pellets were flash

frozen in a dry ice/ethanol bath and stored-80°C.
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2.3.2 Purification of hexahisti@itagged proteins using IMAC

Prior to preparation of hexahstidine (6xHisjagged proteins via Immobilised Metal Affinity
Chromatography (IMAC), cell pellets were defrosted on ice, and resuspended in 30 ml Purification
Buffer A (50 mM TrisICl pH 7.5,@ mM NacCl, 5% (v/v) glycerol, 10 mM imidazole) supplemented
with one cOmplete, Mini, EDTFkee ProteaseCocktailtablet (Sigma) and lysed using 26g/ml
lysozyme and 38g/ml RNase A before sonication for 10 mins (30 seconds ON, 30 secondsifdF)

an 20 kHz Ultrasonic Liquid Processor (Fisher) at 40% ampliiele debris was removed via
centrifugation at 18,00& g for 40 mins at 4C, and theesulting supernatant was then filtered using

a 0.45>m membrane (Millipore). The filtered lysate was applied using a peristatic pump to a 1 ml
HisTrap HP Rticolumn using a flow rate of 1 column volume\.)per minute(GE Healthcare) before
elution wsing a30c.v.gradient of Purification Buffer B (50 mM THEI pH 7.5, 200 mM NacCl, 5% (v/v)
glycerol, 500 mM imidazolefom 0% to 100% Protein containing ractions were subject to 3
successive rounds of dialysis into Protein Storage Buffer, concedttatthe desired volume and
concentration using a 10 kDa centrifugal filter (ThermoScientific), flash frozen using a dry ice/ethanol
bath and stored at80°C dter ensuring low levels of DNA/RNA contamination shown byAasbso

ratio of below 0.8 (<5%ontamination)(Layne, 1957)The extinction coeffients at 280 nm for each
protein and their mutant variants were calculated from their primaryimoracid sequence and are as
followsassuming no cysteine residues were oxidised to cysRsgA, 23505 tcm; RbgA, 40910 M
Lem?; Era, 25900 Mcml; HiX, 24870 M cm?; Era 3180, 10430 M cm®. Unless specifically stated,

the extinction coeffiient of mutant variants was identical to the wilgbe. Typically, protein purity
was above 95% as assayed by sodium dodecyl sulphate polyacrylamide gepblaesis (SDBAGE)

and Coomassie Brilliant Blue staining.

Proteins for use in crystallographwvere purified as above but dialysed into Crystallisation Buffer (25
mM TrisHCI pH 7.5, 200 mM NaCl), concentrated as much as possible and used immdRi@ttstys

to be covalently labelled with Atto48&aleimide were purified as above but dialysedimiabelling
Buffer (50 mM HEPES pH 7.1, 200 mM KCI, 5% (v/v) glycerol axd T28(2 carboxyethyl)phosphine
(TCEP)), then stored &80°C prior to labelling.

2.3.3 SDPAGE

SDSPAGE gels contain two distinct phases, the stacking gel in which samples were loaded and the
resolving gel. The stacking gel was made up of 5.6% adédga®b% (v/v) Stacking Buffer (0.5 M Tris

HCI pH 6.8, 120 mMacCl, 8 mM EDTA (stock solution pH 8.0), 0.4% (w/v) SDS), 0.1% (w/v) ammonium
persulphate (APS) and 0.1% (veframethylethylenediamin€TEMED). Resolving gels were made up
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of between 7.5% and5% acrylamide depending on protein size and the resolugguired, 25%
Resolving Buffer (1.5 M T44Cl pH 8.8, 120 mM NacCl, 8 mM EDTA (stock solution pH 8.0), 0.4% (w/v)
SDS), 0.1% (w/v) APS and 0.1% TEMED. During analysis of protein expressitrciell pellets were
resuspended in 1X SIPAGE Loading Ber (31.25 mM TridHCl pH 6.8, 1% (w/v) SDS, 2.5% (Wv)
mercaptoethanol, 5% (v/v) glycerol, 0.005% (w/v) bromophenol blue) #samf 1.0 and incubated

at 95°C for at least 10 mins. Dugranalysis of proteins in solution, samples were mixed 1t 2X
SDSPAGE Loading Buffer and incubated &Cfor at least 10 mirtsefore loading onto the SBFFAGE
gel Electrophoresis was performed with the gel submerged irFSB&E Running Buffer (88 Tris

HCI pH 8.6, 192 mM glycine, 0.1% (v/v) SD&fiad strength of25V cm for at least 1 hor until the

dye front had run the full length of the gel. Gels were stained using Coomassie BrilliantZ0e R
Gels were incubated in hot Stain6® (v/v) methanol, 10% (v/v) acetic acid, 0.25% (w/v) Codenass
Brilliant Blue R50) for at least 1 h then in Destain (45% (v/v) methanol, 10% (v/v) acetic acid) until

bands become clear.

2.3.4 Western Blotting

Sample proteins were separated using $IA&E, and then transferred to a polyvinylidene fluoride
(PVDF) membrane via wet transfer. The PVDF membrane was hydrated in methanohifotol
remove hydrophobicity, and then rinsednmyH,O before equilibratingn Transfer Buffer (25 mM Tris,

192 mM gycine, 10% (w/v) glycine) for 1 min. The polyacrylamide gel was also rinsefHi® and
equilibrated in Transfer Buffer. The PVDF membrane and polyacrylamide gel were stacked firmly
against each other, with the geh the negative side, and pressure waaintained using 3 sheets of
Whatmann paper soaked in transfer buffer either side of the gel and membrane. The wet transfer was

carried out at 400 mA for 60 mins, with ice cold transfer buffer to preventing overiggati

Following transfer, the membrane wainsed with TBST (20 mM A€l pH 7.6, 0.14 mM NacCl, 0.1%
Tween 20) and nonspecific binding sites were blocked using TBST with 5% (w/v) skimmed milk powder
at RT for Ihr or at £°C overnight, with gentle shakinff using crudés. aureudysates, 10>g/ml IgG

was added to saturate protein A. The membrane was then incubated with 1:1000 dilution of primary
antibody, predominantly murine-Hishorseradish peroxidase (HRE)njugated (Sigma) in TBST with

5% milk and 16-g/ml IgG for 1hr at room temperate o for 16 hrsat 4°C with shaking. Membranes

were rinsed 3 times in TBST, then developed using enhanced chemiluminescence (ECL) (2.5 mM
luminol, 0.4 mM Rcoumaric acid, 100 mM T¥id4Cl pH 8.5, 0.01%®) and imaged using a ChemiDoc

MP imager (BioRad). Bamavere quantified using pixel densitometry within the ImageJ software.

Followingwestern blotting image analysis, general protaontent of the samples was assessed by
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staining with Ponceau S in 5% acetic acid. Membranes were incubated with tbeaRosolution for
up to 5 mins until bands developed, and washed with distilled water until the background was clear.

Membranes were imaggd using a ChemiDoc MP imager (BioRad).

2.4 Isolation of highly pure 30S, 50S and 70S ribosomes$fraareus

70S bosomes were purified essentially as described previgEygle and Brown, 2004)ith some
exceptions. Briefly, saturatedvernight cultures ofs. aureusstrain LAC* were diluted 1:100 into 4
litres of fresh TSB, and incubated with shaking &C3until anAesq of 0.8 was reached. 108g/ml
chloramphenicol was added, and cultures were slowly cooled@dfdllowing a 3 min incubation with

the antibiotic in order to produce runoff ribosomes free of mMRNA. Cells were harvested via
centrifugation at 6,00< g for 10 mins, and washed witice cold Buffer A (20 mM T#$CI pH 7.5,
10.5 mM Mg(CECOOy 100 mM NHCI, 0.5 mM EDTA, 3 mM-mercaptoethanol) before
resuspension in Buffer A and lysis using 8gdml lysostaphin and 75 ng/ml deoxyribonuclease
(DNase) I. Crude lysates were centrifdgg 30,000% g for 1 hr to produce an S30 fraction, and
clarified lysates were applied to agual volume of 1.1 M sucrose made up in Buffer B (20 mM Tris
HCI pH 7.5, 10.5 mM Mg(&E00Oy, 500 mM NHECI, 0.5 mM EDTA, 3 mMmercaptoethanol). The
clear rbosome pellet was separated from the flocculent material above it, and washed and
resuspended iBuffer A. This sucrose and satashing step was repeated. The pellet was then washed
via two resuspensions in Buffer C (10 mM-H@ pH 7.5, 10.5 mM Mg(&KDO}, 100 mM NHCI, 0.5

mM EDTA, 7 mM -mercaptoethanol). Ribosomes were -pelleted following wahing via
ultracentrifugation at 100,008 g for 16 hrs. Pure 70S ribosomes were obtained by resuspending the
washed pellet in Buffer D (10 mM FHECI pH 7.5, 5.25 mM Mg(€20D0), 60 mM NHCI,0.25 mM
EDTA, 3 mM-mercaptoethanol) and applied to a cantious sucrose gradient made up of-30%
sucrose in Buffer D. These gradients were then ultracentrifuged fohréét 48,000x g, and
fractionated via upwards displacement into 280fractions which were analysed for RNA content at
Avso. Fractions demed to contain 70S ribosomes were pooled, and washed in Buffer E (10 mM Tris
HCI pH 7.5, 10 mM Mg(€ED0), 60 mM NHCI, 3 mM -mercaptoethanol), and pelleted at 56,080

g for 24 hrs before beng flash frozen in a dry ice/ethanol bath and stored8&°C.

To obtain 30S and 50S subunits, 70S ribosomes were resuspended in Ribosome Dissociati@0 Buffer (
Ya ¢NAA LI TdpX MHA Ya b l-merchpioethadopfolloing veashing im | Y R
Buffer E. 50S24v units of 70S ribosomes were applied to a continuougl@% sucrose gradient made

up in Ribosome Dissociation Buffer, and separated at 111xG9€@r 16 hrs. Gradients were again

fractionated using upwards displacement and analysedNA content. Frdions containing 30S and
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50S subunits were pooled separately, and pelleted via ultracentrifugation at 208,080r 16 frs,
before being resuspended in Buffer E and storeeBAtC as above. 70S, 50S and 30S subunits were
guantified using the Asoasfollows: 1 Asounit of 70S, 50S and 30S subunits equates to 23 pmol, 34.5
pmol and 69 pmol respectivelpaigle and Brown, 2@0. Therefore, for 70S ribosomes, 10080A
units would equate to a concentration of 231 (FrancisceVelillaet al, 2016) with the same logic
applied to the 50S and 30S subunits.

2.5 Synthesis of F2PHabelled nucleotides

[h-*2PHabelled GTP (Perkin Elmevasdiluted to the appropriate working concentration (typically
1:180 from the 3.3>M stock solution to give a working stock of 18.3 nM) in GTP Binding Buffer (40
mM TrisHCI pH 7.5, 100 mM &4 10 mM Mg@). In order to producen[-**PHabelled GDP, 18.3 nM
[M-*?PHabelled GTP was incubated with G:1 purified recombinant RsgA and G>M purified S.
aureus/0S ribosomes in GTP Binding Buffer and incubated for at |east B7°C. Samplewere then
passed through a 3 kDa microcentrifugal filter (VWR) to renisg® and the ribosomes, leaving pure
pppGpp. [ -*?PHabelled pppGpp was produced by incubating a final concentration of 18.8 #if@}
labelled GTP with 2M Rekeq 8 MM ATP in Rglbinding buffer (25 mM BiSris propane pH 9, 100

mM NacCl, 15 mM Mggl The reaction was incubated at °€ for 16hrs, and halted using a
microcentrifugal filter as above. In order to conveért*fP}Habelled pppGpp to"[-**PHabelled ppGpp,

1 >M final concentration of purified recombinant GppA was added, and the reactibture was
incubated at 37C for 15 mins, before halting as above. Final yields of the desired nucleotides were
determined using thin layer chromatography (T,.MNerel >l of eachreaction mixture was spotted

on a polyethylenimineellulose TLC plate felCo), and samples were separated using a running
buffer of 1.5 M KEPQ at pH 3.6. TLC plates were allowed to dry and were then exposed to a
photostimulable phosphor imaging plat@P) (Fuijifilm) for 5 mins, and visualised using a Typhoon
FLA7000 Phosphimager (GE Healthcare). Spot intensity was calculated via pixel densitometry using
the ImageQuant software (GE Healthcare), and stock purity of above 85% was deemed sufficient for

use. Nucleotides were then stored &@0°C.

2.6 Synthesis of cold (p)ppGpp

Stocksof cold ppGpp or pppGpp were prepartala concentration of 10 mMs follows.B. subtilis

YjbMat a final concentration of 5M was incubated with 10 mM ATéhd 10 mM GDP or GTP for 16

hrs at 37C in YjbMReaction Buffer (100 mM NAEPES pH 7.5, 200 mM NaCl, 20 mM Mg8CImM

KCI) in 100l. A simultaneous reaction was set up as above irflE & LA {1 SR PEK mMdyo

GTP/GDP to monitor reaction progre$®eactions were halted via passage throughkba cutoff
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microcentrifugal filter at 17,008 g for 10 mins, and reaction products weseparatedusingTLC with

a 1.5 M KEPQ running buffer at pH 3.6ILC plates were allowed to dry, before exposurthéeolP for

at least 5 mins and subsequent visualisation using a Typhoon FLA7000 Phosphorimager (GE
Healthcare). Percentage conversion from reactants to products was calculated via pixel densitometry
within the ImageQuant software (GE Healthcarédllowirg confirmation of above 85% product
purity, the largescale cold reaction was taken as complete and halted as above before aliquoting and

storage at20°C.

2.7 Differential Radial Capillary ActiohLigand Assays

Differential Radial Capillary #an of Ligand Assays (DRaCARMelofset al., 2011)were carried out

by incubating purified reombinant protein with 1.83 nMr[*2PHabelled nucleotide in GTP Binding
Buffer (40 mM TrigdCl pH 7.5, 100 mM NaCl, 10 mM MpQorks analyses, doubling dilutions of
protein from an initial concentratin of 100>M was used. For fixed point binding assays>W
protein was used. Dimg RNAbinding assays, 8M recombinant protein was incubated with G=M
[*P}FRNA and 100>M cold GTP, GMPPNP, GDP, ppGpp or pppGpp in GTP binding Fuffer.
competitionassays, the reaction mixture was supplemented with 280cold, unlabelled compébr
nucleotide. Following mixing, samples were incubated at RT for 5 mins before the spottingldh2.5
duplicate on nitrocellulose membrane. Spots were allowed to dry before exposure to the IP for at least
5 mins. Membranes were visualised using afiggn FLA7000 Phosphorimager (GE Healthcare), and
the inner and outer spot intensity was calculated yixel densitometry using the ImageQuant
software (GE Healthcare). Quantification of the fraction bound was calculated using Equation 1, with
the fractionof nucleotide boundHg), the area of the spot) and the intensity of the spot)(Roelofs

et al, 2011) The dissociation constarkp) and the maximum ligand occupay (Bnay vValues were

calculated using the GraphPad Prism 8.0 software.

L _ < _<Fm g
B=«: «fu: - g»
l:« <fn

Equationl: ol

2.8 NTPase assays

Either 2.5>M recombinant protein and 2.5M S.aureus70S ribosomesor 100 nM recombinant
protein and 10hM S.aureus70S ribosomegas specified in the figure legends) were incubated with

M >cald GTPor ATPand spikedl.83nM [h-*P|-GTPor ["-*’F-ATP in GTP Binding Buffer (40 mM
TrisHCI pH 5, 100 mM NacCl (replaced with 100 mM KCI when using Rbg&M1BIgC}) at 37C

for up to 1hr as indicated in the figure legends. Where specified, cold (p)ppGpp was added to a final
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concentration of 106-M was added. All reactions were also carried ouhie absence of enzymes to

monitor spontaneous hydrolysis die the heat lability of (p)ppGpp. Reactions were heat inactivated

for 5 mins at 98C to denature proteins and release bound nucleotides, and precipitated proteins were
pelleted via centrifugatinat 17,000x g for 10 mins. Reaction products were sepacusing TLC and

a running buffer of 0.75 M KRQ at pH 3.6 for GTPase assays, or 0.5 M LiCl and 1 M formic acid for
ATPase assays, and exposed to the IP for at least 5 mins. TLC plates were visualised using a Typhoon
FLA7000 Phosphorimager (GE Healthcaaad the percentage hydrolysis was calculatea pikel

densitometry using the ImageQuant software (GE Healthcare).

2.9 In vitroribosome association assays

2.9.1 Association of mCherry fusion proteins to the ribosomal subunits

In a final volume of 158, 3>M mCherryEra or mCherpHflX wasnixedwith 2>M purifiedS. aureus
ribosomes and 36M GTP or ppGpp in Ribosome Dissociation Bu#fem¢M Tris pH 7.5, 120 mM
bln/fX mdp Ya anBrtapteethanyg &d imcubated at RT for 5 mifesample was
applied to an ice cold continuod$-40% sucrose gradient made up in Ribosome Dissociation Buffer,
and the 30S and 50S subunits were separated at 112x@Pfor 16 hrs at 4°C. Gradients were split

into 250>| fractions via upwards disptement, and each fraction was assayed for RNA content using
Aoso, and for the presence of mCherry fusion proteins using fluorescence detection following excitation
at 590 nm and detection at 620 nm, gated d06nm using a lorpass filte using a SpectraMax M2

96-well plate reader (Molecular Devices).

2.9.2 Detection of ribosome association usiwesternblotting

2.9.2.1In vitroribosome association assays
Recombinant HigaggedRAGTPasat a final concentration of 0.5M was incubated with 0.2M 70S
ribosomes fromS. aureusn Ribosome Dissociation Buff@0(mM Tris pH 7.5, 120 mM NHA4CI, 1.5
Ya ad/ fH |-gidkcaptoethaad) for 5 mins at RT eithén the apo form or in the presence
of 40>M guanine nucleotide, namely GTP, GMPPNP, GDP, ppGpp or pppGpp. The resulking 150
reaction mixture was layered onto an ice cold continuous4@® sucrose gradient made up in
Ribosome Bisociation Buffer, and sject to ultracentrifugation at 111,008 g for 16 hrs at 4C in
order to achieve complete isopycnic separation of the 30S and 50S subunits. Gradients were
fractionated by upwards displacement into 25Daliquots, and theoso Was take to calculate total
RNA content of each fraction. Fractions containing 30S and 50S subunits were pooled separately, and

then the proteins were precipitated through the addition of 10% (v/v) trichloroacetic acid (TCA)
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followed by a incubation on ice for Brs. Samples were then centrifuged for 10 mins at 17 00

and washed twice with an equal volume of ice cold acetone, and protein pellets were drietCat 37
Pellets were resuspended in 502X SD®AGE Loading Buffer (62rBM TrisHCI pH 6.8, 2% (w/v)
SDS, 5% (v/V}ymercaptoethanol, 10% (v/v) glycerol, 0.01% (w/v) bromophenol blue) and separated
using SDPAGE, followed byesternblotting as described in Section 2.3.4.

2.9.2.2In vivoribosome association assays
Saturated overnight cultures &. aureusvere diluted 1:100 into fresh TSB containing the appropriate
antibiotics and 100 ng/ml Atet, and were grown at@#vith shaking until ahse of 0.6 was reached.
Cultures wereghen split into 3 identical cultws, and were either left uninduced or were induced with
0.05>g/ml or 60>g/ml mupirocin at 37C for 30 mins. After growth and induction, cultures were
treated with 100>g/ml chloramphenicol and incubated a7°C for 3 mins before slowly cooling to 4°C
to produce runoff ribosomes free of MRNA. Cells were harvegté@80x g for 10 mins, and washed
and resuspended to afsoo0f 35in Ribosome Dissociation Buff@QmM Tris pH 7.5, 120 mM NHA4CI,
1.5 mM MgCI2 and 2 mNM-mercaptoethang). Lysis was carried out via the addition of 8gml
lysostaphin and 75 ngil DNase |, and a 60 min incubation at@/followed by clarification at 17,000
x g for 10mins and separation of the 30S and 50S subunits as panthiero method. 30Sand 508
containing were pooled and normalised to aps®of 0.65 and 0.85 respéeely to ensure equal
loading in terms of ribosome content, and were precipitated and concentrated using TCA as per the
in vitro method. Protein content was res@d using SDBAGE and quantified weesternblotting as

per Section 2.3.4.

2.10 Andysis of faskinetics using stoppeflow fluorometry

2.10.1 Fluorescent labelling of proteins using Attc#4&deimide

200 >M recombinant protein in Storage Buffer was mixed with 5 mM dithiothreitol (DTT) and
incubated for 1 hr at RT in order to reducegat cysteine residues, before removal of DTT via passage

through a PELO Sephade®-25 M Buffer Exchange Column (GE HealthdS 0 | & LISNJ 6 KS YI y
instructions. These columns were used to transfer the protein into Maleimide Labelling BoffaiM

HEPES pH 7.1, 200 mM KCI, 120Tu(2 carboxyethyl)phosphin@ CER 5% glycergl The flow

through was analysed vi@so using the extinction coefficients defined in Section 2.3.2 for protein

content, and 50>M of reduced protein was incubated with 1601 Atto488maleimide (ATTQEC)

overnight at4°C, protected from light and with consistent rotation. Theacgon was terminated

through addition of 6 mM -mercaptoethanoland the mixture was applied to a 1 misHirap HP Ki

column (GE Healthcare) before washing with Purification Buff&0AnM Tris pH 7.5, 200 mM NacCl,

71



5% glycerol10 mM imidazole)and elutbn using a gradient of Purification Buffe(® mM Tris pH
7.5, 200 mM NacCl, 5% glycerol, 500 mM imidie)z followed by extensive dialysis to remove
AYARIT2tS®d ¢KS RSINBS 2F tlroSttAy3a sl & O f OdA I i

Asoo: Acso correction factor of 0.05.

2.10.2 Stoppedlow monitoring of ribosome association

Initially, 200 M Atto488labelled RbgA or HflX were mixed rapidly wab0 nM 50S ribosomal
subunitsfrom E. colin TAKM7 buffe(25 mM TrisHCI pH 7.4, 70 midimmonium acetate, 30 mM KCI
and 7 mM MgQ) using an SX20 stoppédldw apparatus (Applied Photophysic3his vas carried out
both in the presence and absence of GTP, GDP, ppGpp and pf@gsamples each containing a
2X concentration of one of the twanajor interacting partners were rapidly mixed at°g5 Atto488
was excited using Eght emitting diode (LEC3t 470 nmand fluorescence was monitored through a
515 nm longpass filter for 10seconds using logarithmic sampling over 1000 datapoints. Each

condition was subject to at least 5 technical repeats, which were averaged to yield the final trace.

When titrating, 0.075M RbgAAtto488 or 0.05>M HflXAtto488 were mixed with 15M and 10>M

GTP, ppGpp or pppGp TAKM7 just prior to ugge.E. colb0S subunits were used in excess relative
to the fluorescently labelled proteins, with concentrations between 0.8Kband 0.6>M used as
specified in the figure legends. Similarthe protein reactants, the 50S subunits were preincubated
with nucleotides to prevent any rapid changes in nucleotide concentration following mixing. Samples
at 2X concentration were loaded separately into the SX20 apparatus, and equal volumds b0
each reactant was rapidly mixed at°€5 Atto488 was excited ing) a 470 nm LED and fluorescence
was monitored through a 515 nm lofass filter using logarithmic sampling for 10 seconds, over 1000
datapoints per reaction. The resulting traces were fitteihg a double exponential function (Equation

2), with amplituat of fluorescence at time (P, initial amplitude of fluorescencd=j, the change in
fluorescence of thdirst exponentiaphase(As), the apparent rate of the first exponentidt. =), thee
change in fluorescence of theecondexponential phase (A2), the apparent rate of the second
exponential Kapp2) and time {). Each trace was fitted individually, and averages were taken of at least
five technical replicates. If necessary, a linear teraswcluded Kapp3). The fluorescence amplitude
was normalisedo the mean average of the initial 10 fluorescence measurements. The microscopic
rate constantski, ki, k. and k. (Equation 3) were calculated by plotting the sum and the product of
the appaent rateskapp: and kapp2 for each titration and analysing threrelationshipthrough linear
regression. Takingas thecurve resulting frontinear regression of the sum &fyp1 andkapp2andb as

the curve resulting frominear regression of the produdf Kapp: and kappz, Equation 4, Equation 5,
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Equation 6 and Egtion 7 apply to enable calculation of the microscopic constants.Kploé each

interaction can then be estimated using Equation 8.

Equation2: « =

Equation3:

Equation4:

Equation5:

Equation6:

Equation?:

Equations: Ly _EB | - <m¥
quat " FEE T <

2.10.3 FRET using B3

Briefly,0.2>M IF3 dualabelled (IF3) with the Forster Resonance Energy Transfer (FRET) pair Atto488
and Atto540Q was either preincubated or rapidly mixed withXMLE. coli30S ribosomal subunits

and 0.2>M recombinant, unlabelled Era, along with:2@ GTP using the SX20 apparatus as desdr
above.Equal volume$60 >l) of each reactant was rapidly mixed, and the change in fluorescence was
monitored ushg an excitatiorLEDat 470 nm and a lorrgass emission filter at 515 nm. Logarithmic

sampling was carried out over 10 seconds, with 1000 total datapoints.

2.11 Ribosome profiles fror8. aureusell extracts

Crude isolations of. aureusibosomes were btained as describegreviously(Uickeret al., 2006)
with some modificationss defined hereBriefly, 100 ml cultures &. aureusvere grown tomid-
exponential phase, with aAsq of 0.4 in TSB supplemented with the appropriate antibiotic and 100

ng/ml Atet. 100>g/ml chlomamphenicol was added, and following a 3 min incubation cultures were
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slowly cooled to 2Cin orderto produce runoff ribosomes free of mRNA. Cells were harvested via
centrifugation at 6,00 g for 10 mins, and pelleted cells weneashed and resuspendéd Ribosome
Association Buffer (20 mM T+#4$Cl pH 7.5, 8 mM MgCBO mM NHCI, 2 mM -mercaptoethanol),
normalised to ameoo Of 15, andlysedusing0.5>g/ml lysostaphin and 75 ng/ml DNase | atG7Tor 60
mins. Cell debris was m®ved via centrifugation at 17,008 g for 10 mins, and 25C| of the
supernatant was applied to an ice -B0% discontinuous sucrose gradient made up in Ribosome
Association Buffer. Followinghts of ultracentrifugationat 192,100x g, gradients wee fractionated

into 250>| aliquots by upwards displacement and analysed for RNA content Aging

2.12 Synthesis offfP}Habelled RNA

Prior to any work concerning RNA, all surfaces and equipmentheeasughly treated with RNaseZAP
(Sigma) to remove residual RNase. Filter pipette tips were also used, along with-fRidasater

where possible. #M of the 12ribonucleotide RNA oligo AUCACCUCCUUU (IDT) was incubated with
10 units of T$olynucleotide kinase (PNK) (NEB) in 1X PNKri{dfteB), 10 mM DTT, and 1.4 MBq |
32PLATP for 30 mins at 3€. Any excessf2PFATP was removed using NucAway columns (Invitrogen)
Fa LISNI GKS YI ydzFl OG dzNENR& Ay & wasHdrdliisédusing DLC Oty |
a 0.5M LiCl, 1 M fanic acid running buffer such that the radiolabelled RNA would remain in the well
and the free {-*2P}ATP would migrate up the gel for quantification. High quaf#§{RNA was snap
frozen in a dry ice/ethnol bath and stored aR0°C, ideally for use #ier immediately or within a few

days to avoid degradation.

2.13 Crystallisation of RsgA

Purified, recombinant RsgA consisted of 311 amino acid residues, of which 291 were attributed to
RsgA and 20MGSSHHHHHSSGLVPRGSHre attributed to the Nerminal hexahistidine tag.
Purification was carried out as described in Section 2.3.2, with dialysis being carried out post
purification into Crystallisation Buffer (25 mM FHEI pH 7.5, 200 mM NacCl), and concatidn to

30 mg/ml. Crystallisation screening wearried out using the sitting drop vapour diffusion method,
with each droplet consisting of 200 nl protein solution and 200 nl screening buffer from the adjacent
well of 50>| volume. The commercial screeasiployed were the PAQFemieranion/cation scren
(Newmanet al., 2005) the ProPlex targeted sparse matsoreen(Radae\et al, 2006)andthe JCSG+
optimised polyethylene glycol (PEG) sparse matrix sc(@&aPherson, 2001; Pags al, 2003)
Figures were preared in Coo{Emsley and Caan, 2004; Emslegt a., 2010)or PYWOL(The PyMOL
Molecular Graphics System, Version 2.0 Schrodinge), LLC
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2.13.1 Crystallisation of RsghGpp
The concentrated 30 mg/ml RsgA solution was supplemented with 2 mM: g2 mM ppGpp,

giving a final RsgA molar concentoat of 973>M. Successful redhaped crystal formation was
observed when this sample was mixed 1:1 with screening solution contdtiniyl sodium citrate
tribasic dihydrate, 0.1 M BiEris propane pH 6.5 and 20% (w/v) PEG 3BFCTpremiercondition
F11)and incubated at 17T for approxiately 2 weeks. The crystals were transferred using a loop to
a cryoprotectant solution consisting of the mother liquor supplemented with 15% ethylene glycol (EG),
before flash cooling in liquid-NCrystals were shippechder liquid N to the Diamond LighSource
national synchrotron facility beamline i04, andray diffraction data was collected from a single
crystal using a wavelength of 0.97949 A. The ppBpmd crystals diffracted to 1.94 Aand the
diffraction pattans were processed initially usirtge Xia2 pipeling(Winter, 2010) The crystals
belonged to the space group 222;, and contained one RsgA monomer per asymmetric unit. For
crystallographic data and statiiss see Chapter 5. The structucé RsgAppGpp was solved via
molecular replacement, using the previously solved YloQ homologue Bosubtilis(PDB: 1T9H)
(Levdikowet al,, 2004)as a template model. Density dt residues 182200 was lacking, and as such
were not included in the model. Molecular replacement was carried out using Phaser from within the
CCP4+ suitéMcCoyet al,, 2007; Wim et al,, 2011) and iterative rounds of manual modelling and
refinement was carried out using COOT and Refi#arshudovet al, 1997) The final model was
validated using MolProbitgWilliamset al,, 2018)and sumitted to the Protein Data Bank in Europe
(PDBe) under the accession code 6ZHL.

2.13.2 Crystallisation of apo RsgA

Apo RsgA was successfully crystallised upon mixing of the RsgA stock solution dilutedkbif73
Crystallisation Buffer 1:1 with screegibuffer ®lution containing 0.15 M (N§SQ, 0.1 M MES pH 6

and 15% (w/v) PEG 4000, corresponding to ProPlex condition B10, and subsequent incubafion at 17
A single rod shaped crystal formed after a few weeks, and was treated as described abanystdiis
diffracted to a resolution of 2.01 A, and was initially processed using the Xia2 pipeline, revealing a
space group of P12 with two RsgA monomers in the asymmetric unit, displaying no rotational
symmetry. The crystal structure was solved by mdictepla@ment using the RsgpGpp model

as a template, following removal of all ligands to leave only the main chain residues. Chain A was
missing density relating to residues 1800, and Chain B was missing density relating to residues 179
200, and sahese regdues were omitted from the final model. Iterative rounds of modelling and
refinement were carried out as above, and post validation this model was uploaded to the PDBe

servers under the accession code 6ZJO.
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2.13.3 Crystallisation of Rsg2DP

The rodshgped RsgAGDP crystals were successfully obtained when mixingRag#\ (as per solving

the apo RsgA structure) 1:1 with screening buffer contaifi2gM sodium citrate tribasic dihydrate,

0.1 M BisTris propane pH 6.5 and 20% (w/v) PEG 382 Tpremiercondition F11) and incubated

at 17°C for approximately 2 weeks. Note that this is the same condition under which thepR&pp

was obtained following supplementation of the RsgA stock solution with 2 mM ppGpp. Crystal
processing was carried ous above, ad it was found that the crystals diffracted to 2.15 A, belonged

to the P22,2, space group and contained one monomer in the asymmetric unit. The structure was
solved using the Rseg#pGpp model as a template following removal of all ligands, itardtive
rounds of modelling and refinement were carried out as above. Residue2BWere omitted due

to lack of electron density. Post validation, this model was uploaded to the PDBe servers under the

accession code 6ZHM.

2.14 CD spectroscopy

Recombinant pratin was purified as per Secti@r3.2 anddialysed into circular dichroism (CD) Buffer

(50 mM sodium phosphate pH 7.4, 100 mM NaCl) and was dilutedM1ds calculated by th8oso.

A U\clear quartz cuviee was used throughout, with a tinm path length. The CD spectra were
measured using a J810 Spectropolarimeter (Jasco) flushed with inert, gaseous nitrogen for 20 mins
prior to use. Spectra were taken between 190 nm and 250 nm with a sampling intervalrohGnd

a scanning speed of 2@m/min. Each sample was subjected to 5 technically independent

measurements, from which the mean values were taken and used for comparison.

2.15ELISA

Doubling dilutions of purifie®. aureuss0S or 50S ribosomes werergad out vertically in 9éwvell
microplate (ThermoFisher) format, with final volume being 20th TAKM7% mM TrisHCI pH 7.4,

70 mM ammonium acetate, 30 mM KCl and 7 mM M)g@1 the case of Era, 30S subunits were used
from an initial concentration 0200>M. These dilutions were lefitatic at £C for 16 Insin order to

coat the wells. The plates were then washed three times using @B$1M phosphate buffer pH 7.4,
137 mM NaCl, 2.7 mM KCI, 0.1% Tweea2@) blocked using 5% (w/v) BSA made up in RB&ZThrs

at RT to prevent nonspdic interactions. Following blocking, 1600f 500 nM Higagged protein
made up in TAKM7 plus 5% (w/v) BSA were added to each well and incubated statically atiRT for 1
Wells were washed three times as above and 2D6f antiHis HRP conjugated antibodies (Sigma),
diluted 1:10,000 in TAKM7ys 5% (w/v) BSA was added, and incubated at RT Hor Wells were
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washed three times as above and developed using4®) 3, 5, 5-tetramethylbenzidine for up to
10 minsuntil colour develops, protected from light. Development was stopped and fixedigh the
addition of 0.67 M final concentration.HQ, and association of the incident protein to ribosomal
subunits was quantified through measuring tAgo in a Sense 42801 microplate reader (Hidex).
Control lanes were set up for ela protein tested, either lacking ribosomal subunits or incident protein

to check for any croseactivity.

2.16 Methionine uptake assays

Overnight cultures of. aureusvere grown overnight in TSB supplemented with the appropriate
antibiotics, then dilted to anAsoo 0f 0.1 in 10 ml fresh TSB with antibiotics and 100 ng/ml Atet.
Samples of 1 ml were taken from each culture 5 mins post dilufiess € 0.1), and when théeoo Of

the culture reached 0.5. Mupirocin and Chloramphenicol controls wesiatluded, using wilttd/pe

S. aureusultures exposed to eitheB0 pug/ml mupirocin or 30 pg/ml chloramphenicol, and aliquots
were takensimultaneouslyvith the wildtype sampesas these antibiotics prevented growth. Samples
were normalised tdso00f 0.5, and incubated with 3Ci**Smethionine at RT for 10 mins, then chased

with 0.5 mg/ml cold methionine at room temperature for 10 mins. Cells were then washed three times
with 70% ethanol, with pellet in between washes carried out at 17,8@Dfor 1 min. Following
washing, cells were resuspended in2FJ0% ethanol and spotted onto Whatmann paper. Spots were
allowed to air dry, then were exposed to the IP fohit$ before visualisation using a LA 7000 Typhoon
Phosphorimager (GE Healthcare), and thsulting signal strength was quantified using Image®u

(GE Healthcare). Samples were corrected for immediate (and variable) background signal through
adaptation of the DRaCALA equation (Equation 9) to calculate the signal intensity due to background
by extrapolating the immediate background around eachtsfiRoelofset al., 2011) with signal
intensity (1) and area of sartipg (A).

H . . —_ I=<” < h' - >
Equation9: b gl o= 2%' o

2.17 Statistical analyses

All statistical analyses were performed using Graphpad Prism 8.0 software. Statistical differences
betweend I YL S& 6SNB | &S aa Stests drzoheway miseleffectSandlygisiodzR Sy i Q

G NRAF YOS 6! bh+x! 0 F2tf26SR PRvaluesalelreprésaried dsdaflovsy LI S O
or as described in the figure legendsp* 0.05; **,p < 0.01 ***, p<0.001; **** p< 0.0001.
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2.18 Drawing antendering of molecular graphics

All molecular graphics werdrawn by the author using PyMOOlfe PyMOL Molecular Graphics
System, Version 2.0 Schrédinger,)Mid@ available PDB eries as defined in #afigure legendbeing

used All £hematics were produced using Adobe lllustrator.
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Chapter 3; Biochemical characterisation of staphylococcal RA
GTPases

3.1 Introduction

It is widely accepted that during periods of exponential grawihth high nutrientand energy
availability, that the rate of protein synthesis is the chief determinant of growth rate for bacteria
(Bosdrieszt al,, 2015; Daet al,, 2016) with the number of ribosomes per amount of total protein
being directly proportional to growth rat€Denniset al, 2004) During rapid growth, actively
translating ribosomes can account for between 28% and 49% of the dry mask.of@licell (Bremer

and Dennis, 2008; Het al, 2020; Piiret al, 2011) de novosynthesis and maintenance of which
represents asubstantial energetic cost to the cell. In order to maximise efficiency of ribosome
synthesis, key stages are preside@olry checkpoint proteins to ensure the correct maturation state
has been reached prior to continuation of assem(Biitton, 2009; Karbstein, 2007; Verstraettral,,
2011) The majority of these proteins are GiERs within the TRAFAC fan{iBennisoret al., 2019)

and can have several key roles within the cell, though to include acting as scaffold proteins to enable
associatn of processing factors to the ribosomal subufitercruysset al., 2016; Woodkt al., 2019)
direct remodelling of rRNA into a mature conformatiideyet al., 2018) or sterically hindering

premature rprotein association or 30S and 50S joinjRgnget al., 2014)

Due to the requirement of high levels of both ATP and GTP during active proteintianm@fuet al.,
2020) it is crucial for the cell to correctly relgte this process in response to cigging growth
conditions.In sity bacterial cells are rarely exposed to consistent high nutrient levels, and instead
progress through repeat fea$amine cycles which enable proliferation when possible, and survival
when nutrients are low(Sebastiaret al, 2019) The primary bactéal response to low nutrient
availahlity is known as the stringent responflevinget al., 2020) and is characterised by production
of two alarmone nucleotides collectively referred to as (p)pp@auryliuket al,, 2015; Hobbs and
Boraston, 2019; Potrykus, 2008; Steinchen and Banges)20kiere are several routes by which the
stringent response can regulate translatjasf which inhibition of translation faots such as IF2, EF
Tu and Ef (ChengGuang and Gualerzi, 2020; Mitkeviehal, 2010)and downregulation of rRNA
and rprotein synthesis are the most walhderstood(Krasny and Gourse, 2004; Kritl al., 2012)
Recently, however, (p)ppGpp has beenrid to bind to and inhibit the GTPase activity of four RA
GTPases iB. aureusnamely RsgA, RbgA, Era and t@k¢rigaret al,, 2016) each of which are known

as ribosomeassembly factors. Inhibition of these proteins negatively impacts the assembly of 70S
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ribosomes, thus reducing the translational capacity of the cell, although the preciskamiem by

which this occurs is unknown.

In order to commence investigation intbe role of these proteins as ribosome assembly factors and
stringent response effectors, we first needed to perform a full biochemical characterisation of each.
In this chpter, we purify recombinanf. aureuRsgA, RbgA, Era and HflX and perform bioatedm
evaluation of the nucleotide binding affinity and enzymatic activity of each, establishing that the
mechanism of inhibition by (p)ppGpp is competitive and specificgatteer, this work was carried

out with the intention of providing a general undémading of the activity and mechanism of action

of these proteins, knowledge that can be applied to more nuanced study downstream.

3.2 Purification of 6xHiagged RASTPass

In order to carry outn vitro experiments to determine the binding affinity and enzymatic activity of
RsgA, RbgA, Era and HflX, we first had to obtain highly pure, functional protein. Previously in our lab,
these RAGTPases had been purified using atefinal Hismaltose binding prtein (MBP) tag
(Corrigaret al,, 2016)to enable purification via IMAC, as well as to enhance solubility via by the MBP
(Kapust and Wagh, 1999) However, one of themajor aims of this project was to carry out
crystallographic studies to examine the structural consequences of (p)ppGpp binding (Chapter 5), and
as such the protein used should be modified as little as possible, as laygecda hinder crystal
packing oiintroduce conformational artifacts. Already present in the laboratory strain collection were

E. coliprotein expression strains containing pETEMGTPas@lasmids, which encodes the protein

of interest fused to an NMerminal hexahistidine (6xHis) tag, under the control of a T7 promoter. The
expression strain used was the commercially available BL21 (DES)calistrain which houses the

DES3 phage, whichm turn encodes the phagkeorne T7 polymerase behind a tightigguated IPTG
inducible promoter. The presence of thetBfminal 6xHis tag enables IMAC to be used to selectively

purify the protein of interest using a column containing Nigk&lAagarose esin.

3.2.1 Smalscale overexpression trials of the four&RAPase

The first step to carrying out a purification was to optimise expression of the protein of interest.
Standard procedure when using BL21 (DE3) cells is to induce with 1 mM IPTG, astdasisitial
smallscale induction was performed using these coiaai$ (Figure 3.2.1a). Overnight cultures of the
expression strains were back diluted into two fresh 5 ml cultures containing kanamycin to maintain
the pET28b plasmid, and grown at’@0untl an Aseo 0f 0.5 was reached. At this point, cultures were

either induced with 1 mM IPTG or left uninduced as controls, and then incubated for a furtirer 3
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at 30°C. Thehsso Wwas measured poshduction, and cultures normalised to be loaded onto2DS

PAGE gel to analyse protein content. The expected moleculghtgedof RsgA, RbgA, Era and HflX
including the Nterminal 20 residue tag were 36053.77 Da, 35702.19 Da, 36505.03 Da and 49499.07
Da respectively. Overexpression of RbgA, Era and HflXbhsasved following the 3ir exponential

phase induction using 1 mMT® (Figure 3.2.1a), however RsgA was lacking any clear band present in
the induced lysate compared to the uninduced. This could be due to several factors, including
potential product toxidy. To reduce the burden of inducing potentially toxic RsgA dexpgnential

phase growth, we opted to trial a stationary phase induction (Figure 3.2.1b), during which saturated
overnight cultures of BL21 (DE3) pET28PAwere directly induced with beteen 0.4 mM and 1.0

mM IPTG and incubated fort8s or 24hrs at 30C before normalisation and analysis via $ID&E.
Contrary to the exponential phase induction, overexpression bands of the expected size were
observed in all conditions tested (Figure 2. More intense overexpression occurred at 0.4 mM
IPTG, which deensed as the concentration of inducer increased, lending weight to the product
toxicity hypothesis. However, the reason for this potential toxicity is currently unknown. Overall, we
have established overexpression conditions for each of the fou@IRasemamely a éir stationary

phase induction using 0.4 mM IPTG for RsgA, amwde8ponential phase inductions using 1 mM IPTG
for RbgA, Era and HflX, and can now proceed to large scafieation.
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Figure 3.2.1: Smalcale protein overexpression trialfor RsgA, RbgA, Era and Hf8j. Exponential phase
overexpression trials of RsgA (lanes 4 and 5), RbgA (lanes 6 and 7), Era (lanes 8 and 9) and HflX (lanes 10 and 11).
Overnight culturesvere backdiluted to amsoo of 0.05, and grown to migxponental phase before induction

using 1 mM IPTG and incubation fohi3 at 30C. Cells were harvested and normalised toAsgof 1.0 in 100

ul of SDPAGE loading buffer, and run on a 12%-BBGE gel. Empty vector controls were included for
comparison(lanes 2 and 3). Bands concerning the proteins of interest are highlighted with a red asterix. b)
Stationary phase overexpression trials of Rsgéturated cultures were split and induced with either 0.4 mM

(lanes 24), 0.5 mM (lanes &), 0.75 mM (lanes-80) or 1 mM (lanes %13) IPTG for either Br 24 hrs as

indicated. In each case, an empty vector control induced with the same concentrdtit?ir@ for ehrs is
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included for comparison (labelled E.V.). SIX&E gels were stained using Coomassie Brilias as described
in the methods section. The band size concerning RsgA is highlighted.

3.2.2 Large scale protein purifications using IMAC

Toachieve a good yield of protein following IMAC, purification trials were carried out using culture
volumes of me litre, mimicking the conditions decided upon following small scale expression trials.
The Higagged proteins of interest were isolated froonude cell lysates using an AKTA prime liquid
chromatography system programmed to carry out a gradient elutigriqeol. Fractions containing
protein (Figure 3.2.2a, b) were collected and pooled, before thoroughly dialysed to remove excess
imidazole, as mlonged incubation of protein with high concentrations of imidazole can act to
destabilise and reduce both theolsibility and activity of the protein(Hamilton et al., 2003.
Concentration of the protein of interest was then carried out using membrane ultrafiltration, final
concentration was measured using thedas specitd in the methods section, and serial dilutions of

the protein were run on SBBAGE and subject to band densitometry as a measure of purity (Figure
3.2.2c). Typically, a purity of a least 95% is requirethfeitro protein experimentation, howver our

preps were frequently above 99% pure. Furthermore, th&: Acsoratio of the protein was measured,

as each of the four RGTPases being purified are wadicumented RNAinding proteins
(Verstraetenet al, 2011) so it was crucial to ensure a low level of RNA contantinadue toco-
purification. An AscAcso ratio of 0.8 or below typically indicates <5% RNA contamination, and this
was used as the upper limit of an acceptable preparaifdfood et al., 2019) To reduce this
contamination, lysates were treated with RNase prior to the putificastep as specified in the
methods section. Figures referred to during this section are taken from the same purification of RbgA,

and are representative of the process employed for each protein purified.
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Figure 3.2.2: Stepwise example of a typidMAC puification. a) Chromatogram of an RbgA purification
protocol, indicating the proportional representation of imidazalentaining buffer B (blue trace) and the UV
signal of the elution volume (red trace). Note two major peaks in UV signal, atdhoghearound 15062400
seconds, indicating the cell lysate passing through the column, and a doublet following 3000 seconds, indicating
elution of bound proteins due to the increasing imidazole concentration. b}FUEE showing the fractions
obtained fran the purfication shown in (a). Fractions containing a high proportion of RbgA to contaminating
proteins were pooled together for dialysis and purification. ¢)-BBSE of serial dilutions (indicated) of the neat
protein prep following dialysis and condeation asa measure of purity. SEFSAGES in (b) and (c) were stained

with Coomassie Brilliant Blue as detailed in the methods section.

3.3 The ability of RsgA, RbgA, Era and HflX to bind guanine nucleotides
3.3.1 Binding curves of the f&A Pases

During apid celllar growth, GTP is the predominant guanine nucleotide within the cell, with
concentrations rising to between 2QM and 500 pM(Traut, 1994) Despite this, many eukaryotic
GTPases have evolved tave relatively high affinities for GTP in the ma@homolar range
(Verstraetenet al, 2011) requiring the use of GTPase activating factors (GAPs) and guanine
nucleotide exchange facte (GEFs) to progress through the GTPase cycle from thé&dehe ON

state to the GDi®ound OFFstate, and back again. Conversely, these GAPs and GEFs are rare in
prokaryotes, where GTPases have evolved relatively low nucleotide affinitieywtiues aound

the physiological GTP concentrations during exponential gr¢Meinstraeteret al, 2011) This allows
GTPases tdrfe-tune their nucleotide binding preferences reliant on the cellular energy level, and as
such adapt the processes they control, for example translation, b the current energetic
environment. It has been previously reported, however, that ribosomseimbly factors have
relatively high nucleotide affinitie@€orrigaret al., 2016; Fischeet al.,, 2012; Shimamoto and Inouye,
1996) although these data are lacking in regard to the affinity of theGRRases for [P¢ despite

the essentiality ® GDP exchange for GTP during the GTPase cycle. Therefore, we set out to fully

characterise the binding affinities of the four f&A Pases to the four major guanine nucleotides within
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bacterial cells which may play a role metGTPase cycle of ribosome exably factors: GTP, GDP,
ppGpp and pppGpp. To this end, we utilised the DRaCiRo&dofset al, 2011)to generate binding
curves (Figure 3.3.1d). Doubling dilutions of each recombinant protein, starting at a concentration
of 100 uM, were incubated with a constant concentrationraéliolatelled nucleotide for Smins

before spotting onto a nitrocellulose membranQuantification of binding can be achieved by
calculating the ratio of labelled ligand bound to protein, which remains sequestered at the point of
contact, compared to the unboundyand which flow outwards duetcapillary action (see methods
section). Resulting binding curves can be fitted with a single exponential function, accounting for an
undetermined level of background signal, which enables derivation of binding parameédie (T
3.3.1), namely th&s and Bhax

Overall, the calculated binding affinities were all within the low micromolar range in agreement with
what has been previously observé@orriganet al., 2016; Shimamoto and Inge, 1996) with the
exception of HflX binding to GTP and pppGpp, neither of which generated defigaldkiesunder

the conditions used (Table 3.3.1). Each of the four proteins tested exhibited a greater affiritg for
5-diphosphate containing nuoiktides GDP and ppGpp, with both RbgA and Era bin8ing
triphosphate containing nucleotides GTP and pppGpp aroufmld3less tightly than the GDP or
ppGpp. The fitting of a single exponential function for the nucledideling curves here is indicative

of a single binding site, and in all cases the Hill coefficient was between 0.91 and 1.15, together

suggesting the presence of a single nucleotide binding site.
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Figure 3.3.1: Nucleotide binding curves of RsghgA, Era and HflRoubling dilutions ofecombinanta) RsgA,

b) RbgA, c¢) Era and d) HflX from an initial concentration obM@vere incubated withd A 1 K M &R} ya b
labelled GTP, GDP, ppGpp or pppGpp. Following incubation at room temperaturamios,5samples were

spotted onto a nitrocellulose membrane and exposed to a photostimulable phosphor screen and visualised using
aphosphorimager. Pixel densitometry was carried out as specified in the methods section. Resulting curves were
fitted using theOne Site Specific Binding model on the Graphpad Prism 8.0 software, amended to include a

background signal. Experiments were foemed in triplicate, with error bars representing the standard
deviation between replicates.
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Table 3.3.1Bindingparameters of guanine nucleotides to recombinant RsgA, RbgA, Era and HflX

Ka (UM) Bmax (% bound)
RsgA GTP 3.56+041 0.77 £ 0.02
GDP 1.83+0.16 0.92 +0.02
ppGpp 2.17+0.20 0.85+0.02
pPPGPP 10.06 + 2.16 0.43+0.03
RbgA GTP 18.48 £ 5.35 0.40+0.04
GDP 6.07 £1.05 0.52 +0.02
ppGpp 2.86 +0.40 0.56 + 0.02
PPPGPP 13.76 + 4.04 0.41 +0.03
Era GTP 1150+ 1.61 0.34+0.@
GDP 4,94 +0.72 0.54 +0.02
ppGpp 4.21+0.55 0.42 +0.01
pPPGPP 13.87 +4.71 0.20 + 0.02
HfIX GTP ND 0.65+0.03
GDP 4,92 +0.70 0.68 + 0.02
ppGpp 3.37+£0.44 0.62 + 0.02
pppGpp ND 0.48 £ 0.02

ND = Not Determined

3.3.2 Competition bindingssays

There are two accepted modes of liganbdiated protein inhibition, competitive and nen
competitive (Ramsay and Tipton, 201ompetitive inhibitors directly compete with the intended
substrate by bindindo the same site, often with a higher affinity than the substrate, preventing
intended enzyme function. Noncompetitive inhibitors bind at a distal site on the enzyme, allaijeric
preventing function in a substra@dependent manner. The stringent resgse alarmones (p)ppGpp
are known to interact with target proteins in both a competitive and allosteric fashion. Structural
studies into (p)ppGpp binding to the colDNA primae andS. aureufkbgA have shown competitive
modes of inhibition(Pausctet al, 2018; Rymeet al, 2012) in which (p)ppGpp binds to the active
site in an identical manner to GTP due to thekimme guanosine tri/diphosphate moietyhe Gram
positive small alarmone synthetase RelQ, howebrds pppGpp allosterically at two tetramerisation
interfaces in order to stimulate synthetase activ{{gteinchenet al., 2018) Similarly,the Gram
negative RNABPKsSA complex is allosterically influenced by ppGpp to adapt the cellular transcriptome
in response to stress conditio8lolodtsovet al., 2018) Although the former is allosteric activation,
and the latter allosteric remmdelling, these systems demonstrate the potential of (p)ppGpp to
influence the activity of prote through allosteric means, and as such we could not rule out that this

is the case with RsgA, RbgA, Era and HflX.
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To investigate whether the inhibition othese RAGTPases by (p)ppGpp is competitive or
noncompetitive, we carried out competition bindimgsays (Figure 3.3.2). The capacity of the protein
2 0 X% Rbeted GTP, ppGpp and pppGpp was tested through the addition of a roughly-55,000
fold molar excess of a range of cold competitor nucleotides (JuB0 competitor vs 1.83 nM
radiolabelled naleotide), to see if the competitor could displace the radiolabelled ligand in the RA
GTPase ligand binding site. For competitive inhibition, presence atdllecompetitor nucleotide
would decrease radiolabelled ligand binding. In the case of noncomygetithibition, the binding of
radiolabelled ligand would likely be unaffected by distal binding of the inhibitor molecule. Based on
the structural studies dPausctet al.concerningS. aureufRbgA(Pausctlet al, 2018) we anticipated

that the mechanism of inhibition would be competitive. Indeed, in the case of all four proteins, the
binding of radiolabelled GTP was reduced compared to bindirtherabsence of competitor by
addition of cold GTP, GDP, ppGpp and@pp in an affinitdependent manner, i.e. GDP and ppGpp
were comparably competent inhibitors, and the four-BAPases also exhibit the greatest affinity for
these two nucleotides (Figurd.3.1). In the case of radiolabelled ppGpp, cold GDP and ppGpp
effedively reduce binding, whereas the effect of GTP and pppGpp is lessened. The affinity of the
bound radiolabelled ppGpp is much greater than that of GTP or pppGpp, and as subh the
triphosphate containing nucleotides are less effective at inhibiting bodiFinally, binding of
radiolabelled pppGpp was effectively inhibited in the case of RsgA, RbgA and Era, although it is worthy
of note that the initial binding of HflIX to radiolabelled g&ppp (around 10%) was so low that
identifying inhibition was diffidit The ability of cold ATP to inhibit binding of the guanine nucleotides
was also assessed in order to determine whether the binding preference of these proteins was
guaninespecific. Ireach tested case, ATP was unable to compete with binding of raditddiGTP,
ppGpp or pppGpp, with the fraction bound being highly similar to in the absence of cold competitor.
This indicates that despite the structural similarity between ATP and Gé&Rouh RAGTPases in
guestion were highly specific for guanines. €alle these experiments highlight the specific,
competitive nature of (p)ppGpmediated inhibition of GTPase activity and support the binding
hierarchy determined in section 3.3.1, in whi&sgA, RbgA, Era and HflX have increased binding
affinity for 3-diphosphate containing nucleotides compared to théirtriphosphate containing

counterparts.
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Figure 3.3.2: Competition binding assays of radiolabelled GTP, ppGpp and pppGpp in thenpeesad
absence of cold competitor nucleotideslO uM of recombhant a) RsgA, b) RbgA, c) Era and d) HflX were
incubated with 1.83 nMM-32P} containing GTP, ppGpp or pppGpp as well assMGDP, ppGpp, GTP, pppGpp

or ATP for Bnins. Samples were spotted onto nitrocellulose, visualised with a photostimulable phosgieen

and pixel densitometry was carried out as described in the methods section. Each experiment was carried out
in triplicate, and error bars represent standard deviation between replicates.

3.4 Investigating the NTPase activity of RsgA, RbgA ,dBrHldn

3.4.1 The NTPase activity of RsgA, RbgA, Era and HflX can be inhibited by ppGpp
While it is currently well known that JppGpp can inhibit the GTPase activity of the fourGIARases
(Corrigaret al,, 2016) in what we have established is a competitive manner (section 3.3.2), the first
step in keginning to formulate a potential mechanism of inhibition was confirming our proteins were
both functional (that is to say GTPaaetive) and could be inhibited by ppGpp. While unlikely, the
presence of a different purification tag compared to that usedpievious studies could have adverse
effects on protein stability or activity. While the capacity of these recombinant proteirnd to
guanine nucleotides has already been shown (section 3.3.1), suggesting that the proteins are
structurally correct, lhe GTPase activity of these proteins remains to be tested. In order to investigate
the GTPase activity of RsgA, RbgA, Era and W#é incubated 2.5M recombinant protein in the
presence and absence of an excess of cold ppGpp 'wittPHabelled GTP ithe presence of purified

S. aureusibosomes. Ribosomes have previously been shown to increase the rate of GTP hydrolysis
by up to 126fold (Guoet al., 2011)throughin transprovision of a GTPase activating element, similarly

to eukaryotic GAPs. Retsons were incubated for 6fins at 37C, with the exception of the reaction
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involving RsgA which was incubated fomiibis. Samples were then incubated at'@3o release any

bound nucleotide, and the percentage GTP hydrolysis was determined using TL@ixah
densitometry (Figure. 3.4.1a). Each of the four@&@FPases were capable of hydrolysing GTP to
differing extents during the aforementioned reaction times, with RsgA aclyeMf% hydrolysis after

10 mins, reducing to 30% in the presence of an egagfsppGpp. RbgA, Era and HflX achieved 49.7%,
47.8% and 58.8% hydrolysis respectively, which reduced to 4.8%, 4.3% and 3.9% in the presence of
ppGpp, indicating significant inhiln (Figure 3.4.1a). The 100% hydrolysis of GTP by RsgA suggests
that thesereaction conditions require further optimisation (see section 3.4.2). Overall, we have shown
that our recombinant RsgA, RbgA, Era and HfIX are GTPase active, and can be mhibg€gp

consistent with previous report{orrigaret al, 2016)

HfIX has been suggested to exhibit A3€activity (Duttaet al., 2009; Shieldst al., 2009)attributed

to the presence of a uniqgue Aihding domain(Jainet al., 2013)which has since been discovered to
convey ATRlependentRNA helicase activitipeyet al., 2018) We sought to investigate whether
RsgA, RbgA and Era also exhibited ATPase activity, and if so whether it coulditelibli ppGpp
(Figure 3.4.1b). Reactioconditions were set up in an identical fashion to the GTPase assays
mentioned above, with the exception that £2P}Habelled ATP was included instead of GTP. RsgA
(Figure 3.4.1bi), Era (Figure 3.4.1bii) and HRiguge 3.4.1biv) were capable of hydrolysing ATP, with
95.0%, 56.0% and 22.9% hydrolysis respectively. Furthermore, each could be inhibited by tbe addit
of an excess of ppGpp. RbgA, on the other hand, showed the relatively low ATPase activity of 11.9%
following the 60min incubation, albeit with a large variation between repeats (Figure 3.4.1bii). In
addition, the inclusion of ppGpp failed to signifitlg reduce ATP hydrolysis in this case. While high
levels of substrate specificity were observed dutimg competition assays in section 3.3.2, ATP was
still capable of binding in the absence of guanine nucleotides. This suggests that while the @# motif
these RAGTPases is sufficient to skew binding affinity strongly in favour of guanine nucleotides, it

remains insufficient to completely occlude adenine nucleotide binding in the absence of guanines.
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Figure 3.4.1: The NTPase activity of RsgA, REg&and HflX can be inhibited by ppGpfhe a) GTPase and b)
ATPase activity of i) RsgA, ii) RbgA, iii) Era and iv) HflX in the presence and absence of pg@ pgcé@hibinant

protein was incubated with 83 nM ' -*2P}Habelled a) GTP or b) ATP, purified 70S ribosomes$.anreusind

either in the presence or absence of 180 cold ppGpp. Reaction mixtures were incubated fomiifis in the

case of RsgA, or 6ains in the case of RbgA, Era and HfI®&C, then for Smins at 95C to release bound
nucleotide. Samples were resolved using TLC, and imaged using a photostimulable phosphor as described in the
methods section. Experiments were carried out in triplicaed error bars represent the standar@\dation

between replicates. Statistical significance was determined using unpiaiesting, withp values represented

as follows: *p < 0.05; **,p < 0.01; and ***,p < 0.001.

3.4.2 Optimisation of GTPase waityi assays of RsgA and RbgA

During the pevious GTPase assays, 2\ RsgA hydrolysed 100% of the GTP in the reaction mixture
within a 10minincubation, whereas RbgA, Era and HflX could not fully hydrolyse the substrate within
60 mins. This suggests th&sgA has a much greater activity thae tther three RAGTPases, and
despite showing that ppGpp does in fact inhibit the GTPase activity of RsgA, the reaction conditions
require optimisation prior to downstream experiments to allow identification of aftgration in
activity between samplessawo samples with different activities could both fully hydrolyse the GTP
following a given incubation time, rendering these differences impossible to evaluate. To this end,

serial dilutions of RsgA were incubatedth 1 >M GTP, spiked with radiolabelld@TP, and an
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equimolar concentration of 70S ribosomes purified frBmaureusThe excess of cold GTP was added

S0 as to not introduce initial substrate limitation of GTPase activity. Reaction mixtures were incubated
for 10 mins at 37C, before resolution sing TLC (Figure 3.4.2a). ANl concentrations, RsgA was
capable of fully hydrolysing the GTP within the mixture. Ab®41a conversion of 41% was observed,
which diminished to control levels of GTP hydrolysik wrther dilution of RsgA to 0.04M and 0.001

>M (Figure 3.4.2a). In order to analyse changes in activity during subsequent GTPase assays, a wild
type hydrolysis of around 50% is desired. Therefore, downstream experiments used a concentration
of 0.1uM RsgA with a 1fold excess of GTP and arhih incubation.

Previous reports have identified RbgA asladp containing protein iB. subtiligAchilaet al., 2012)

which requires a coordinated"kon as a GFase activating element. There are currently two other
TRAFAC GTPases which are known to reqtioa¥ namely MnmB and Fe¢Bshet al,, 2011; Scrima

and Wittinghofer, 2006)To test whether the presence of iins would increase the GTPase activity

of S. aureuRbgA, we substituted 100 mM NaCl in our typical GTPase assay buffer (see methods
section) for 100 mM KCI, andhaysed the GTPase activity of & RbgA in the presence of an
equimolar concentration 08.aureus70S ribosomes and a 46ld molar excess of GTP, spiked with
radiolabelled GTP. Samples were incubated fom@s at 37C, then resolved using TLC (Fégur
3.4.2b). Worthy of note was that since increasing the concentration of GTP within theoreawxkture

from 1.83 nM to 1>M, no hydrolysis of GTP by RbgA was visible compared to the assays in Figure
3.4.1. Despite the presence of the saw@ncentration of radiolabelled GTP, an excess of cold GTP
could mask the low GTPase activity of RbgA. However, upon inclusion of KEIGmRlase buffer,
RbgA activity increased significantly, and 57.2% of the GTP was successfully hydrolysed (Figure 3.4.2
Due to this result, future assays regarding the GTPase activity of RbgA were carried out using the

amended reaction buffer including
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Figure 3.4.2: Optimisation of RsgA and RbgA GTP hydrolysis asgap#fering concentrations of RsgA were
incubated with 1>M cold GTP, 1.83 nM 2P] labelled, an equimolar concentration of purifi€d aureug0S
ribosomes and GTP hydrolysis buffer as per the methods section. A reaction containing GTPMaT®3
ribosomes was included as a control. Reacttmixtures were ricubated for 60mins at 37C, before heat
inactivation for 5mins at 95C, resolution using TLC and imaging using a photostimulable phosphor. Percentage
hydrolysis was calculated using pixel densitometry. b) The GTPase activity of Rizggrésence of B and K

ions. 0.1>M RbgA was incubated with 3M cold GTP, 1.83 n¥t -*PHabelled GTP, 0.:M S. aureus70S
ribosomes and GTPase assay buffers containing either 100 mM NaCl or 100 mM KCI. The two assay buffers
including GTP and ribosomes were included as controls. Huotioa were carried out and analysed as for part

(a). All experiments were carried oubce.

3.6 Discussion

In this chapter, we aimed to purify and characterise the nucleotide binding capacity and GTPase
activity of four RAGTPases fror8. aureusnamelyRsgA, RbgA, Era and HflX. This characterisation was
to provide a basal understanding tfe wildtype protein activity in order to provide a point of
comparison and to be able to better interpret more in depth structural, biochemical and mutagenic

analyse carried out downstream.

We first carried out IMAC purifications of 6xithgged proeins, the expression vectors for which were
readily available in our strain collection?NNTA charged columns are highly effective at separating
proteins of interestirom the majority of protein present in the cell lysate, however this technique
comes vith several caveats. Primarily, divalent metal cation chelating proteins would also bind to the
column due to a lack of a unique binding partner, which may decreasplsagurity. Ideally IMAC
would be used as a primary purification step followed by a nstri@gent gel filtration approach to
separate any potential contaminants. The quality of the protein preparations following IMAC
purification was deemed to be >95%sith cases, with the majority of preparations being >99%, which
for our purposes was sudfent. Another potential drawback arose when purifying RsgA, which
contains a @erminal zinefinger domain(Levdikowet al., 2004) The tertiary structure of this domain

is highy dependent on the precise chelation of &Zan by three highly conserved cysteine residues
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and one highly conserved histidine. While unlikely due to the extrenigly dffinity of these domains

for Zrt* ions, between 18and 10" M (Kluskaet al., 2018) exposing this protein to a ficharged
IMAC column malead to substitution of the bound ion foricompromising the domain structure
and functionalityé + 2 NI & #l.22011) Instead, IMAC columns should be fgmaptively charged
with Zr¢* ions, which are still able to be chelated by polyhistidine tags. Due to the activity of the

purified RsgA however, it is highly unlikely that any such substitutooroed.

We have shown that purified recombinant RsgA, RbgA and Era have affigty in the low
micromolar range for the four predominant cellular guanine nucleotides, namely GTP, GDP, ppGpp
and pppGpp (Figure 3.3.&& and Table 3.3.1), in agreentevith previous studies investigating these
proteins(Corrigaret al., 2016; Shimamoto and Inouye, 1996)though the affinity to GDP has never
been investigated. HfIX also demonstrated high affinityfatiphosphate containing nucleates GDP

and ppGpp, although th&for GTP and pppGpp binding was not calculable under the conditions
tested (Figure 3.3.1d and Table 3.3.1), indicating a much lower affinity. The binding of all four guanine
nucleotides washown to occur at the same site due to the ability of each to $igatly compete with

each other (Figure 3.3.2), during which the extent of competitive fitness of each nucleotide follows
the hierarchy of binding affinitgstablished in Figure 3.3.1. tlme absence of GEFs, one would expect
GDP to freely dissociate folling GTP hydrolysis to facilitate-eatry into the ON state. The increased
affinity of RsgA, RbgA, Era and HflIX to GDP compared to GTP suggests that this cycling event is highly
likely torely on the physiological concentrations of GTP compared to GDéh dtwring proliferation

are around Sfold greater inE. coli with GTP levels peaking at 1.1 mM compared to GDP a¢/Z20
during exponential growttfVariket al,, 2017) Upon entry into conditions of nutrient limitation and
induction of the stringent response, intracellular concentrations of ppGpp cators®und 1 mM in

E. col(Kurodaet al., 1997) swiftly becoming the dominant guanine nucleotidethe cell. The higher
affinity of 5 -diphosphate containing nucleotides comparedbteiriphosphate containing nucleotides

may enable rapid inactivation of these proteins upon stringesponse activation, with the OFF state

being favoured even during early stringent conditions as (p)pp&®ppentrations rise.

DRaCALA is a technique which enables rapid, precise anthhigiyghput analysis of proteismall

ligand binding affinity, although it is not without caveats. The capacity to measure total ligand present
as well as the fraction bowhdramatically decreasesxperimental errors, for example due to
pipetting, as the bound fraction is always calculated against the exact total amount of labelled ligand
present rather than some theoretical value. All single step biochemical binding ititerscsuch as

the smallligand binding being investigated here, involve at least two major events which contribute
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to the overall equilibrium, i.e. the association stage and the dissociation stagedk.1) (Bernasconi,
1976) During the 5min incubation step during DRaCALA, the ratio of bound:unbound prdignd
complexes is equilibrating, and it is this equilibrium that is being measured when spottiirgy
DRaCALA. Whilkis has little effect on the calculatdd valuesin vitro, in biological systems, protein
ligand complexes with a simild often have greatly different nucleotide exchange rates which
depend more on the individual microscopic staemtsk; andk.i. As such, the role of a certain protein
ligand pair in biological systems, particularly in the context of the rate of ligand eyeheannot be
extrapolated from the DRaCALA data obtained in this chapter. While this technique does fenable
the k1 (and thereforek,) to be calculated through use of chasgchange assayRoelofst al,, 2011)

this was not carried out here.

Future GTPase assays should not be limited to a single timepoint, aaxtass of substrate should

be included (Figure 3.4.2a). Instead, hydrolysis timecourses should be carrigsimmgiian excess of

GTP in each case to prevent saturation of the reaction. The monitoring of a reaction over time will give
us a better understandg of the reaction progression, and enable nonlinear curve fittings to calculate
apparent rates, as well abe application of Michaelidenten kinetics to derive both the maximum
reaction rate V¥may and the Michaelis constantkf). Under current conditins, the 2.5>M
concentration of protein used is vastly in excess of the 1.83 nM radiolabelled nucleottas auch

the hydrolysis observed can be attributed to a single hydrolysis event from a very small portion of
present protein monomers. Despite fithe results in this section can be considered valid due to the
empirical difference between GTPase acyivit the presence and absence of ppGpp in a qualitative

rather than quantitative manner.

The G4 motif is a conserved sequence motif present in all knoleo@P GTPases, of consensus
(N/T)(K/Q)xD(Verstraetenet al,, 2011) This motif is essential for the binding of the guanime of

GTP, and as such confers binding specificity to guanine nucleotides such as Gafeatorgdenine
nucleotides through specific hydrogen bonding between the carboxyl group of the conserved
aspartate (D) residue of the G4 motif, and the protons ef 2 and N3 amino groups the guanine

ring (Rogneet al., 2020; Rognet al., 2018) RsgA, Era and HflX were found to be able to hydrolyse
ATP in the physiologically irrelevant absence of guanine nucleotidesgBig.1), although data from
Section 3.3.2 suggests that the presence of even low concentrations of guardlemtides would
completely outcompete ATP binding as signified by the ability of ppGpp to inhibit ATPase activity.
Previously, the g values @& both ppGpp and pppGpp have been calculated in the context of GTP
hydrolysis by Rsgi&orrigaret al., 2016) In order to fully assess the ability of (p)ppGpp to inhibit the
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ATPase activity of these proteins, a similar quantitative measure of inhibitory pskarld be
calculated. Interestingly, the ATPase activity of HfIX could be inhibited by ppGpp, despite HfIX
containing a distinct Merminal ATFbinding domain (ND1(Deyet al, 2018; Jairet al., 2013) The
structure of this domain is as of yet considered unique in terms of sequence identity, with some
structural similarity between ND1 drthe weltunderstood dinucleotide bindinBossmann fold in the
cases of botlSulfolobus solfataricuglainet al., 2013)and E. coli(Deyet al,, 2018) However, ATP
recognition is achieved in a Walker A and Walkend&pendent manner. Whether or not ppGpp
would be capable of associating with this domarnunknown, due to the inherent differences in
nucleotide recognition between the HfIX ND1 and caoahRloop NTPases. Furthermore, the ATPase
domain is known to be an RN#licase, stimulated by the lack of structure representative of heat
damaged RNADeyet al., 2018) in fitting with the role of HfIX as a heat shock protein. Seeing as, to
the best of our knowledge, the ribosomes included in the NTPase oaaatiere not heat damaged,

it is likely that the ATPase activity of the HfX ND1 is negligible a@upo the activity of the GTPase
domain stimulated by correctly structured RNA. As such, the results shown in Figure 3.4.1d can be

considered primarily dut the GTPase domain of HflX.

In conclusion, here we have purified and characterised the nudediinding capacity and GTPase
activity of the four RAGTPases RsgA, RbgA, Era and HfXSr@uareusfinding that our recombinant
proteins had activity imgreement with that observed in previous studies. We have also investigated
the relationship betwen RNA binding and GTP hydrolysis in the case of Era, identifying that RNA
binding alone is insufficient to stimulate hydrolytic activity. These data wilverinvaluable
downstream to provide insight into more in depth investigation, particularly irctee of the impact

of point mutations on protein function. The increased affinity of eacHERRase for GDP and ppGpp
over GTP and pppGpp enables conclusitinbe drawn regarding the functional cycle of these
proteins, particularly in the context of GDPIB exchange and during the shift in nucleotide

concentrations during the stringent response.
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Chapter 4 The effect of (p)ppGpp on K3 Pasénteractions

4.1 Introduction

In eukaryotic cells, and in the notable case of prokaryotid EfSchimmelet al., 2007) GEFs are
required to stimulate nucleotide exchange following GTP hydrolysis to enakletmginto the GTP
bound ON state. Primarily in prokaryotes, however, theaicellular excess of GTPariket al., 2017)
drives nucleotide exchaye under favourable, high energy conditions. Therefore, the activity of many
GTPases involved in ribosome assembly, the translation elongate and intracellular signalling
can be coupled to the cytosolic GTP concentration. While it is known that ladwemd to GTP, these
proteins are capable of target association, and that hydrolysis of the bound GTP to GDP is the trigger
for dissociation, ittle is known about the effect of (p)ppGpp binding to GTPases during stringent
conditions when these alarmonegtome the dominant guanine nucleotide in the cell. Previous work
has suggested that while associated with pppGpp, the affini§. &ubtilisRogA ande. coliObgEor

the 50S subunit increaséachilaet al,, 2012; Fengt al,, 2014) This led to the proposal that during
the stringent response, (p)ppGipund RAGTPases sequester the mature ribosomalusiits to
prevent 70S formatiofAchilaet al,, 2012; Pauscht al., 2018)

The ribosomal binding site recognised by-&PPases is largely determined bgit accessory RNA
binding domaingLopezAlonsoet al, 2017b; Raat al,, 2017; Twet al, 2009; Verstraetest al,, 2011)

which usually target specific rRNA sequences on either the 30S or 50S subunit. Our observations in
Chapter3 corroborate previous findings thatehGTPasactivity of these proteins is activated in the
presence of ribosomes, however this hydrolysis activity is inhibited by (p)ppGpp binding. Two major
ideas were considered: that (p)ppGpp is simply a-hpdrolysable competitive inhibitor of these
proteins, and that binding of RAGTPases to (p)ppGpp may interfere with-&PFPaseibosome

association.

In this chapter, we sought to investigate the effect of (p)ppGpp binding to RsgA, RbgA, Era and HfIX in
order to better understand the role of these prots whenassociated with these alarmones during

the heights of the stringent response. To this ehd{is immunoblotting was used to investigate the
effect of different nucleotidebound states on ribosome association. We then utilised stoghme
fluorometry in order to elucidate the kinetics of RBTPase association to the ribosome, and to
identify the microscopic rate constants which were affected when in the (p)pf®ppd state.

Finally, we utilised a truncated Era mutant to further investigate heifipagole of rRNA binding in

the activation of GTPase activity. Altogether, the results presented here enable us to propose a two
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step binding model regarding the association and activation eGRRase to their cognate ribosome

subunit.

4.2 Assessing iatactiors between ribosomal subunits and-BAPases using mCherry

fusions

4.2.1 Generating mCherry fusion proteins

In order to investigate the association between the ®RPases and ribosomal subunits, we first had

to define a strategy for detection of thdesiredproteins in a given sample. There are typically several
ways of doing this, namely translational modification or covalent modification to introduce a
detectable fluorophore or tag (i.e. HIS or SNAP) onto the protein, or by using antibodies which
specificdly recognise the protein of interest to carry amestern blots. The major difference between
these methods is sensitivity, withiesternblotting being able to detect as little as 0.1 ng of protein,
whereas fluorescent techniques requirecancentation in the high nanomolar to low micromolar
range in a larger volume. We opted to initially fuse our@&APases translationally to the fluorescent
protein mCherryShaneret al., 2004) as in addition to the association experiments mentioned here,
these constructs would be a useful tool imet caseof future investigation involving fluorescence,
microscopy or Forster resonance energy transfer (FRET). mCherry is an engineered derivative of the
tetrameric GFP, constructed using random mutagenesis in order to tweak the fluorescence spectrum
of the imidaolinone chromophoréShuet al.,, 2006) introducing excitation and emission peaks at 587

nm and 610 nm repectivdy.

The first step in generating mChelRAGTPase translational fusions was planning the cloning
strategy. Two major methods were considered, namely blunt end ligation and splicing by overlap
extension (SOE), and the latter was deemed more slgitab tte rate and efficiency of ligation is
known to be in the region of 16fdld higher when ligating sticky compared to blunt ends. Primers
were designed to generate complimentary 24 bp overhangs between-teeninhus of mCherry and
the Nterminus of he GTPas introducing a four residue PRGS linker derived from the extant
thrombin site of the pET28b GTPase template plasfigufe4.2.1a). The Nerminal and G@erminal
fragments Figure4.2.1b, c) were joined using SOE PCR, and the resulting congiudigested using
BamHlI, treated with phosphatase to preventligation of the backbone vector and ligated into the
PET28b vector as described in the methods section, before transformationEintmliXL1 Blue
Plasmids were reisolated and confirmed ings Sangr sequencing Higure 4.2.1d) before
transformation intoE. coliBL21 (DE3) for recombinant expression and purification aCpepter

3.2.2. Figures shown here refer to the cloning of the pET28brhi@iKerry construct, and are
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representative of tke process used for RsgA, RbgA and Era. Despite obtaining correctly sized N
terminal and @erminal fragments for the RsgA and Rbfisions Hgure4.2.1c), we were unable to
successfully splice the two fragments together. Various PCR conditions werd, tésteuding
attempts at optimisation of the concentration of the template DNA, annealing temperature and
extension time, however no conditisntested yielded substantial product. Experimentation
concerning EranCherry and HfbCherry were ongoing duringhis attempted optimisation.
Interestingly, the solubility of both fusions were increased dramatically compared to recombinant
6xHistagged Ea and HflX, with both constructs reaching concentrations above 1 mM when tested.
This highlights the potential farsing fluorescent proteins as purification aids in proteins with low
intrinsic solubility, a concept that has been suggested and triallediguely(Mestromet al., 2019;

Su, 2005)
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Figure 4.2.1: Constructioof RAGTPasanCherry fusims using SOE PCR.Primer design for the fusion of HflX

and mCherry. Note the complimentary overhangs generated for (ai) the mCherry fragment and (aii) the HfIX
fragment, leading to a 24 nucleotide complimentary region. The B®®Eesidue linker wascorporated into

the complimentary region, and the native START coddnil¥fvas removed. Primer sequence alignments were

carried out using SnapGene. b) Schematic overview of the SOE PCR strategy. bi) fragments were amplified
enading the genes of intergéswith themcherryF NI 3YSy i Ay Of dzZRAy 3 | o 2PSNKIFy3ax
RMC561,andthaéfl.  FNJ 3YSyd AyOfdzZRAy3I I p 2PSNKFy3a | YLX AFASR
sticky ends anneal to form a complete fused template. Forward and sey@imers RMC553d RMCO071 were

used to span the entire region, which can then be digested and transformed as required. c) 1% agarose gel
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electrophoresis of steps i and ii as described in panel (b). ci) amplification of the forwehérfy)and reverse

(gtpase fragments.Lane l:mcherrywith rsgA compatible overhang (742 bp). Laner@cherrywith rbgA

compatible overhang (742 bp). Lanen3cherrywith era compatible overhang (742 bp). Lanercherrywith

hflX compatible overhang (742 bp). LanesgA with mcherrycompaible overhang (900 bp). LanerbgA with
mcherrycompatible overhang (909 bp). Laneera with mcherrycompatible overhang (924 bp). LanehsiX

with mcherrycompatible overhang (1263 bpii) Lane 4: the 1642 bp product of splicing theherryand era

fragments from lanes 3 and 7 of part (ci). Lane 5: the 1981 bp product of splicinghiegryand hflX fragments

from lanes 4 and 8 of part (ci). Lane8 Were failed attempts at generatinthemcherryrsgA andmcherryrbgA

fusions. d) Sanger sequengianalysis omcherryhflX. Internal splicing primers are indicated, and sequencing

gl a OF NNASR 2dzi FNRY (GKS »p dzaAy3 LINAYSNI wa/ppod {Slo

4.2.2 Investigating R&TPasenCherry association to the ribosonsabunits

The 70S prokaryotic ribosome is a large macromolecular machine, with an estimated molecular weight
of around 2.5 MDa ik. col(Starket al,, 1995) The two constituent subunits, namelye 30S and 50S

in prokaryotes, have sedimentation rates at 3@&berg units and 50 Svedberg units respectively, a
property which enables separation from other cellular constituents such as proteins. One application
of this is the isolation of ribosomes dbosomal subunits and analysis of the bound protein which
coxdiments, whereas any unbound protein would sediment at a much lower rate due to a
comparatively lower size and mass. Here, we apply this principle using isopycnic ultracentrifugation in
order to investigate association of our R PasenCherry fusion prains to the 30S and 50S
ribosomal subunits. Applying a mixture of 70S ribosomes purified 8oaureusour mCherry fusion
proteins and either GTP or ppGpp to a sucrose density gradient esh@blcomparison between
binding in the GTound and ppGpjpoundstates. A low content of Mg&h the buffer encouraged

70S dissociation into the 30S and 50S, both of which could be assessed for the presence of mCherry
through fluorescence detection usima excitation wavelength of 580 nm and an emission detection

wavelength of 620 nm, gated with a lomass filter at 610 nm.

Firstly, the activity of the Era and HfIX mCherry fusions was compared to thtypéld-igured.2.2a).
Following incubation ofdth variants with radiolabelled GTP and purified 70S ribosoiness found

that the activity of the wiletype and mCherry fusions were similar, and was therefore concluded that
these fusions are fully functional. It was crucial during these experimergsgarate the 30S and 50S
subunits as much as possible to pretreubunit overlap during fractionation, and after optimisation

it was found that foIS. aureusibosomes, ultracentrifugation through a 1680% sucrose gradient at
111,000x% g for 16 hrs was sufficientE. coliribosomes however split optimally at 900x g for 16

hrs, indicating a slight increase in buoyant density compared toSthaureussamples (data not
shown). Following splitting of the 30S and 50S subunits in tlserade of mCherry fusions, we
fractionated and measured the fluorescence ofetlsubunits to define a level of background

autofluorescenceRigure4.2.2b). The 30S peak between fractions 16 and 20 showed an increased
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fluorescence, rising to a 2.1 V maximdereas the 50S peak between fractions 29 and 35 showed

background levels ofdorescence.

Given that the sucrose gradient used here was continuous and started at 10%, we expected a high
concentration of RASTPasenCherry fusion proteins to remainithin the first several fractions and

not migrate too far through the column unlesssociated with the more dense ribosome. This was
observed when EranCherry Figure4.2.2c) and HfbCherry Figure4.2.2d) were mixed with 70S
ribosomes and applied tahe column, with background fluorescence starting at around 60 V and
exponentially dereasing with migration distance to a stable background of between 2 V and 4 V. Era
is a known 30S binding protein that has to date had no implication in 50S assembly piresence

of GTP, peaks in fluorescence were observed in both the &E50Scontaining fractions Figure
4.2.2ci). In the presence of ppGpp, however, the fluorescence peak relative to 50S association was
absent while the 30S association peak remainiedjcating a decreased 50S association in the
presence of ppGpp. HfIX has been poesly shown to bind to both the 30S and 50S subunits
(Coathamet al,, 2016) Consistent with this, peaks in fluorescence were observed in both the 30S and
50S fractions in the presence of GFRy(re4.2.2di), whereas in thpresence of ppGpp the 50S peak

was severely reducedrigure4.2.2dii). This suggesthat both Era and HfIX may associate with the
50S subunit in the presence of GTP, which is abrogated in the presence of ppGpp. While it appears
that the nucleotideboundstate has no effect on 30S association, the background fluorescence of the
30S subuit may be concealing any change. Therefore further investigation is required using more

precise, quantitative techniques in order to determine the accuracy of these olismsa
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Figure 4.2.2: The cosedimentation of R&IPasenCherry fusions with ribosoral subunits.a) 2.5>M of Era,

HflX or their mCherry fusion derivatives were mixed v@traureug0S ribosomes and 1.83 nW-}2P}GTP, and
incubated at 37C for 60mins. Percentage GTP hydrolysis was visualised using TLC and quantified using pixel
densibmetry. Experiments involving HflIX were carried out in triplicate, with error bars representing standard
deviation between replicates. The experiment invotyiEra was carried out once, and as such should be
considered preliminary. bJ0S ribosomes only) @0S ribosomes and EnaCherry and d) 70S ribosomes and
HflXxmCherry in the presence of either i) GTP or ii) ppGpp were separated along a sucrose grsidignt u
ultracentifugation. 3>M purified recombinant protein was mixed with>® 70SS. aureusibosomes and 36M
nucleotide and applied to a 10%% continuous sucrose gradient made up in ribosome dissociation buffer
containing 1.5 mM Mgghs per the metbds section. Subunits weseparated at 111,008 g for 16 hrs, and

250 >| fractions were analysed for both RNA contentA¥ygo and fluorescence within the mCherry spectrum
using a 590 nm excitation and 620 nm emission wavelength gated by -pémsdilter at610 nm.The30S and

50S peaks are highlighted using green and beige boxes respedivetiols containing the70S subunits only
were carried out in duplicate, and all remaining experiments in triplicate, with one representative example
shown.



























































































































































































































































































































