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Abstract  

The alarmones guanosine tetra-phosphate (ppGpp) and guanosine penta-phosphate (pppGpp), 

collectively termed (p)ppGpp, are universally conserved second messenger nucleotides in prokaryotes. 

(p)ppGpp control the stringent response, a survival response that occurs in bacteria exposed to external 

stresses such as nutrient starvation. This response promotes cell survival through a form of quiescence 

and has been implicated in antimicrobial tolerance and persistent/chronic infections. Despite the 

discovery of these alarmones in 1969, numerous binding targets remain unidentified, and how these 

nucleotides facilitate a dormant state is incompletely understood. Here, I describe the synthesis of a 

(p)ppGpp target-protein capture compound via an enzymatic and chemical synthesis. This compound 

was validated against known ppGpp binding proteins before its use in pulldown assays with lysates of 

Staphylococcus aureus. Subsequent proteomics revealed many putative hits enriched by the 

compound. These hits were preliminarily screened for binding to [α-32P]-ppGpp to highlight proteins of 

interest. A number of binding candidates were purified and their binding to ppGpp was established 

using 31P-NMR. The binding affinity of one protein involved in carbon metabolism, HxlB, was 

investigated by microscale thermophoresis (MST) and an assay was designed to examine the impact 

of ppGpp on HxlB enzymatic activity. Similar capture compound approaches have previously been 

implemented in Escherichia coli. However, as the protein pathways utilised by E. coli often differ to 

those of S. aureus, applying this method to different species allows for the identification of new protein 

targets that aid in the understanding of this stress response. In addition to the capture compound, I also 

describe the synthesis and in vitro testing of the fluorescent chemosensor PyDPA, capable of 

quantifying (p)ppGpp levels in the presence of structurally similar nucleotides. This chemosensor allows 

us to circumnavigate issues associated with current (p)ppGpp quantification methods, with the eventual 

aim of probing (p)ppGpp synthesis in response to various stressors. 

  

.   

 

 

 

 



ii 
 

Acknowledgments  

This won't be a typical length acknowledgment section, as my PhD experience has been far from 

"normal." There were a lot of twists and turns, and so many people have made this possible. Firstly, I'd 

like to thank my supervisors, Dr. Rebecca Corrigan and Dr. David Williams, for their scientific guidance 

and encouragement of my development as a scientist. This was just one of the contributions they made 

to my personal growth and PhD. They were also supportive in a more emotional sense, too. Rebecca, 

I'm sorry for crying so much, and David, I appreciated our chats about LFC and our shared love for the 

city.  

 

My family and friends were pivotal in this, and it wouldn't have been possible without my parents, mum, 

and dad; thank you. Your constant support, reassurance, and faith in me made an impact in more ways 

than you will ever know. I appreciated that you always answered the phone when I had late nights in 

the labs, where I would over-explain my science and go on tangents. My short weekend visits home to 

see you both helped me get through this - they usually resulted in all my washing done, being cooked 

for, and cared for, but I promise they weren't the only reasons I visited. Mainly, I came home because 

I love you more than words can convey, and any time with you is a blessing, even if it's just our casual 

short brunch/coffee trips. Even writing this now, you have both brought me a cup of coffee and have no 

idea what I'm writing about you. You are both relentlessly selfless and have given me everything I could 

ever need, allowed me to take every opportunity that came my way, told me I can achieve anything I 

put my mind to, and supported me while I tried - I couldn't ask for more. The same goes for Vanessa, 

the epitome of what a big sister should be, we would call on weekends in the lab when our times 

matched, you even bought me a laptop when I couldn’t afford a new one – I’ve now written this thesis 

on it, you have been supportive when I’ve been ill in hospital from a 14 year old kid to a 27 year old 

man. Our phone calls and voice notes always leave me smiling and they were always just to make sure 

I was okay. You are going to do great things for yourself in this world and I can't wait to see you 

accomplish it all. So, to my family I love you all and none of this would have been achieved without you. 

 

Concerning my friends, some of you I've known for over a decade, and others I've known for only four 

years, but what a privilege it's been to class myself as your friend. To Dr Reuben Ouanounou, we 

bonded under some difficult circumstances for both of us; for me, these felt unjust at the time. However, 

it led to me befriending you, so I would happily go through it all again for that reason alone. I'm so proud 

of you and can't wait to leather you at pool again. Dr Lucy and Dr Naznin, I would not have gotten 

through this without you, you are incredible scientists and people, your levels of insanity and OCD made 

me feel normal. Neil, our shared love for the Reds, Geoguesser, and Darwin Núñez was always the 

recipe for a good break while waiting for a reaction to progress. To Laura, Jack, and Sam, you are some 

of my best friends; you taught me how to be myself and more confident. I always looked forward to our 

late-night drinks, chatting about everything and anything, foraging included; our chaotic trip abroad will 



iii 
 

live in my memory for a long time. Jack, Felix, and Dylan, our karaoke trips to bar one, climbing, and 

our chats next to the E-floor water cooler were always a welcomed break. Adam, thank you for 

organising football and welcoming me into that group. This was something I hadn't done since my time 

on the playground, but I always had so much fun. 

 

Noah, Dom James, and El, your generosity did not go unnoticed. You really helped me out in a 

desperate time, and despite our house trips being few, they were always entertaining. Our walk home 

in the snow after Noah's first BJJ tournament is one of my favourite memories from my time at Sheffield 

and our climbing trips always helped push me to another level. Noah, keep it up, lad. You have 

something with BJJ, and I love hearing you talk about your work; it would be a challenge to find someone 

as passionate about their work as you. To the Sheffield lot, you are all incredible researchers, and I 

cannot wait to see what you do and what you go on in the world of science. To the lads and girls back 

home you carried me through when times were really tough, I'm so lucky to be forever linked with such 

a good group of caring people, from visiting me in the hospital to the halfway quiz and the occasional 

night out. The only thing that would have made it better is a holiday... To Tom, Jamie, and Lyd, you do 

more than anyone could reasonably ask for: you are the first to pick up the phone when I call and to 

help my family out when I'm ill; the way you deal with setbacks is an inspiration, and you are the 

definition of what friends should be. Our showdown matches, raids, coffee trips, food, and even tattoos 

were always stand-out days for me over the past few years. To the Leeds lot, we might not see each 

other as often as we used to due to travelling apart, but I always felt your support no matter where you 

were. I love all of you. 

 

The final person I would like to thank is my best friend and girlfriend, Tayla. The last few months of your 

PhD are usually expected to be the toughest, but having you by my side made them a breeze. Your 

constant support and ability to work late "alongside" me, regardless of whether it was chemistry or 

biology, made everything so simple. Our late-night cooking sessions after 12-14 hrs days meant we 

were both a bit delirious but would always try something new and dance in the kitchen. Runs in the cold 

when we definitely were not in the state to be exerting ourselves were always rallied by your carefree 

attitude. Your passion for your research is unparalleled, and it really lit something within me that made 

me appreciate what I was doing. You were beside me for three years as one of my best friends, and I 

would never have anticipated where we would end up; home is meant to be a place where you are the 

most comfortable and can indeed be yourself; it just so happens I feel at home whenever I'm with you. 

I love you to bits and can't wait to see where your research takes you.  

 

One final thanks to Rebecca and David for providing me with a challenging project with genuine impact, 

one I am incredibly passionate about. Midway through my PhD, I was hospitalised by chance by the 

very bacteria we work with, and I was struggling with motivation. Rebecca told me, "Bacteria are 

insidious; that's why we do what we do." This really shifted my entire mindset. So, I thank you for that. 



iv 
 

I entered this PhD as an out-of-practice medicinal chemist and I have left as a biochemist/molecular 

biologist with a competent synthetic chemistry skill set. That is all thanks to the people mentioned 

above. Science is not a linear path; it's a mess of ropes all intertwined with knots. You cannot solve 

complex problems like that alone; you need a network with surplus support and a wide range of 

expertise. Even then, you might not solve it. I advise anyone undertaking a PhD to be optimistic about 

your progress; every knot you untangle is a significant achievement and has left you as a more 

competent scientist. Do not compare yourself to anyone other than yourself a few months prior; 

appreciate the progress. 

 

Declaration  

I, the author, confirm that this Thesis is my own work. I am aware of the University’s guidance on the 

Use of Unfair Means. This work has not been previously presented for an award at this, or any other 

university. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



v 
 

List of Figures  

 

Figure Title Page number 

Chapter 1: 

1.4 Structure of (pp)pGpp 13 

1.4.1 Mechanism of (p)ppGpp production from ATP and GTP/GDP 14 

1.5.2 A summary of the constituent domains of the three classes of RSH 

enzymes 

15 

1.5.2.3 Structures of RelP RelQ and Rel 17 

1.5.1 Molecular modelling of ppGpp in both its cyclised and elongated 

conformations. 

21 

1.5.2 RNAP of E. coli bound to ppGpp in the presence of DksA 23 

1.5.3  (p)ppGpp regulates GTP levels by inhibiting multiple targets 

across de novo and purine salvage pathways. 

25 

1.5.3.1  (p)ppGpp exerts control over GTP nucleotide pools and CodY 

regulation. 

26 

1.6 Chemical structures of the alternative 32P probes. 31 

1.6.1 A cartoon representation of the DRaCALA methodology: 32 

1.6.2 A cartoon representation of the three main components of a 

general capture compound 

32 

1.6.2a Diazarine cross linkers covalently attach affinity handles to protein 

targets. 

33 

1.6.2.1 Summary of the SILAC procedure implemented by Wang et al 34 

1.6.2.2 Capture compounds designed by Haas et al 35 

Chapter 3 

3.2.1 Structure of the non-covalent ppGpp-protein capture compound 76 

Scheme 1 Planned synthetic route to reach the described capture compound: 77 

3.2.2.1 TEG (1) is tritylated in the presence of a catalytic base to give 

alcohol (2) 

78 

3.2.2.2 Alcohol (2) is alkylated by dibromo-p-xylene and sodium hydride to 

give di-tritylated product (3) 

79 

3.2.2.3 TEG (1) is alkylated with dibromo-p-xylene and silver oxide to 

produce diol (4) 

79 

3.2.2.3.1 1H NMR trace of product (4). 80 

3.2.2.4 Diol (4) is sulphonated by tosyl-chloride to give the desired di-

tosylate (5) 

80 



vi 
 

Scheme 2 : A new synthetic route was designed to reach the non-covalent 

capture compound (19) 

81 

3.2.3.2 TEG (1) is fully converted to di-tosylate (11) in the presence of 

tosyl-chloride 

82 

3.2.3.3 Di-tosylate (11) reacts sodium azide to give diazide (12) 82 

3.2.3.3.1 Propargyl alcohol forms coloured 1,2,3-triazoles in the presence of 

copper (I) bromide 

83 

3.2.3.4 Di-azide (12) is selectively reduced in the presence of HCl to form 

amine (13). 

83 

3.2.3.4.1 Staudinger reductions performed in biphasic reactions improve 

regioselectivity 

84 

3.2.3.5 d-Biotin is converted to an activated PFP-ester (14) 84 

3.2.3.6 Linker (13) is biotinylated with a PFP-biotin ester 85 

3.2.3.6.1 Planned in situ formation of PFP-biotin before addition of linker (13) 

to form azide (15) 

86 

3.2.3.7 Azide (15) can be reduced to amine (16) or undergo a 

cycloaddition with propargyl bromide to from triazole (20) 

86 

3.2.3.7.1: Cinnamaldehyde forms intensely coloured Schiff bases with d-

biotin in acidic conditions 

87 

3.2.3.7.2 Staudinger reduction of azide (15) to amine (16) in two different 

solvent systems. 

87 

3.2.3.8 Amine (16) is furnished with a reactive bromoacetyl group 88 

3.2.3.9 The B. subtilis enzyme YjbM is exploited to synthesise the ppGpp 

structural analog p(s)pGpp 

89 

3.2.3.9.1 The YjbM phosphotransferase reaction can be visualised by 

cellulose TLC and a sulphur stain 

89 

3.2.3.9.2 RP-HPLC separates p(s)pGpp from other nucleotides 90 

3.2.3.9.3 RP purifications can be shortened while maintaining resolution 90 

3.2.3.9.4 p(s)pGpp is separated from GDPβS and structurally similar 

nucleotides using RP-HPLC 

91 

3.2.9.3.5 The ppGpp structural analog p(s)pGpp was purified by RP-HPLC 92 

3.2.9.3.6 Anion exchange chromatography separates structurally similar 

nucleotides by their charge state 

93 

3.2.9.3.7 Pure p(s)pGpp was obtained by anion exchange chromatography 94 

3.2.3.10 Alkylation of p(s)pGpp using linker (17) forms the desired capture 

compound 

95 

3.2.3.10.1 Formation of the capture compound (19) is observed by RP-HPLC 95 



vii 
 

3.2.3.10.2 RP-HPLC and mass spectrometry display capture compound 19 

purity 

96 

Scheme 3 Synthetic route utilised to reach a covalent capture compound by 

Haas et al 

99 

Scheme 4 Synthetic route utilised to reach a covalent capture compound by 

Haas et al  

100 

Chapter 4 

4.2.1 SDS-PAGE of the Ribosomal GTPases 103 

4.2.1.1 Capture compound exhibits selectivity to the ppGpp binding 

ribosomal GTPases 

104 

4.2.2.2 Workflow of the capture compound pulldown and mass 

spectrometry 

105 

4.2.2.2.1 Western blot of lysates prior to the pulldown and pulldown eluents 107 

4.2.2.2.2 Silver staining provides insight into the ability of the capture 

compound to capture specific proteins when compared to the bead 

control. 

108 

4.2.4a-d Principal component analysis (PCA) of replicates across each 

capture experiment. 

110 

4.2.4e-h Volcano plots displaying the significant differences between 

proteins isolated by the capture compound. 

111 

4.2.5 Volcano plot demonstrating the capture compound's ability to 

significantly enrich proteins from lysate along with a comparison of 

previously captured targets. 

113 

4.2.5.1 KEGG mapping reveals protein hits that span numerous cellular 

processes 

114 

Chapter 5 

5.2.1 T7IQ allows for the expression of the desired His-tagged proteins in 

the presence of IPTG. 

122 

5.2.1.1 SDS-PAGE to assess protein expression from the ORFeome 

library 

123 

5.2.2 Relseq catalysed formation of pppGpp and subsequent cleavage 

by GppA to ppGpp is monitored by TLC 

124 

5.2.3 Whole cell lysate high throughput DRaCALA with [α-32P]-ppGpp 126 



viii 
 

5.2.5 Protein expression of T7IQ strains compared to MG1655 ΔRSH 

strains 

128 

5.2.5.1 Proteins were expressed and purified by IMAC chromatography to 

allow for DRaCALA with recombinant protein 

129 

5.2.6 Comparison of percentage binding with respect to RsgA between 

both groups of proteins 

130 

5.2.7 Recombinant protein DRaCALA with the new hit list 132 

5.2.8 The signal produced by the phosphates of ppGpp in 31P NMR are 

abolished by the GTPase Era 

134 

5.2.8.1 31P NMR allows for the identification of four putative ppGpp binding 

proteins 

135 

5.2.9 Schematic of microscale thermophoresis (MST) including an 

example trace 

137 

5.2.9.1 MST traces alongside binding curves between HxlB and monolith-

red his-tag dye 

138 

5.2.9.2 MST traces and binding curves of the interaction between HxlB and 

ppGpp 

139 

5.2.10 HxlB catalyses the isomerisation of fructose 6-phosphate to D-

arabino-hex-3-ulose-6-phosphate but is not significantly inhibited 

by ppGpp 

141 

5.3 Our capture compound approach was efficient at identifying ppGpp 

binding proteins involved in carbon metabolism. 

144 

Chapter 6 

6.2.2 Summary of the designed ELISA 149 

6.2.2.1 Sensitivity and selectivity of the capture compound were assessed 150 

6.2.3 ppGpp chelates the Zn2+ ions present in PyDPA providing a 2:1 

stoichiometry 

152 

Scheme 5 Synthetic route implemented to reach the chemo-sensor PyDPA in 

eight steps 

153 

6.2.4.1 Copper free sonogoshira coupling of 1-bromo-pyrene with 

propargyl alcohol 

154 

6.2.4.2 Hydrogenation of aryl-alkyne 21 to alcohol 22 155 

6.2.4.3 Bromination of alcohol (22) to form alkyl bromide (23) 156 

6.2.4.4 Reduction of phthalate 24 to triol 25 via several methodologies 156 

6.2.4.5 Reaction of alkyl bromide 23 and triol 25 under microwave 

conditions 

158 

6.2.4.6 Mechanism of ether elimination in the presence of a strong acid 159 

6.2.4.6.1 Activation of benzylic carbons using PBr3 yields a di-bromo ether 159 



ix 
 

6.2.4.7 Attachment of the phosphate sensitive dipicolylamine (DPA) moiety 

by nucleophilic substitution 

160 

6.2.4.8 Chelation of Zinc activates PyDPA to ppGpp binding 161 

6.2.5 Fluorescence peaks at a 2:1 ratio of PyDPA to ppGpp 162 

6.2.5.1 PyDPA fluoresces in the presence of (p)ppGpp in a selective 

manner 

163 

 

List of Tables  

 

Table Title Page Number 

1 Summary of the significantly enriched proteins from the 

stationary phase pulldown 

xvii 

2 Overlapping proteins identified between the pulldown 

experiments of Haas et al and Wang et al 

xxv 

3 Overlapping proteins between this study and Wang et al xxv 

4 Overlapping proteins between this study and Haas et al xxvi 

5 All proteins identified by the DRacALA methodology 

employed by Zhang et al  

 

xxvii 

6 All proteins identified by the capture compound approach 

employed Wang et al. in E. coli 

xxviii 

7 All proteins identified by the capture compound approach 

employed Haas et al 

xxix 

Chapter 1 

1.6.2 Structural composition of spacer X  

 

33 

1.6.2.2 Summary of both DRaCALA and affinity-based capture 

methodologies 

36 

Chapter 2 

2.4.1.1 List of bacterial strains used 60 

2.4.1.7 List of primers used throughout this study with relevant 

restriction sites included 

62 

Chapter 3 

3.2.2.1 Summary of the modifications and yield of each reaction 

attempt 

78 

3.2.3.5 Summary of the attempts to activate d-biotin. 85 

3.2.3.6 Comparison of biotinylation reaction attempts 85 



x 
 

Chapter 5 

5.2.7 Summary of known ppGpp binding partners and their Kd 

values 

133 

 

List of abbreviations  

Abbreviation Definition 

  (p)ppGpp 
Guanosine 3'-bids (diphosphate) and guanosine 3'-

diphosphate 5'- triphosphate 

° Degrees 

°C Degrees Celsius  

5PRA 5'-phosphoribosylamine 

A Absorbance  

AcOH Acetic acid  

ACP Acyl carrier protein  

Adk Adenylate kinase  

Adneosine synthase A AdsA 

ADP Adenosine diphosphate  

agr accessory gene regulator 

AMP Adenosine monophosphate  

ANOVA Analysis of variance  

Ar Argon 

A-site Aminoacyl site 

Atet Anhydrotetracycline  

ATP Adneosine triphosphate  

BCAA Branched chain amino acids  

BSA Bovine serum albumin  

CA Community acquired  

Ca  (BH4)2 Calcium borohydride  

Cam Chloramphenicol  

cAMP cyclic adenosine monophosphate 

Carb Carbenicillin  

CBr4 Carbon tetrabromide  

CC Conserved cysteine  

CDCl3 Deuterated chloroform  

c-di-AMP Cyclic di adenosine monophosphate  

c-di-GMP cyclic diguanylate monophosphate 



xi 
 

CHCl3 Chloroform  

cm Centimetre  

CNS Coagulase negative staphylococci 

CPS Coagulase positive staphylococci 

CryoEM Cryo electron microscopy  

CTD C-terminal domain  

CWA Cell wall associated proteins  

Da Dalton  

D-Ala D-alanine  

DCC N,N′-Dicyclohexylcarbodiimide 

DCM Dichloromethane  

dd Double distilled  

DDM n-dodecyl-β-D-maltoside 

DIBAL di-isobutyl aluminium 

DIPEA diisopropylethylamine 

D-Lac D-lactate  

DMAP Dimethylaminopyridine  

DMAPP dimethylallyl pyrophosphate 

DMF dimethylformamide 

DMSO Dimethyl sulphoxide  

DMT Dimethoxytrityl  

DNA Deoxyribonucleic acid  

DNase Deoxyriboonuclease  

DRaCALA differential radial capillary action of ligand assay 

DTT Dithiothreitol 

ECL Electrochemiluminescence 

EDC N- (3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

EDTA ethylenediaminetetraacetic acid 

EF Elongation factor  

ELISA Enzyme linked immunosorbent assay  

eqv Equivalent  

Erm  Erythromycin  

ESI Electrospray ionisation  

E-site  Exit site  

Et2O Diethyl ether  

EtOAc Ethyl acetate  

EtOH Ethanol  

F6P Fructose-6-phosphate 



xii 
 

FB Fraction bound 

FBS Fetal bovine serum  

FDR False discovery rate  

Fmet N-formylmethionine  

FnBPs Fibronectin binding proteins  

g Gram  

GDP Guanosine diphosphate 

GFP green fluorescent protein 

Gmk guanylate kinase 

GMP Guanosine monophosphate  

GTP Guanosine triphosphate  

GTPase Guanosine triphosphate hydrolase  

H2O2 Hydrogen peroxide  

H2SO4 Sulphuric acid  

HA Hospital acquired  

HAS Human serum albumin  

HATU 
1-[Bis (dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate 

HBr Hydrogen bromide  

HCl Hydrochloric acid  

HCTU 
2- (6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate 

HEPES 4- (2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Hex Hexane  

HFIP Hexafluoroisopropanol  

HGT Horizontal gene transfer 

HOCl Hypochlorous acid  

hpf Hibernation promoting factor  

HPLC High performance liquid chromatography  

HprT hypoxanthine ribosyl transferase 

Hr Hour  

HRP Horse radish peroxidase  

HYD Hydrolase  

Hz Hertz 

IF Initation factor  

IgG Human immunoglobulin  

IMAC Immobilized Metal Affinity Chromatography 

IMP Inosine monophosphate  



xiii 
 

IP Photostimulable phosphor imaging plate  

IPP isopentenyl pyrophosphate 

IPTG Isopropyl ß-D-1-thiogalactopyranoside 

ITC Isothermal calorimetry  

Kan Kanamycin  

Kb kilobase 

Kd Dissociation constant  

kDa Kilodalton  

KEGG Kyoto encyclopaedia of genes and genomes  

KH2PO4 Monopotassium phosphate  

KI Potassium iodide  

KOH Potassium hydroxide  

LB Luria Bertani broth 

LCMS Liquid chromatography mass spectrometry  

LFQ Label free quantification  

LiAlH4 Lithium aluminium hydride  

L-PG lysyl-phospholipidphosphatidylglycerol 

LPS Lipopolysaccharide  

M Molar 

mA Milliamps 

MBP Maltose binding protein  

MDM Monocyte derived macrophages  

MDR Multidrug resistant  

MeCN Acetonitrile  

MeOH Methanol  

MES Morpholinoethanesulphonic acid 

Met-tRNA methyl-transfer RNA 

mg Milligram  

MgCl2 Magnesium Chloride  

MGE Mobile genetic elements 

MgSO4 Magnesium sulphate  

Min Minute  

mL Millilitre  

mM Millimolar  

MPO myeloperoxidases 

mRNA Messenger RNA 

MRSA Methicillin resistant staphylococcus aureus 

MS Mass spectrometry  



xiv 
 

MSCRAMM 
microbial surface component recognising adhesive 

matrix molecules 

MSG Monosodium glutamate  

MSSA Methicillin sensitive staphylococcus aureus 

MST Microscale thermophoresis  

MWCO Molecular weight cut off 

Na2CO3 Sodium carbonate  

Na2SO4 Sodium sulphate  

NaCl Sodium chloride  

NADPH Nicotinamide adenine dinucleotide phosphate 

NaH Sodium hydride  

NaHCO3 Sodium hydrogen carbonate  

NaN Not a number  

NaOH Sodium hydroxide  

NBCS Newborn calf serum  

NC Nanoclusters  

NEAT near ion transporter 

NETs neutrophil extracellular traps 

ng Nanogram 

NH4Cl Ammonium chloride  

NH4HCO3 Ammonium bicarbonate  

nM Nanomolar 

NMR Nuclear magnetic resonance  

NTD N-terminal domain  

Nuc Staphylococcal nuclease  

O/N Overnight  

OD Optical density  

ORF Open reading frame  

p  (s)pGpp Thiolated ppGpp analog 

PAGE Polyacrylamide gel electrophoresis  

PBP Penicillin binding protein  

PBr3 Potassium tribromide  

PBS Phosphate buffered saline  

PBST Phosphate buffered saline with TWEEN20  

PC Pyruvate carboxylase  

PCA Principal component analysis  

PCR Polymerase chain reaction  

Pd/C Palladium on carbon 



xv 
 

PDB Protein data bank  

PdCl2 Palladium (II) chloride  

PEG Polyethylene glycol  

PFP Pentafluorophenol  

PG Peptidoglycan  

pGpp guanosine 5'-monophosphate-3'-diphosphate 

pH Potential of hydrogen  

pI Isoelectric point  

PMSF phenylmethylsulfonyl 

ppApp Adenosine 5'-diphosphate-3'-diphosphate 

ppGpp Guanosine 5'-diphosphate-3'-diphosphate 

PPh3 Triphenylphosphine  

PPi Inorganic phosphate  

ppm Parts per million  

pppGpp guanosine 5'-triphosphate-3'-diphosphate 

PRPP phosphoribosylpyrophosphate 

P-site Peptidyl site 

PSM Phenol soluble modulin  

PurF amidophosphoribosyltransferase 

PVDF Polyvinyldifluoride  

PVL Panton valentine leucocidin  

PyDPA Pyrenyl dipicolylamine  

RF Release factor  

rmf Ribosome modulation factor 

RNA Ribonucleic acid  

RNAP RNA-polymerase 

RNase Ribonuclease  

ROS Reactive oxygen species  

RP Reverse phase  

rpm Revolutions per minute  

RRM RNA recognition motif  

rRNA Ribosomal RNA 

RSH RelA/SpoT homologue  

RT Room temperature  

s Second  

SAH Small alarmone hydrolases  

SAS Small alarmone synthetases  

SASP Staphylococcus aureus surface associated proteins  



xvi 
 

SCC Staphylococcal cassette chromosome  

SCV Small colony variant  

SDS Sodium dodecyl sulphate  

SILAC Stable isotope labelled in culture  

SiR3 Silyl ethers  

Spa Staphylococcal protein A 

Spec Spectinomycin  

SPIN staphylococcal peroxidase inhibitor 

SR Stringent response  

SYNTH synthetase 

TBAF Tetra n-butylammonium fluoride  

TBS t-butyldimethylsilyl 

TCA Tricarboxylic acid  

TCS Two component system  

TEA Triethylamine  

TEAB Triethylammonium bicarbonate  

TEG Tetraethylne glycol  

TEMED  Tetramethylethylenediamine 

Tet Tetracycline  

TFA Trifluoroacetic acid  

THF Tetrahydrofuran  

TIPS triisopropysilyl 

TLC Thin layer chromatography  

TMB 3,3',5,5'-tetramethylbenzidine 

TMS trimethylsilyl 

Tris Tris buffered saline  

tRNA Transfer ribonucleic acid  

TSA Tryptic soy agar  

TSB Tryptic soy broth  

TsCl Tosyl chloride  

TSST toxic shock syndrome toxin 

UTP uridine triphosphate 

UV Ultraviolet  

V Volts  

v/v Volume/volume  

VraRS vancomycin resistance associated system 

VRE Vancomycin resistant enterococci  

VRSA Vancomycin resistant staphylococcus aureus  
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w/v Weight/volume 

XMP Xanthine monophosphate  

ZNF Zinc finger domain  

μg Microgram  

μL Microlitre  

μM Micromolar  

Ω Ohms  

 

Appendices  

The following tables list details of proteins that were isolated from various pulldowns across this project 

and previous studies.  

Table 1: Summary of the significantly enriched proteins from the stationary phase pulldown. 
 

Gene locus Gene name Protein function -logP q-value 
KEGG 

mapping 

SAUSA300_1490 efp 
Translation Elongation 

Factor P 
2.373 0.0240 Ribosome 

SAUSA300_0636 dhaK 
Delta-Aminolevulinic 

Acid Dehydratase 
1.927 0.0266 Metabolism 

SAUSA300_1278 pepF1 Oligoendopeptidase F 2.459 0.0269 
Nucleotide 

Metabolism 

SAUSA300_1617 hemC 
Mannose-6-Phosphate 

Isomerase, Class I 
2.207 0.0273 

Synthesis Of 

Cofactors 

SAUSA300_0573 mvaD 

Glyceraldehyde 3-

Phosphate 

Dehydrogenase 

1.970 0.0275 Metabolism 

SAUSA300_1293 lysA 
Cysteinyl-tRNA 

Synthetase 
3.271 0.0276 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_2327 YdaG 
Conserved 

Hypothetical Protein 
1.843 0.0280 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_2186 rpmD 
Ribosomal Protein 

L30P/L7E 
3.206 0.0281 Ribosome 

SAUSA300_2079 fba 
Porphobilinogen 

Deaminase 
1.952 0.0283 Metabolism 

SAUSA300_1713 ribBA 

UTP-Glucose-1-

Phosphate  

Uridylyltransferase 

Family Protein 

2.104 0.0284 Metabolism 

SAUSA300_2631  Nh  (3)-Dependent 

NAD+ Synthetase 
2.388 0.0288 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0756 gapC 
Conserved 

Hypothetical Protein 
1.742 0.0288 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_2193 rplX Ribosomal Protein L24 2.198 0.0289 Ribosome 
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SAUSA300_2241 ureE 
Urease Accessory 

Protein Uree 
1.864 0.0290 Metabolism 

SAUSA300_2460  Acetyltransferase, 

Gnat Family 
1.975 0.0291 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0556 hxlB Sis Domain Protein 1.825 0.0292 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_2164  Surface Protein, 

Putative 
2.327 0.0292 

Virulence 

Factor 

SAUSA300_0835 dltA Chaperonin, 60 kDa 1.741 0.0296 
Virulence 

Factor 

SAUSA300_0786 Ohr 
Osmc/Ohr Family 

Protein 
1.825 0.0296 Metabolism 

SAUSA300_0789 trxA Putative Thioredoxin 2.647 0.0299 Chaperones 

SAUSA300_0515 CysS Catalase 2.303 0.0299 

Amino-Acyl 

tRNA 

Biosynthesis 

SAUSA300_1476 accB 

Acetyl-Coa 

Carboxylase, 

Biotin Carboxyl Carrier 

Protein 

1.703 0.0300 Metabolism 

SAUSA300_0136  Transcriptional 

Regulator Cody 
1.856 0.0300 

Virulence 

Factor 

SAUSA300_2130  Transcriptional 

Regulator, Putative 
2.071 0.0301 Metabolism 

SAUSA300_2517  Ornithine 

Carbamoyltransferase 
2.041 0.0304 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1514 fur Ferric uptake regulator 1.752 0.0305 Signalling 

SAUSA300_1004  Conserved 

Hypothetical Protein 
1.936 0.0305 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1624 MutT 
Heat Shock Protein 

Grpe 
1.867 0.0307 

Nucleotide 

Metabolism 

SAUSA300_0727  Diaminopimelate 

Decarboxylase 
2.718 0.0307 Metabolism 

SAUSA300_0475 spoVG Spovg Protein 1.957 0.0308 
Growth And 

Division 

SAUSA300_2351  Zn-Binding Lipoprotein 

Adca-Like Protein 
2.472 0.0308 Transporter 

SAUSA300_1545 rpsT 
30S Ribosomal Protein 

S20 
1.584 0.0309 Ribosome 

SAUSA300_2226 moaB 
Molybdenum Cofactor 

Biosynthesis Protein B 
1.559 0.0310 

Synthesis Of 

Cofactors 

SAUSA300_1102 gmk 
Guanylate Kinase 

(Metabolism) 
2.421 0.0311 

Nucleotide 

Metabolism 

SAUSA300_2447  Uncharacterised 

Protein 
2.296 0.0312 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_2132  Hypothetical Protein 1.557 0.0313 

Hypothetical 

Protein/Funct

ion Unknown 
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SAUSA300_1094 pyrC 
Dihydroorotase 

(Purine Metabolism) 
1.490 0.0313 

Synthesis Of 

Cofactors 

SAUSA300_2146  
Alcohol 

Dehydrogenase 

(General Metabolism) 

1.742 0.0313 Metabolism 

SAUSA300_0883 map 
Putative Surface 

Protein 
2.283 0.0313 

Virulence 

Factor 

SAUSA300_1256 msrA 
Methionine Sulfoxide 

Reductase A 
1.937 0.0313 Metabolism 

SAUSA300_1902  
Hypothetical Protein 

(Carbohydrate 

Metabolism) 

1.637 0.0313 Metabolism 

SAUSA300_1725 TalB Putative Transaldolase 1.511 0.0314 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1460  

Peptidase, 

M20/M25/M40 Family, 

(Protein Fate 

 And Metabolism 

1.528 0.0316 Metabolism 

SAUSA300_0758 tpiA 

Triosephosphate 

Isomerase (General 

Metabolism) 

1.666 0.0317 Metabolism 

SAUSA300_2111 GlmM 
phosphoglucosamine 

mutase 
1.777 0.0318 Metabolism 

SAUSA300_1804  

Glucosamine-6-

Phosphate Isomerase 

(Central Intermediary 

Metabolism) 

1.641 0.0318 Metabolism 

SAUSA300_1844 ygaF 

Bacterioferritin 

Comigratory Protein 

(Cellular Processes) 

1.721 0.0319 Metabolism 

SAUSA300_1893 nadE 

Fructose-

Bisphosphate 

Aldolase, Class Ii 

1.810 0.0319 
Synthesis Of 

Cofactors 

SAUSA300_0385  

General Stress Protein 

17M-Like Domain-

Containing Protein 

(Same Family As Yflt?) 

2.350 0.0319 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_2177 rplQ 
50S Ribosomal Protein 

L17 
2.313 0.0320 Ribosome 

SAUSA300_0367 ssb 
Single Strand DNA 

Binding Protein 
1.665 0.0320 

DNAReplicati

on And 

Repair 

SAUSA300_0688  Aldo/Keto Reductase 

Family Oxidoreductase 
1.776 0.0320 Metabolism 

SAUSA300_0972 purF 

Phosphoribosyltransfer

ase (Purine 

Metabolism) 

1.632 0.0320 
Nucleotide 

Metabolism 

SAUSA300_1029 
IsdA  (frpA, 

stbA) 

Iron Transport 

Associated Domain-

Containing Protein 

(Heme Extraction) 

1.594 0.0321 
Virulence 

Factor 

SAUSA300_1759  Probable Beta 

Lactamase 
1.839 0.0321 

Virulence 

Factor 



xx 
 

SAUSA300_1994 scrB 

Sucrose-6-Phosphate 

Hydrolase 

(Metabolism) 

2.867 0.0321 Metabolism 

SAUSA300_2315  Uncharacterised 

Lipoprotein 
1.697 0.0322 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1454 zwf 

Glucose-6-Phosphate 

Dehydrogenase 

(Pentose Phosphate 

Pathway) 

1.657 0.0322 Metabolism 

SAUSA300_0759 pgm 
Phosphoglyceromutas

e (Glycolysis) 
1.804 0.0323 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1148 codY 
N-Acetyltransferase 

Family Protein 
2.004 0.0324 Signalling 

SAUSA300_1362 hup 
Dna-Binding Protein 

Hu 
2.155 0.0324 

Dna 

Replication 

And Repair 

SAUSA300_1869 map 

Methionine 

Aminopeptidase 

(Protein Metabolism) 

1.617 0.0326 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1355 aroA 

3-Phosphoshikimate 1-

Carboxyvinyltransferas

e (Amino Acid 

Biosynthesis) 

2.869 0.0327 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1615 hemB 

Mevalonate 

Diphosphate 

Decarboxylase 

2.230 0.0327 
Synthesis Of 

Cofactors 

SAUSA300_2529  
Phnb-Like Domain-

Containing Protein 

(Putative Dna Binding) 

1.939 0.0328 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1541 grpE 

DNA-Binding 

Response Regulator 

Vrar 

1.971 0.0328 Chaperones 

SAUSA300_0427 mpsC 

Na+-Translocating 

Membrane Potential-

Generating System 

 Mpsc Domain-

Containing Protein 

2.524 0.0331 Transporter 

SAUSA300_2082 rpoE 

Dna-Directed Rna 

Polymerase, Delta 

Subunit 

1.862 0.0333 Transcription 

SAUSA300_1370 ebpS 
Cell Surface Elastin 

Binding Protein 
1.647 0.0333 

Virulence 

Factor 

SAUSA300_0655 Regulator 
Cell Wall Surface 

Anchor Family Protein 
2.026 0.0336 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_2096 manA 
Transcriptional 

Regulator, Putative 
2.160 0.0338 

Synthesis Of 

Cofactors 

SAUSA300_1152 frr 
Ribosome Recycling 

Factor 
2.029 0.0344 Ribosome 

SAUSA300_0293  Membrane Transport 1.704 0.0345 Transporter 

SAUSA300_1044 trxA Thioredoxin 1.873 0.0347 Chaperones 
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SAUSA300_1860 pepS Aminopeptidase 1.664 0.0354 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_0525 rplI 
50S Ribosomal Protein 

L7/L12 
2.088 0.0357 Ribosome 

SAUSA300_1582 CsbD 
Sigmab-Controlled 

Gene Product 
2.100 0.0362 Signalling 

SAUSA300_0902 pepF Dnak Protein 2.289 0.0369 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1434  Phislt Orf104A-Like 

Protein, Repressor 
1.672 0.0371 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0253 scdA 
Cell Wall Biosynthesis 

Protein Scda 
1.578 0.0373 

Virulence 

Factor 

SAUSA300_0008 hutH 
Histidine Ammonia-

Lyase 
1.460 0.0373 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_2569 arcB 
Flavohemoprotein, 

Putative 
1.742 0.0375 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_2362 gpmA 
Phosphoglyceromutas

e 
1.624 0.0377 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1261 ysdC 
Putative Glutamyl 

Aminopeptidase 
1.540 0.0378 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1517 nfo Endonuclease 1.562 0.0378 

DNAReplicati

on And 

Repair 

SAUSA300_1540 dnaK 
Leucyl-tRNA 

Synthetase 
1.840 0.0380 Chaperones 

SAUSA300_0990 rnpZA 
Conserved 

Hypothetical Protein 
1.775 0.0384 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0593  Hypothetical Protein 1.686 0.0387 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0686 nagA 

N-Acetylglucosamine-

6-Phosphate 

Deacetylase 

1.611 0.0387 Metabolism 

SAUSA300_1476 accB 

Acetyl-Coa 

Carboxylase, Biotin 

Carboxyl Carrier 

Protein 

2.927 0.0391 Metabolism 

SAUSA300_0226 fadb 
3-Hydroxyacyl-Coa 

Dehydrogenase 
2.418 0.0391 Metabolism 

SAUSA300_1527 era 
Gtp-Binding Protein 

Era 
1.664 0.0395 Ribosome 

SAUSA300_2102 ywpJ_1 PE 

Haloacid 

Dehalogenase-Like 

Hydrolase 

1.664 0.0396 Metabolism 
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SAUSA300_1653  Metal-Dependent 

Hydrolase 
1.472 0.0397 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0025 adsA 
5'-Nucleotidase Family 

Protein 
1.485 0.0409 

Nucleotide 

Metabolism 

SAUSA300_1368 ansA L-Asparaginase 1.911 0.0411 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_2225 moaC 

Molybdenum Cofactor 

Biosynthesis Protein 

Moac 

1.784 0.0413 Transporter 

SAUSA300_0491 cysK Cysteine Synthase A 1.661 0.0414 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1150 tsf Elongation Factor Ts 1.637 0.0416 Ribosome 

SAUSA300_1654 pepQ Proline Dipeptidase 1.690 0.0416 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1900 ppaC 

Putative Manganese-

Dependent Inorganic 

Pyrophosphatase 

1.525 0.0416 Metabolism 

SAUSA300_1728  Aldo/Keto Reductase 

Family Oxidoreductase 
1.613 0.0417 Metabolism 

SAUSA300_1232 katA 

D-Alanine-Activating 

Enzyme/ 

D-Alanine-D-Alanyl 

Carrier Protein Ligase 

2.085 0.0419 Metabolism 

SAUSA300_1659 tpx 

Thiol Peroxidase  

(Adaptions To Atypical 

Conditions) 

1.716 0.0420 Metabolism 

SAUSA300_1790 prsA 
Dihydroxyacetone 

Kinase 
1.870 0.0420 Chaperones 

SAUSA300_0372  
Hypothetical Protein  

(Peptidase Family 

Pepsy 

2.152 0.0423 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1884 CamS 

Cams Sex Pheromone 

Cam373  (Sporulation 

And Germination) 

1.497 0.0424 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1865 vraR Adenylate Kinase 1.847 0.0425 Signalling 

SAUSA300_1697  Peptidase Pepv 1.552 0.0425 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_0856 kapB 
Kinase Associated 

Protein B 
2.148 0.0426 Signalling 

SAUSA300_0547 sdrD 
Gram-Positive Signal 

Peptide 
1.505 0.0428 

Virulence 

Factor 

SAUSA300_0772 clfA 
Fibrinogen-Binding 

Protein 
3.810 0.0429 

Virulence 

Factor 

SAUSA300_2432 nudG 
Mutt/Nudix Family 

Protein 
2.291 0.0429 

Dna 

Replication 

And Repair 

SAUSA300_0141 drm 
3,4-Dihydroxy-2 

-Butanone-4-
1.913 0.0430 

Nucleotide 

Metabolism 
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Phosphate Synthase 

/GTP Cyclohydrolase Ii 

SAUSA300_0916  Hypothetical Protein 

(Rna Processing) 
2.447 0.0431 

Synthesis Of 

Cofactors 

SAUSA300_0833 nagD 
Acid Sugar 

Phosphatase 
1.551 0.0431 Metabolism 

SAUSA300_0569 chdC 
Coproheme 

Decarboxylase 
1.665 0.0432 

Synthesis Of 

Cofactors 

SAUSA300_0791 gcvH 
Glycine Cleavage 

System Protein H 
2.280 0.0433 Metabolism 

SAUSA300_0790  Hypothetical Protein 

(Arsenate Reductase) 
1.943 0.0433 Metabolism 

SAUSA300_1982 GroEL 
Conserved 

Hypothetical Protein 
1.891 0.0433 Chaperones 

SAUSA300_1492  Hypothetical Protein 

(Putative Lipoprotein) 
1.649 0.0434 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1691 pepA 
Glutamyl-

Aminopeptidase 
2.321 0.0435 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1664 ezrA Oligoendopeptidase F 1.996 0.0436 
Growth And 

Division 

SAUSA300_2230 modA 

Molybdenum Abc 

Transporter 

Molybdenum-Binding 

Protein Moda 

1.548 0.0436 Transporter 

SAUSA300_2259 Regulator 
Peptidylprolyl 

Isomerase 
2.035 0.0436 Signalling 

SAUSA300_2400  Glutamyl-

Aminopeptidase 
1.505 0.0436 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_1842 PerR 
Transcriptional 

Regulator, Fur Family 
1.764 0.0437 Signalling 

SAUSA300_0816  Csbd-Like Superfamily 

Protein 
1.975 0.0437 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0693 saeP 
Hypothetical Protein 

(Putative Lipoprotein) 
1.701 0.0439 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1037 pheS 

Phenylalanyl-Trna 

Synthetase Subunit 

Alpha 

2.118 0.0439 

Amino-Acyl 

tRNA 

Biosynthesis 

SAUSA300_1611 ValS Valyl tRNA synthetase 2.045 0.0439 

Amino-Acyl 

tRNA 

Biosynthesis 

SAUSA300_1856 yhbO Hypothetical Protein 2.477 0.0440 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1511  50S Ribosomal Protein 

L33 
2.667 0.0440 Ribosome 

SAUSA300_1197 bsaA 
Glutathione 

Peroxidase 
1.632 0.0441 

Biosynthesis 

Of Amino 

Acids 
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SAUSA300_2396 pnbA 
Para-Nitrobenzyl 

Esterase 
1.563 0.0441 Metabolism 

SAUSA300_2090 deoC 
Purine Nucleoside 

Phosphorylase 
2.096 0.0442 Metabolism 

SAUSA300_0419 lpl9 Tandem Lipoprotein 1.685 0.0444 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1453 rnz 
Ribonuclease Z (Trna 

Processing) 
2.497 0.0445 Ribosome 

SAUSA300_1321  
Hypothetical Protein 

(Putative 

Bacilliredoxin) 

2.286 0.0445 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1014 cfiB  (pyc) Pyruvate Carboxylase 2.429 0.0448 

Biosynthesis 

Of Amino 

Acids 

SAUSA300_0078 copB 
Atpase Copper 

Transport 
1.600 0.0450 Transporter 

SAUSA300_2183 adk 
Deoxyribose-

Phosphate Aldolase 
2.342 0.0453 

Nucleotide 

Metabolism 

SAUSA300_2621 drp35 
Hypothetical Protein 

(Lactonase Drp35) 
1.535 0.0457 Metabolism 

SAUSA300_1690 ytpP Putative Thioredoxin 1.744 0.0460 Metabolism 

SAUSA300_1082  Hypothetical Protein 

(Pyridoxal Phosphate) 
1.603 0.0463 Metabolism 

SAUSA300_2091 deoD 

Conserved 

Hypothetical Protein 

Tigr01033 

1.804 0.0466 
Nucleotide 

Metabolism 

SAUSA300_0173 srpF 

Hypothetical Protein 

(3-Methyl-2-

Oxobutanoate 

Hydroxymethyltransfer

ase ) 

1.659 0.0467 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0234 hmp Phosphopentomutase 1.836 0.0469 Metabolism 

SAUSA300_0958 Regulator Peptidase T 1.941 0.0470 Signalling 

SAUSA300_1704 leuS 
Leucyl tRNA 

synthetase 
1.893 0.0471 

Amino-Acyl 

tRNA 

Biosynthesis 

SAUSA300_2534 panB 

3-Methyl-2-

Oxobutanoate 

Hydroxymethyltransfer

ase 

1.588 0.0472 
Synthesis Of 

Cofactors 

SAUSA300_0969 purS 

Phosphoribosylformylg

lycinamidine Synthase, 

Purs Protein 

1.907 0.0474 
Nucleotide 

Metabolism 

SAUSA300_1459 gndA 
6-Phosphogluconate 

Dehydrogenase 
1.690 0.0475 Metabolism 

SAUSA300_1909  
Hypothetical Protein 

(Thioredoxin Family 

Protein) 

2.556 0.0476 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_2418 ahpD 

Carboxymuconolacton

e Decarboxylase-Like 

Domain-Containing 

Protein 

2.183 0.0477 Metabolism 
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SAUSA300_1011  Uncharacterized 

Protein (Ylal) 
1.711 0.0480 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_0605 sarA 
Staphylococcal 

Accessory Regulator A 
1.915 0.0491 Signalling 

SAUSA300_1969  

Phi77 Orf011-Like 

Protein, Phage 

Transcriptional 

Repressor 

1.564 0.0492 

Hypothetical 

Protein/Funct

ion Unknown 

SAUSA300_1983 groS Chaperonin, 10 Kda 1.819 0.0495 Chaperones 

SAUSA300_2136 yhfQ (htsA) 

Iron Compound Abc 

Transporter Iron 

Compound-Binding 

Protein 

1.776 0.0498 Transporter 

SAUSA300_1050 rdgB 
Mutt/Nudix Family 

Protein 
1.702 0.0541 

Nucleotide 

Metabolism 

SAUSA300_1874 ftnA 
Bacterial Non-Heme 

Ferritin 
2.616 0.0544 Metabolism 

 
The threshold for significant enrichment of these proteins was set to a q-value of 0.05.  
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Table 2: Overlapping proteins identified between the pulldown experiments of Haas et al and 
Wang et al 
 

Protein Function 

E. coli S. 

typhimurium 

 (Soluble) 
Soluble Membrane 

FtsY   Signal recognition particle receptor X   

GlmM   Phosphoglucosamine mutase X  X 

Gpt   Xanthine phosphoribosyltransferase X X  

NfsA   
Oxygen-insensitive NADPH 

nitroreductase 
X   

PcnB   Poly (A) polymerase I  X  

PfkA   
ATP-dependent 6-

phosphofructokinase isozyme 1 
X   

PfkB   
ATP-dependent 6-

phosphofructokinase isozyme 2 
X  X 

Rng   Ribonuclease G X   

SelB   
Selenocysteine-specific elongation 

factor 
X   

YjiA  P-loop guanosine triphosphatase X   

 
These experiments investigated the proteins isolated from both the soluble and membrane fractions of 
cell lysates. 
 
Table 3: Overlapping proteins between this study and Wang et al 

 
A ratio of heavy/light atoms was used in the Wang et al. study to determine significant enrichment with 
a threshold of >2.5. Whereas, this study utilises q-value as a determinant of significance.  
 
 
 
 
 

Protein Function 
q- value 

 (this study) 

Wang et al log2 

(heavy/light) 

GlmM Phosphoglucosamine mutase 0.0318 1.63 

PurF Amidophosphoribosyltransferase 0.0320  

GpmA Phosphoglycero mutase 0.0377 2.19 

Era GTP-binding protein 0.0395 3.27 

Tsf Elongation factor Ts 0.0416 2.06 

Gnd 
6-phosphogluconate 

dehydrogenase 
0.0475 2.76 
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Table 4: Overlapping proteins between this study and Haas et al 

 
 
 
q-value comparisons between this study and Haas et al utilise a q-value significance  threshold of 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein Function 
q-value S. aureus 

(this study) 

q-value E. coli q-value S. 

typhimurium  

(soluble) 
soluble membrane 

EF-P Elongation Factor P 0.024 0.02 - 0.00 

FadB 
3-hydroxyacyl-CoA 

dehydrogenase 
0.0391 0.00 - - 

GlmM 
Phosphoglucosamine 

mutase 
0.0318 0.01 - 0.00 

GpmA Phosphoglycero mutase 0.0377 0.00 0.00 - 

GroS Heat Shock protein 0.0495 0.00 - - 

GrpE Heat shock protein 0.0307 0.00 - - 

Hup DNA-binding protein HU 0.0304 0.01-0.00 - - 

MoaB 
Molybdenum cofactor 

biosynthesis protein B 
0.0310 0.01-0.00 - - 

NagD Hypothetical protein 0.0431 0.00 - - 

PepQ Dipeptidase 0.0416 0.01-0.00 - - 

RdgB 
Nucleoside 5-

triphosphatase 
0.0541 0.01-0.00 - - 

Ssb 
Single-strand binding 

protein 
0.0320 0.02-0.00 - 0.00 

TalB Transaldolase 0.0314 0.01-0.00 - - 

Tpx Thiol peroxidase 0.0420 0.00 0.00 - 

ValS Valyl-tRNA synthetase 0.0439 0.02-0.01 - - 

Zwf 
Glucose-6-phosphate 1-

dehydrogenase 
0.0322 0.00 - - 
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Table 5: All proteins identified by the DRacALA methodology employed by Zhang et al 2018 
 

Protein Species 

YgdH E. coli 

Gpt E. coli 

Hpt E. coli, B. subtilis, S. aureus 

GuaB E. coli, B. subtilis 

PurA E. coli 

Apt E. coli 

LepA E. coli 

Era E. coli, S. aureus 

HflX E. coli, S. aureus 

RsgA E. coli, S. aureus 

Der E. coli, S. aureus 

PrfC E. coli, D. vulgaris 

ObgE E. coli, B. subtilis 

Ef-Tu E. coli 

Ef-G E. coli 

InfB E. coli 

BipA E. coli 

DnaG E. coli, B. subtilis 

DksA E. coli 

MutT E. coli, T. thermophilus 

NudG E. coli 

TrmE E. coli 

NadR E. coli 

PhoA E. coli 

UshA E. coli 

RelA E. coli 

SpoT E. coli 

GppA E. coli 

HypB E. coli 

IdcI E. coli 

IdcC E. coli 

Ppx E. coli 

SpeC E. coli 

SpeF E. coli 
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Table 6: All proteins identified by the capture compound approach employed Wang et al in E. 
coli 2019 
 

Gene name 

gpt gnd glmM 

hpt purA pfkA 

speC nfsA pcnB 

rsgA gsk obgE 

znuC dksA  

EF-G mpl  

engB pyrI  

ffh pgk  

nudC selB  

gdhA RF-3/prfC  

mnmE gpmA  

IF-2/infB pfkB  

upp purC  

bipA EF-Ts/tsf  

der/engA ettA  

ftsY ppx  

EF-Tu tatD  

EF-4/lepA purF  

era guaB  

yjiA cmk  

folC purB  

rnG pykF  

ryrH ndh  

rfbB entC  

spoT dapB  

YhhX Icd  
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Table 7: All proteins identified by the capture compound approach employed Haas et al  
 

Gene name in E. coli Gene name in S. aureus 

aroK dbpA cspE aceA cspC asnS 

gcvP grxA moaE manY rfaF aspA 

sbcD fabH zwf degP fadJ cbiC 

ssb purC efp gapA dtpA dkgA 

yciK moaE rlmD tpx tnaB fabB 

yjiA pepN dps sodB ybbO fdhE 

galF nfsB topB yeeX mdoH gltA 

ydcF grxB obgE pssA damX himD 

yheS nanE engB nuoF murF hutG 

gstA glmM ribF yrbL wecG icdA 

ftsY fldA uvrY ghrA yhfK lysS 

hisB yjgM yajO ycgR nirB mdh 

fbp modF elaA grpE mglA mgsA 

sspA apaH aceE lpxB rluB pgm 

cmoM cmoM pykA narJ yciE rdgC 

deoB yjbJ queF nagD pinE rfbG 

aroH rdgB groS clpX fadB SL1344_0397 

moeA talB cmoB tdcD nuoE SL1344_1220 

ppnN metE hsdR fadD araC SL1344_1223 

yaeH moaB rnb dksA htpG SL1344_1259 

glnS thrC argG iscS fklB SL1344_4176 

pfkB sucD frr hcr upp SL1344_4508 

nagC valS anmK ackA ppc tktA 

gnd glcB topA pcnB  trxA 

pka rfbA yhhA artP  yaaA 

hslV galK yeaG focA  ygcX 

typA yeiP prs rpsA  asnS 

hisS pgk hupB msrA  aspA 

gpt bglA ydfG mtfA  cbiC 

mglB ydcH ynfE modC  dkgA 

selB rng def ybhF  fabB 

araD eno yebE rpoD  fdhE 

tig aceB tldD atpA  gltA 

galU pyrG hupA mlaD   

folE apt yjgA icd   



xxxi 
 

fusA purA pdxH ygiW   

pepQ purB hemH mlaF   

pfkA amn cobB rbbA   

proB ydjA glf bcp   

nfsA gpmA pnp lpxD   

pcm yjdC ybjS intF   

moeA uxuB maeA mrcA   

btsR trpB aphA fadI   

 
Where gene names are absent the proteins have been described by gene loci 
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1.1. Staphylococcus aureus 

Staphylococcus aureus is a facultative anaerobic gram positive bacterium of the phylum bacillota, that 

was first identified as an infectious agent after isolation from a surgical abscess of a knee joint by Ogston 

in 1880, where close inspection of the bacteria revealed spherical clusters of cells (Ogston, 1984, Lowy, 

1998). These clusters resembled grape bunches and led to the genus being named Staphylococcus, 

staphyle from Greek for “bunch of grapes” and kokkus “berry”. The bacterium was then further classified 

by Rosenbach in 1884 who isolated pure culture, and suggested the name Staphylococcus aureus  due 

to the characteristic yellow/golden colour (aureus) (Rosenbach, 1884). The pigment responsible for this 

– staphyloxanthin, has  been shown to be involved in virulence and viability of  S. aureus in the presence 

of reactive oxygen species and neutrophils, with mutants preventing the formation of the carotenoid 

having impaired survival (Clauditz et al., 2006, Liu et al., 2005). The unique pigmentation of the colonies 

makes S. aureus easily identifiable from other species in the staphylococcal genus, of which there are 

45 species and 24 subspecies (Lowy, 1998, Gherardi et al., 2018). The staphylococcal genus was 

initially divided into two major groups, coagulase positive staphylococci (CPS) and coagulase negative 

staphylococci (CNS) of which S. aureus is part of the former. Coagulases are polypeptides that form 

clots in blood plasma by activating prothrombin, an enzyme that converts fibrinogen to fibrin. The ability 

of S. aureus to bind to the mesh-like networks formed by fibrinogen and fibrin allows dissemination 

throughout the host bloodstream as thromboembolic lesions makes these polypeptides important in 

disease pathogenesis (Foster and Höök, 1998, McAdow et al., 2012). Therefore, the absence of 

coagulases was initially associated with a lack of pathogenicity in the CNS which account for around 

30 of the species. However, this taxonomic approach is no longer viable, with commensal strains such 

as Staphylococcus epidermidis demonstrating themselves as true pathogens particularly in hospitalised 

patients (Toltzis, 2023, Becker et al., 2014). In 2018 the use of comparative genomics by Coates-Brown 

et al led to the introduction of three new categories: group A, which consists of species capable of 

causing human infection, including S. aureus, while groups B and C are known to cause infections in 

animals. 

 

The genomes of staphylococcal strains are approximately 2.8 Mbp in size with relatively low G + C 

content of around 32.7% (Wang et al., 2012a). Despite the majority of the genome being ubiquitous, 

around 20% is subject to change as large sections display high variability (Mŀynarczyk et al., 1998). 

These large sections, commonly referred to as genomic islands, were likely obtained through horizontal 

gene transfer (HGT)(Baba et al., 2008). Additionally, virulence and antibiotic resistant genes that 

contribute to persistent staphylococcal diseases can be attributed to these variable genome sections, 

which consist of mobile genetic elements (MGEs) such as: plasmids, pathogenicity islands, 

staphylococcal cassette chromosomes (SCC) and transposons (Baba et al., 2002, Mŀynarczyk et al., 

1998). These MGEs are largely involved in maintaining the plasticity of the genome, allowing bacteria 

to adapt to selective pressures such as antibiotics by enriching specific genes that promote fitness and 

survival. 
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1.1.1. Epidemiology  

S. aureus is commonly found throughout the human population colonising flora such as the skin and 

mucosal membranes (5%) but is predominantly found around the anterior nares (20-30%) (Tong et al., 

2015).  It is a commensal and opportunistic organism that does not typically cause infection on healthy 

skin, with around 30% of the population unknowingly acting as permanent carriers (Gorwitz et al., 2008). 

However, due to a lack of symptoms, colonisation is not detected leaving the bacterium with a significant 

presence. This is best demonstrated by a study in 2004, involving the screening for S. aureus of 14,008 

adults via nasal swab before admission to a non-surgical department, with 3420 testing positive  (1 in 

4).  (Sakr et al., 2018, Wertheim et al., 2004). In addition throughout 2017 there were around 119,247 

cases of S. aureus bloodstream infections resulting in around 19,382 deaths in the USA and around 

12,073 deaths between 2018-2019 in the UK, a 37.7% increase from 2011-2012 (8767 deaths) (Kourtis 

et al., 2019, Thelwall et al., 2019). Following this percentage increase, in 2020 the USA was not on 

track for its goal of reducing 50% of in hospital-onset methicillin resistant S. aureus (MRSA) bloodstream 

infections from the 2015 baseline set by the Healthcare-Associated Infection National Plan (Kourtis et 

al., 2019). S. aureus was responsible for the most deaths globally at 1.1 million, while also being the 

leading cause of bacterial death in 135 countries (Vos et al., 2020, Murray et al., 2022). Unsurprisingly 

colonisation rates of S. aureus are higher in at-risk populations, such as individuals with open wounds 

or who regularly use hypodermics, patients with diabetes, immunocompromised patients and 

hospitalised patients (Tracey A. Taylor, 2020, Miller et al., 2015). The recurrence of S. aureus within 

these groups is also heightened perhaps due to the persistent colonisation that they experience. While 

S. aureus does not typically present a danger to healthy individuals, it is opportunistic and if given 

access to the circulatory system or internal tissues it can be a versatile and dangerous pathogen 

responsible for various clinical infections (Lowy, 1998). Several strains cause invasive infections such 

as: infective endocarditis in which it is the most common cause in the industrialised world (responsible 

for >25% of cases) along with; meningitis; septic arthritis; skin and soft tissue infections (impetigo); or 

toxin-mediated diseases such as toxic shock syndrome by the release of superantigens into the blood 

stream(Foster, 1996, Tong et al., 2015). Mortality rates associated with these infections remain high at 

around 15-50%(Turner et al., 2019, Lam and Stokes, 2023). MRSA infections that arise in a clinical 

environment are termed hospital-acquired (HA-MRSA) and these were predominant from the 1960s 

onwards, however, in the late 1990s and early 2000s MRSA infections became more common 

occurrences within the community and thus are termed community-acquired MRSA (CA-MRSA) (Wang 

et al., 2019b). It is therefore imperative that decolonisation of patients occurs before surgical 

intervention in order to reduce incidence rates. To assist this, preoperative techniques have been 

introduced, including the use of topical chlorhexidine and nasally administered mupirocin to decolonise 

the dermis and nares (Rao et al., 2008), significantly reducing the number of recurrent community-

acquired and nosocomial MRSA infections while remaining cost effective (Miller et al., 2012, 

Wassenberg et al., 2011, Rao et al., 2008). Although preventative methods remain cost effective, the 

extensive pressures S. aureus places on the community and healthcare systems cannot be overstated. 
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In 2003 up to 400,000 inpatients in the US had S. aureus-related infections with the inpatients alone 

resulting in an economic burden of around $14.5 billion and an additional $12.5 billion for those requiring 

surgical intervention (Noskin et al., 2007). The prevalence of MRSA in health care was also noted to 

have risen in 2008 due to newly discovered virulence factors and was responsible for necrotising, 

frequently lethal, pneumonia along with a variety of other potentially fatal infections in otherwise healthy 

individuals, making it responsible for more deaths than HIV infection in that year (Noskin et al., 2007, 

Boucher and Corey, 2008, Rasigade and Vandenesch, 2014).  

 

1.1.2. The evolution of antibiotic resistance and MRSA  

When preventative methods are not enough, the treatment of active S. aureus infections can be difficult, 

due to the wide range of antibiotic resistances that can arise. One of the hallmark resistances developed 

by S. aureus was to penicillin, which occurred in the early 1940s. The full extent of how penicillin 

functions is unknown besides it interfering directly with cell wall assembly. Here, it binds to the penicillin 

binding proteins (PBPs), these proteins are responsible for integrating peptidoglycan into the nascent 

bacterial cell wall by cross linking due to their transpeptidase activity (Fisher and Mobashery, 2020). 

Penicillin functions as it shares high structural similarity to the D-alanyl-D-alanine residues of the 

peptidoglycan pre-cursor UDP-MurNAc-pentapeptide (Tipper and Strominger, 1965). This similarity 

allows for competitive inhibition of the native substrate and the formation of stable and long lasting acyl-

complexes rendering the PBPs useless (Tipper and Strominger, 1965). While the 

production/maintenance of cell walls during growth is inhibited, the deconstruction of the cell wall by 

autolysins continues, meaning the cell is made susceptible to internal osmotic pressure and as a result, 

bursts and dies (Tomasz, 1979, Fisher and Mobashery, 2020). However, the structural feature that 

allowed penicillin to function would eventually become its downfall. Penicillin contains a characteristic 

β-lactam ring that is readily hydrolysed by penicillinases. Due to the selective pressure S. aureus 

experienced, it began to produce a penicillinase termed β-lactamase, this enzyme readily degrades the 

β-lactam ring acting as the pharmacophore, allowing the bacteria to cause persistent infections (Kirby, 

1944). These penicillin resistant strains were subsequently responsible for large outbreaks of S. aureus 

in communities, as well as in clinical settings, by the 1950-1960s all over the world (Rountree and 

Freeman, 1955). As a result, the first semi-synthetic penicillin was introduced to clinical settings in 1961. 

Methicillin was an effective form of treatment as the steric hindrance associated with its ortho-

dimethoxyphenyl group prevented staphylococcal β-lactamase from binding. However, only two years 

after its introduction MRSA was reported in the UK, marking the second wave of resistance (Jevons, 

1961). 

 

The genetic determinant for resistance in these strains was the presence of the staphylococcal cassette 

chromosome (SCCmec). This mobile genetic element is around 21-60 kb and contains the mecA gene, 

and was likely acquired by horizontal gene transfer from coagulase negative staphylococcal strains 

such as Staphylococcus fleurettii (Tsubakishita et al., 2010, Hashemizadeh et al., 2019). The mecA 
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gene encodes penicillin binding protein 2a (PBP2a), this protein benefits from poor affinity towards most 

β-lactam antibiotics, meaning it confers resistance to methicillin and its variants like oxacillin along with 

conjunction therapies that inhibit β-lactamases, such as clavulanic acid alongside amoxicillin 

(Vestergaard et al., 2019, Severin et al., 2005, Katayama et al., 2000, Prieto et al., 1998). As a result, 

the trans-peptidase enzymes (PBPs) can continue to cross link peptidoglycan polymers of the bacterial 

cell wall, maintaining the structural integrity of the cell (Malachowa and Deleo, 2010, Chambers and 

Deleo, 2009). Furthermore, MRSA has a resistance profile capable of spanning penicillin, 

cephalosporins and carbapenems, making treatment considerably more difficult (Papp-Wallace et al., 

2011, Rayner and Munckhof, 2005). At the time, this newly found resistance caused significant 

problems, and by 1970-1980s these strains were endemic in the United States (US) and were ultimately 

responsible for a global pandemic of MRSA in hospitals that still persists to the present day. The mec 

gene complex also contains two other regulatory genes, the repressor mecI and the transmembrane β-

lactam sensing signal transducer mecR1. In the presence of a β-lactam antibiotic, de-repression of both 

mecA and mecR1 occurs allowing for the cleavage and activation of the metalloprotease domain of 

MecR1, which subsequently cleaves MecI and allows binding of the mecA operon, promoting 

transcription and synthesis of PBP2a (Berger-Bächi and Rohrer, 2002, Deurenberg and Stobberingh, 

2008). SCCmec also contains the ccr gene complex that encodes two site-specific cassette 

chromosome recombinases CcrA and CcrB. As SCCmec is not a transposon or a phage, it requires 

these enzymes to successfully excise and insert itself into a specific site on the chromosome (Ito et al., 

2014, Ito et al., 1999). There are around 13 variants of SCCmec, with the commonality being the 

presence of both mec and ccr complexes, however, allotypes of these genes are what define the 

variants. Interestingly both HA-MRSA and CA-MRSA can be associated with these allotypes, type I-III 

being HA-MRSA and CA-MRSA carrying IV and V (Uehara, 2022, Yamaguchi et al., 2020).  

 

Due to the sheer number of MRSA infections, a last resort antibiotic, vancomycin was increasingly 

prescribed. This glycopeptide was the chosen method for clearance of MRSA, however, due its wide 

usage it acted as an intense selective pressure and around 20 years after its introduction, enterococcal 

species began to display resistance and were termed vancomycin-resistant enterococci (VRE)(Uttley 

et al., 1988). Shortly after this, vancomycin resistance emerged in MRSA supposedly due to the uptake 

of a vancomycin gene cluster containing the vanA gene obtained from VRE (McGuinness et al., 2017). 

As mentioned previously, the main function of many β-lactam antibiotics is to target cell wall production 

which eventually leads to cell death. Vancomycin works in a markedly similar way, targeting the terminal 

D-Ala-D-Ala of peptidoglycan preventing trans-glycosylation to the peptidoglycan chain which prevents 

further cross linking by trans-peptidation (Courvalin, 2006). The vanA gene encodes for a ligase that 

forms D-Ala-D-Lac in place of D-Ala-D-Ala altering the target of vancomycin and encouraging a third 

wave of resistance, in which vancomycin-resistant MRSA strains emerged termed VRSA (Courvalin, 

2006). However, this might not be the only mechanism of resistance. One case study involving a 

chemotherapy patient undergoing treatment for S. aureus, allowed for the sequencing of vancomycin 
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susceptible isolates throughout treatment. Upon the treatment failing, vancomycin non-susceptible 

isolates were also obtained. Upon sequencing these isolates, 35 point mutations were identified across 

31 loci with the most interesting being in the vraR operon, with 6 isolates displaying this mutation 

(Mwangi et al., 2007). With resistance to β-lactams, cephalosporins, carbapenems and even 

glycopeptides, MRSA is often classified as causing a multidrug resistant infection and as such constant 

efforts to find effective treatments continue. One of these drugs, daptomycin, was also trialled in the 

aforementioned case study. When comparing vancomycin-susceptible and -resistant isolates a 100-

fold decrease in susceptibility towards daptomycin was observed (Mwangi et al., 2007). 

 

Daptomycin is a lipopeptide antibiotic that has an unknown mechanism of action, however there are 

two proposed processes.  Firstly upon binding Ca2+ it inhibits production of lipoteichoic acid – a polymer 

that is essential for normal growth in S. aureus (Boaretti et al., 1993). With the former mechanism being 

disputed the following was suggested. Upon binding to Ca2+, daptomycin adopts a new conformation, 

allowing it to insert itself into the cell membrane bound, depolarizing it and disrupting membrane stability 

while also allowing vital ions and molecules such as K+, Mg2+ and ATP to be lost (Heidary et al., 2017, 

Jung et al., 2004, Silverman Jared et al., 2003). Daptomycin has a few pharmacological advantages 

over vancomycin, namely it does not initiate nephrotoxicity and is often used as a substitute when this 

has progressed too far in the patient (Gaudard et al., 2019). In a comparative study, patients suffering 

from an MRSA blood stream infection were found to have decreased rates of all-cause mortality, 55% 

and 45% when switching from vancomycin to daptomycin within 3 or 5 days respectively, highlighting 

the benefit of having daptomycin as an available treatment. Despite daptomycin being used as a last 

resort against multidrug resistant strains of MRSA, instances of resistance have begun to arise. 

Although the resistance mechanism is unknown, these instances were more prevalent in cases where 

low doses were administered over a prolonged period or prior treatment with vancomycin had occurred 

(Julian et al., 2007, van Hal et al., 2011, Camargo et al., 2008). Interestingly, the VraRS two-component 

regulatory system (TCS) seemed to be upregulated in some of these cases, while the dlt operon has 

also been over expressed in others (Yang et al., 2009). dlt is associated with alanylation of cell wall 

teichoic acids meaning over expression could lead to over alanylation and a net increase in the charge 

of the cell surface, potentially affecting the insertion of daptomycin and as a result its effectiveness. 

This also validates the resistance pathway associated with the multiple peptide resistance factor MprF. 

Normally this virulence factor transports the lysyl-phospholipidphosphatidylglycerol (L-PG) to the outer 

region of the cytoplasmic membrane, a process that is essential for maintaining a net-negative charge 

(Ernst and Peschel, 2019, Ernst et al., 2009). Increased survival often occurs in mprF mutants, as the 

net charge becomes more positive due to decreased transport of L-PG to the outer region of the cell 

membrane. As with most antimicrobial peptides, daptomycin struggles to embed itself into the 

membrane as a result of this and its efficiency decreases (Thitiananpakorn et al., 2020). Although not 

widespread, daptomycin resistance is a bleak prospect when considering the lack of options clinicians 

currently have available.  
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Antibiotics can be considered the most intense selective pressure ever placed upon S. aureus and 

despite it being naturally susceptible to virtually every antibiotic, resistance has been and will continue 

to be acquired through phage events, horizontal gene transfer, mobile genetic elements or random 

mutants. The emergence of these strains is a testament to the organism’s ability to adapt to selective 

pressures and survive irrespective of their cause (Chambers and Deleo, 2009). Resistance events have 

significantly marked the pharmaceutical industry with a 90% reduction in the approval of new antibiotics 

by the United States Food and Drug Administration over the last 30 years, meaning it is imperative that 

alternative strategies are explored for the treatment of such a clinically relevant pathogen (Shlaes et 

al., 2013). 

 

1.1.2.1. Alternatives strategies for the treatment of staphylococcal infections  

Vaccines are typically modelled on surface antigens or toxins as these are both readily recognised by 

the immune system, however, in the case of S. aureus the genome plasticity complicates the process 

with a large number of strains requiring assessment for suitability to ensure the vaccines have a broad 

range of protection (Proctor, 2012). Attempts have been made to develop a staphylococcal vaccine and 

initial results seemed promising in animal studies. One study found that using S. aureus surface 

associated proteins (SASP) in a vaccine led to a significant reduction in the cases of bovine mastitis 

(Vidlund et al., 2024). The use of the virulence factor staphylococcal protein A (SpA), allowed mice to 

prevent dissemination of S. aureus throughout the blood stream despite not preventing infection. This 

is attributed to anti-SpA antibodies that encouraged phagocytosis, potentially preventing S. aureus 

transitioning from the skin to the blood (Mandelli et al., 2024). Despite this success, staphylococcal 

vaccines have not yet proven effective in human trials. There are several explanations for this, S. aureus 

is commensal and exposure throughout life may reduce the effectiveness of vaccines due to “original 

antigenic sin” (Francis, 1960, Proctor, 2012). This can be explained as the immune system 

encountering a similar pathogen to one that was responsible for a previous infection and using its recall 

responses that were effective against the original strain but less effective against the current pathogen 

(Francis, 1960). Additionally, animal studies used for S. aureus often translate to human models poorly 

e.g. S. aureus is not part of mice skin flora. 

 

There is a plethora of possible targets for developing human therapies. Surface antigens are able to 

stimulate opsonophagocytosis and as a result impact virulence, while antibodies against toxins are 

capable of blocking toxicity (Clegg et al., 2021). Other attempts to generate an effective vaccine  have 

employed capsular polysaccharide antigens and surface proteins in the form of ClfA (previously 

mentioned in section 1.1.). Despite antigens and surface proteins being logical targets there is an 

abundance of pathogenic S. aureus strains that do not express capsular polysaccharides rendering 

these vaccine targets useless (Boyle-Vavra et al., 2015, Shinefield et al., 2002). This was seen in the 

failure of of StaphVax®, and SA4Ag which led to the development of the also underwhelming 

PentaStaph®, which utilised the same formula as StaphVax® with the inclusion of teichoic acid, the 
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pore forming α-toxin and panton valentine leukocidin (PVL), both important virulence factors (Jahantigh 

et al., 2022, Genestier et al., 2005). More recently a protein conjugating polysaccharide by 

GlycoVaxyn® was also trialled that involved glycosylating conserved staphylococcal antigens to S. 

aureus capsular polysaccharides, with the aim of reducing the number of vaccine components (Wacker 

et al., 2014). Previous bacterial vaccines, such as the ones targeting Haemophilus influenzae B and 

Streptococcus pneumoniae, use these protein glycoconjugate along with opsonisation and have been 

implemented globally (Trotter et al., 2008). Perhaps the lack of success associated with staphylococcal 

vaccines could be due to their reliance on opsonisation, which has led to more recent studies focusing 

on T-cell mediated immunity (O'Brien and McLoughlin, 2019).  

 

Bacteriophages are lytic viruses that have been used to selectively kill bacteria for over a century, 

however, the advent of antibiotics led to a huge decrease in their use. Several studies investigating 

staphylococcal specific phage therapy are underway, however, they are associated with many 

complications. Evolution of resistance is a problem that still rears its head even in a context void of 

antibiotics, although this issue could be minimised using combination phage therapy (Plumet et al., 

2022). Evasion of the hosts immune system is also required in order for the phage to perform its role 

effectively - some murine models have reported phage present in the bloodstream 21-25 days after 

their introduction with no impact on the killing of S. aureus, even in the presence of anti-phage 

antibodies (Capparelli et al., 2007). Despite their promise as therapeutic agents for treating S. aureus 

infection, phage therapies are still plagued with issues. There is no one phage extraction or purification 

method and a lack of research into the safety of using these viruses is abundantly clear. In addition, 

their dynamics with the host immune response, along with pharmacokinetics and pharmacodynamic 

properties remain to be established. Addressing these concerns would allow for phage therapies to be 

considered as a suitable treatment in the future (Plumet et al., 2022, Luong et al., 2020). 

 

1.3. Staphylococcal Virulence Factors  

The ability of S. aureus to act as such a capable pathogen stems from its virulence factors, some of 

which have been mentioned previously. These factors aid host invasion, immune evasion, use of host 

resources, antimicrobial resistance, damage to the host tissue by release of toxins that allow the 

pathogen to cause a multitude of infections spanning dermatitis to more invasive infections such as 

infective endocarditis or pneumonia.  

 

1.3.1. Adhesion and invasion  

The most important step in establishing an infection is to successfully adhere to host cells. This is 

typically done through cell wall associated (CWA) proteins, of which S. aureus can produce a wide 

variety. Fibronectin binding proteins (FnBPs) are proteins that aid host-cell adhesion, and rely on the 

formation of fibronectin bridges from these FnBPs towards a5β1 integrin on the cells surface (Sinha et 

al., 1999, Fowler et al., 2000). There are four different categories of which FnBPs fall under the microbial 
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surface component recognising adhesive matrix molecules (MSCRAMMs). The aforementioned ClfA 

also works alongside CflB with both being essential for establishing bloodstream infections by binding 

to fibrinogen. Throughout 2012 there was an outbreak of an exceptionally virulent MRSA strain in 

Asia,due to the CWA protein SasX, that increased adhesion, with the origin of this protein being traced 

back to a lysogenic bacteriophage (Li et al., 2012, Lacey et al., 2016). Collagen is one of the most 

abundant proteins in the human body and during wound healing  production of type-1 collagen can 

increase by around 100-fold (Stefanovic et al., 1997). S. aureus is capable of producing Cna, an adhesin 

that is able to tightly bind type-1 collagen with a binding affinity (Kd) of 54 nM (Arora et al., 2021, Xu et 

al., 2004). Cna was also found to be linked with arthritis, with a murine model showing ~70% of mice 

exposed to a Cna+ strain developed clinical signs of arthritis, while those exposed to a Cna- strain had 

a considerably lower incidence rate of 27% (Mohamed et al., 1999, Patti et al., 1994). Other 

mechanisms for adhesion include the serine aspartate repeat-containing protein SdrD, autolysin Atl and 

serine rich adhesin for platelets SraPv(Hirschhausen et al., 2010, Corrigan et al., 2009, Yang et al., 

2014, Josse et al., 2017). SdrD binds to the cell surface of keratinocytes, Atl mediates internalisation 

by binding to the chaperone protein Hsc70, while SraP aids adhesion to epithelial cells in the lung by 

binding to A549 cells (Yang et al., 2014, Hirschhausen et al., 2010, Corrigan et al., 2009, Josse et al., 

2017). Atl is also known to be involved in the secretion of S. aureus proteins including SdrD, which is 

also upregulated by neutrophils, implicating Atl with a role in internalisation (Pasztor et al., 2010). 

Alternative mechanisms of adhesion in the absence of other proteins also occur such as the binding to 

fibroblasts mediated by the staphylococcal extracellular adherence protein, Eap (Josse et al., 2017). S. 

aureus implements a variety of adhesion mechanisms in order to effectively establish infection, as not 

all binding targets will be readily available within the host.  

 

1.3.2. Immune evasion and toxin production 

Once S. aureus has successfully invaded a host, it is targeted immediately by the immune system and 

as such strategies for survival are a necessity, mainly evasion. Upon internalisation by a macrophage, 

the bacteria are exposed to a variety of stressors such as reactive oxygen species and neutrophil serine 

proteases (NSPs) that directly kill bacteria or cleave host immune proteins to produce antimicrobial 

peptides (Stapels et al., 2014, Stapels et al., 2015). These NSPs can be non-covalently inhibited at low 

nano-molar concentrations by Eap mentioned in section 1.3.1. preventing bacterial killing and 

degradation of the phenol soluble modulins (PSMs) (Kretschmer et al., 2021). PSMs are amphipathic 

α-helical cytolytic peptide toxins that damage the membrane and are an essential part of S. aureus 

immune evasion in serum causing neutrophil lysis by interacting with the neutrophil formyl-peptide 

receptor 2 (FPR2) (Periasamy et al., 2012, Wang et al., 2007b). This activates phagocytosis and 

oxidative bursts along with the lysis of leukocytes when in high enough concentrations  (Kretschmer et 

al., 2021, Kretschmer et al., 2010, Weiß et al., 2020). S. aureus experiences a variety of environments 

within a host, yet the secretion of PSMs can occur whether in serum or a phagosome where these 

toxins assist escape before maturation into a phagolysosome. This occurs in a PSM-α dependent 
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process, with Δpsmα mutants failing to escape, while Δpsmβ mutants have no impact (Grosz et al., 

2014). A similar trend was seen in the killing of neutrophils in a murine sepsis model, with Δpsmα strains 

exhibiting reduced virulence and Δpsmβ strains being comparative to wildtype (Wang et al., 2007b). 

Overall there is a clear trend in bacterial survival in neutrophils and the expression of PSMs (Geiger et 

al., 2012).  

 

PSMs are not the only toxin utilised by S. aureus, panton-valentine leukocidin (PVL) is one of several 

two-component pore forming toxins and is heavily implicated as a virulence factor in necrotising strains 

of MRSA. These pore forming toxins, including LukAB, LukED, HlgAB and HlgCB, function through 

membrane destabilisation by binding to the membrane bound ADAM10 metalloprotease and forming 

heptameric β-barrel pores which ultimately lead to cell death (Spaan et al., 2017, Wilke and Bubeck 

Wardenburg, 2010). While not present in the majority of S. aureus isolates, some studies report PVL 

genes to be more prevalent in S. aureus strains responsible for infecting immunocompromised patients 

and around 85% of patients with necrotising pneumonia, highlighting its importance in disease 

progression (Gillet et al., 2002, Lina et al., 1999, Löffler et al., 2010). S. aureus is also capable of 

secreting superantigens (sAg), these are extracellular mitogenic toxins that ultimately lead to an 

exaggerated immune response (Vrieling et al., 2020). While this seems unhelpful at first, the purpose 

of these toxins is perceived to involve the debilitation of the host to allow the disease to permeate (Baker 

and Acharya, 2004). Staphylococcal superantigens such as (SElW), staphylococcal enterotoxin like 

toxin X (SElX) and the toxic shock syndrome toxin (TSST) bind to the variable β-chains in T-cell 

receptors leading to cell proliferation and unregulated cytokine release (Wilson et al., 2011, Vrieling et 

al., 2020, Fleischer and Schrezenmeier, 1988), causing serious immune dysregulation and 

subsequently rendering the body susceptible to toxic shock syndrome, where hypotension and multiple 

organ failure occur (Tuffs et al., 2022).  

 

Staphylococcal protein A (Spa) is a virulence factor that attenuates the host’s immune response by 

binding to human immunoglobulin (IgG) at the fragment crystallisable region, the tumour necrosis 

receptor factor 1 (TNRF1) and the glycoprotein- von Willebrand factor (Foster et al., 2014). Upon Spa 

binding to IgG, the immunoglobulin can no longer undergo hexamerisation and the bacterial cell 

becomes covered by IgG adopting an incorrect conformation. In this state it is unable to bind to 

neutrophil receptors to trigger opsonisation rendering it useless (Cruz et al., 2021). This, taken 

alongside studies with Spa deficient bacteria showing reduced virulence and lower mortality rates in   

murine models, heavily implicates Spa as a virulence factor in S. aureus (Palmqvist et al., 2002, Patel 

et al., 1987). Use of the host’s nutrition is also essential for survival upon infection, as such, members 

of the near ion transporter (NEAT) motif family, such as the CWA Isd proteins are involved in capturing 

haem from haemoglobin. Once acquired, these molecules are transported to the cytoplasm where 

haemoxygenases liberate  iron to aid survival, where iron is a restricted resource (Hammer and Skaar, 

2011). Neutrophils have a variety of weapons available to them in the fight against pathogens, including 
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the distribution of neutrophil extracellular traps (NETs). These consist of intertwining fibrous strands 

predominantly of DNA associated with antimicrobial proteins that bind and trap pathogens allowing for 

their termination (Papayannopoulos, 2018, Rada, 2019). These NETs can be trivialised by S. aureus 

due to the release and activation of staphylococcal nuclease (Nuc) and adenosine synthase A (AdsA), 

that generate deoxyadenosine, leading to macrophage apoptosis. 

 

1.3.3. S. aureus and its response to oxidative stress  

Once inside the phagosome, bacteria are exposed to reactive oxygen species (ROS) such as OH·, O2
- 

and HOCl generated by myeloperoxidases (MPOs) that use H2O2 as a substrate (Foster et al., 2014). 

Hydroxyl radicals can also be formed by the Fenton reaction where Fe (II) reduces H2O2 (Touati, 2000). 

The damage/toxicity associated with hydroxyl radicals is due to the oxidative damage of biomolecules 

inside the bacteria through lipid peroxidation, deamination, oxidation of methionine residues and DNA 

base oxidation as Fe (II) readily associates with nucleic acids causing damage localisation (O'Rourke 

et al., 2003, Praticò, 2001, Imlay, 2003). In order to resist this, S. aureus implements the staphylococcal 

peroxidase inhibitor (SPIN) that prevents the catalytic cleavage of peroxides by MPOs by directly 

blocking the active site (de Jong et al., 2017). Concentrations of ROS within the phagosome are 

estimated to be around 25 μM for O2·- and H2O2 at 1-10 μM, however, in the absence of MPO they rise 

to 100 μM and 30 μM respectively  (Winterbourn et al., 2006, Fang, 2011). Therefore, one would 

assume that the inhibition of MPO by SPIN would lead to a similar but less extreme increase. Following 

this, upregulation of SPIN occurs during phagocytosis, while a decrease in survival has been observed 

in SPIN deficient S. aureus, suggesting it has a role as a virulence factor (de Jong et al., 2017). 

 

The ability of S. aureus to counteract or prevent oxidative stress is important for host colonisation and 

survival and the peroxide sensor PerR is intrinsically linked with both colonisation and survival. High 

concentrations of iron induce the perR regulon, which contains KatA, the sole catalase of S. aureus, 

allowing for the reduction of H2O2 into O2 and H2O (Horsburgh et al., 2001). Despite its importance in 

detoxifying H2O2, KatA has been deemed unmportant for virulence but important for colonisation of the 

anterior nares, while PeR is required for virulence in murine models of infection (Cosgrove et al., 2007a, 

Ji et al., 2015). The organic hydroperoxide (Ohr) protein allows for increased resistance to ROS as Δohr 

strains of Pseudomonas aeruginosa in the presence of organic peroxides such as fatty acid 

hydroperoxides displayed increased sensitivity (Alegria et al., 2017). These three proteins will be 

discussed further in section 5.2.1.4. 

1.3.4. Regulation of virulence factors using VraR and Agr as examples 

TCS are universal protein pathways that convey information about the external cellular environment 

alongside changes within the cell (Lazar and Tabor, 2021). Signals are sensed by histidine kinases, 

which undergo a conformational change that leads to phosphorylation of a histidine residue of the 

intracellular domain (Tiwari et al., 2017, Bleul et al., 2022). The phosphorylated-histidine is now able to 

donate a phosphoryl group to an aspartate residue on the cytoplasmic-bound response regulator that 
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then allows DNA binding and transcriptional upregulation or downregulation (Bleul et al., 2022). The 

most characterised TCS in S. aureus is the accessory gene regulator (agr) involved in the quorum 

sensing system. The quorum sensing network in which agr is involved allows cell-cell communication 

and ultimately leads to gene regulation, with the upregulation of genes involved in toxin secretion and 

downregulation of genes involved in the synthesis of cell wall-associated proteins, implicating it in 

virulence (Rutherford and Bassler, 2012, Bleul et al., 2022). In addition, a very interesting member of 

the TCS group is the vancomycin resistance associated system (VraRS), consisting of the kinase 

(VraS) and the response regulator (VraR) (Yin et al., 2006). The VraRS TCS is responsible for sensing 

and transducing cell wall stress, while also facilitating resistance to cell wall targeting antibiotics such 

as vancomycin by upregulation of the cell wall stimulon. The cell wall stimulon is a  group of ~46 unlinked 

genes that are involved in cell wall synthesis, and upon upregulation lead to a thicker cell wall and 

increased resistance towards vancomycin, heavily involving it in resistance mechanisms and 

pathogenicity  (Dai et al., 2017, Howden et al., 2008, McCallum et al., 2011). Both the agr and VRaRS 

TCS were recently discovered to be linked, as DNase I footprinting assays during vancomycin induced 

stress have shown VraR is upregulated and binds to a 15 nucleotide sequence between the agr P2 and 

P3 promoters inhibiting the function of the quorum sensing system and reducing virulence (Dai et al., 

2017). VraR will be discussed further in section 5.2.1.4 

 

1.4. The stringent response  

S. aureus has an extended reach across the globe due to its ability to colonise the skin and mucosal 

membranes of a large portion of the population, while its virulence factors aid infection and survival in 

more challenging conditions. Survival is also aided by a stress response termed the stringent response 

(SR), an almost ubiquitous response in bacteria with only 35 species incapable of producing it (Atkinson 

et al., 2011). The SR is responsible for inducing a slow growth phenotype when bacteria are exposed 

to external stresses, such as alkali shock, fatty acid starvation, and most importantly amino acid 

starvation. It decreases transcription rates of genes involved in replication and the biosynthesis of 

macromolecules. The resulting slow growth state allows the bacteria to effectively adapt to their 

environment forming dormant cells, promoting survival and virulence (Anderson et al., 2010, Pathania 

et al., 2021, Crosse et al., 2000). The response is predominantly mediated by two alarmones; guanosine 

pentaphosphate (pppGpp) and guanosine tetraphosphate (ppGpp), collectively termed (p)ppGpp (Fig. 

1.4). Recently a third signalling molecule - guanosine 5'-monophosphate-3'-diphosphate (pGpp) was 

identified in Bacillus subtilis, although its function is largely unknown and so will not be the main focus 

of this section (Yang et al., 2020b).   
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First discovered in 1967 by Michael Cashel and Jonathan Gallant when starving Escherichia coli of 

amino acids, these hyper-phosphorylated nucleotides were termed the “magic spot” alarmones. High 

levels of (p)ppGpp result in the down-regulation of genes that play roles in biosynthesis processes, 

such as ribosomal assembly, translation and nucleotide transport/synthesis, while upregulating genes 

involved in stress and the starvation response, promoting a slow growth phenotype that allows survival 

in usually inhospitable conditions  (Corrigan et al., 2016, Cashel and Gallant, 1969). Upon the alleviation 

of stressful conditions, the bacteria revert back to an active growth phenotype with low (p)ppGpp levels, 

ultimately implicating the stringent response in persistent and chronic infections (Geiger et al., 2014, 

Gao et al., 2010). 

 

1.4.1. Synthesis and Hydrolysis of (p)ppGpp   

These alarmones are intrinsically linked with RelA/SpoT Homologue (RSH) enzymes; named after the 

two (p)ppGpp synthesis enzymes found in E. coli, RelA and SpoT (Bennison et al., 2019, Atkinson et 

al., 2011). The RelA enzyme was named as shorthand for relaxed, with relA mutants exhibiting a 

relaxed phenotype in comparison to the stringent wildtype (Stent and Brenner, 1961). RSH enzymes 

catalyse the reaction of guanosine tri/diphosphate (GTP/GDP) with adenosine triphosphate (ATP). Here 

the 3´-OH group from GTP/GDP initiates an SN2 (nucleophilic attack) on the β-phosphate of ATP 

producing (p)ppGpp and adenosine monophosphate (AMP) as a by-product (Fig. 1.4.1) (Sy and 

Lipmann, 1973). SpoT is also capable of removing inorganic pyrophosphate groups (PPi - the δ and ε 

phosphates), to produce either GDP or GTP (Beljantseva et al., 2017).  

 

 

Figure 1.4. Structure of (pp)pGpp: The chemical structures of the stringent response alarmones. 
Represented by colour. pppGpp = red, ppGpp = blue, pGpp – orange. The nomenclature of the 5´-
phosphates (α, β, γ) and 3´-phosphates (δ, ε) are also included. 
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1.4.2. The stringent response enzymes (RSH)  

1.4.2.1. Long RSH enzymes  

The RSH enzyme superfamily is conserved throughout the bacterial kingdom and can be separated 

into three main groups: long-RSH enzymes; small alarmone synthetases (SAS) and the small alarmone 

hydrolases (SAH), all of which are responsible for the turnover of (p)ppGpp (Figure 1.5.2). Gram-

positive bacteria such as B. subtilis and S. aureus classically have one long-RSH termed Rel and two 

SAS known as RelP and RelQ. These homologues are ubiquitous, and when comparing between 

species a high degree of structural similarity is visible (Steinchen et al., 2018, Steinchen et al., 2015b, 

Pausch et al., 2020). In S. aureus, RelSau is bi-functional meaning it is able to synthesise and hydrolyse 

(p)ppGpp (Geiger et al., 2014). In contrast, E. coli utilises the aforementioned SpoT, a bifunctional long-

RSH, for degradation and synthesis, while RelA is only a synthetase. Long-RSH enzymes have two 

significant regions - an N-terminal domain (NTD) comprising synthetase (SYNTH) and hydrolase (HD) 

domains responsible for (p)ppGpp production and degradation respectively. In addition, they have a 

regulatory C-terminal domain (CTD) consisting of: a threonyl-tRNA synthetase, GTPase and SpoT 

(TGS) motif; α-helical; a Zinc-Finger/conserved cysteine (ZNF/CC) domain; and an aspartate kinase, 

Chorismate  mutase and a TyrA/RNA Recognition (ACT/RRM) motif (Brown et al., 2016, Steinchen and 

Bange, 2016). During steady state growth basal levels of (p)ppGpp are typically 10-40 μM, while in late-

exponential/early stationary phase they can reach as high as 800 μM. However, upon induction of the 

stringent response, (p)ppGpp accumulates rapidly and within seconds can exceed cellular GTP pools 

at around 1-2 mM. This rise from basal levels is drastic, meaning that regulation of (p)ppGpp production 

is critical (Varik et al., 2017, Zborníková et al., 2019, Cashel, 1975). Typically, the SYNTH and HD 

Figure 1.4.1: Mechanism of (p)ppGpp production from ATP and GTP/GDP. Synthesis of (p)ppGpp 
catalysed by an RSH enzyme. The 3´-OH lone pair of electrons from GTP/GDP initiates an SN2 
(nucleophilic attack) on the β-phosphate of ATP producing (p)ppGpp and adenosine monophosphate 
(AMP) as a by-product. The hydrolysis step reforms GTP/GDP and PPi. Under physiological conditions 
(pH ~7.4) the phosphates of the nucleotides would be carrying negative charges as the pH would be 

higher than the pKas of the phosphoryl groups. 
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domains from the various enzymes work in conjunction to keep cellular (p)ppGpp levels at an optimum 

in relation to the bacteria’s current stress conditions. One study investigating the role of the CTD in 

Acinetobacter baumannii found that truncating the RRM and ZFD regions of the CTD in SpoT lead to a 

5-fold decease in (p)ppGpp hydrolase activity, while further truncations past the TGS regions reduced 

activity by 70-fold. The HD in RelAEc is inactive due to the absence of a conserved motif (HDXXED) in 

the active site, making it monofunctional (Irving and Corrigan, 2018, Aravind and Koonin, 1998, 

Tamman et al., 2023). The hydrolysis of (p)ppGpp is vital as unmediated production leads to toxic 

accumulation, making SpoT of gram negatives such as E. coli essential (Gratani et al., 2018, Takada 

et al., 2020, Atkinson et al., 2011, Geiger et al., 2014, Steinchen et al., 2020). A similar trend was seen 

in Streptococcus dysgalactiae equisimilis, where truncation of the Rel CTD led to a 12-fold increase in 

synthetase activity and a 150-fold decrease in hydrolase activity (Irving and Corrigan, 2018, Geiger et 

al., 2010, Brown et al., 2016, Mechold et al., 2002), meaning this essentiality is also true of Rel in 

Bacillota (Au - Fernández-Coll and Au - Cashel, 2019, Gratani et al., 2018). Despite the absence of 

hydrolase activity in RelAEc, it is compensated for by SpoT, however, the HD of RelAEc still possesses 

an important function. It contains a 17-residue loop that, when altered by mutations, leads to an abolition 

of synthetase activity (Sinha and Winther, 2021). Contrasting this, a reoccurring catalytic loop with a 

conserved RxKD motif occurs in both gram positive Rel and SpoT from gram negatives. This motif leads 

to regioselective binding with the γ-phosphate of GTP in both enzymes and the production of pppGpp 

by SpoT in gram negatives under fatty acid starvation (Sajish et al., 2007). Interestingly in S. aureus, 

amino acid starvation plays a role in the synthesis of both pppGpp and ppGpp, indicating that these 

secondary messengers ultimately may have different downstream binding partners and, depending on 

the stress, the molecules can be differentially synthesised (Sajish et al., 2007). 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 1.5.2: A summary of the constituent domains of the three classes of RSH enzymes. a) A 
bi-functional long-RSH protein showing the constituent domains of its NTD; HD (orange), SYNTH (blue) 
followed by Its CTD domains; ThrRS, GTPase, SpoT (TGS), α-helical, Zinc-Finger/conserved cysteine 
(ZNF/CC) and Aspartate kinase, Chorismate and TyrA/RNA Recognition (ACT/RRM) (green). (b) SAS 
protein showing its SYNTH (blue) and α-helical domain (green). (c) SAH protein and its sole HD.  
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1.4.2.2. Small alarmone synthetases   

The SAS enzymes consist of a SYNTH and α-helical domain, of which there are two in most species of 

the Bacillota (Figure 1.5.2) (Irving and Corrigan, 2018, Geiger et al., 2010). They were first identified in 

Streptococcus mutans as RelQ (YjbM) and RelP (YwaC), with exposure to cell wall stress-inducing 

antibiotics such as vancomycin causing their expression and subsequent rise in (p)ppGpp levels 

(Lemos et al., 2007, Nanamiya et al., 2008, Steinchen et al., 2015a). The HD of RelSau is responsible 

for degrading (p)ppGpp produced by the SAS enzymes RelPSau and RelQSau in S. aureus, which have 

high structural homology to SAS enzymes across different species (Figure 1.5.2.2). These enzymes 

share a relatively high sequence homology of around 50% to each other and deletion of either relP or 

relQ in a strain lacking the RelSau HD domain allows the bacteria to rescue growth, as both SAS 

functioning in a HD absent background is toxic (Geiger et al., 2014, Steinchen et al., 2018). Despite 

RelSau being the major (p)ppGpp synthetase upon the induction of amino acid starvation, it is postulated 

that RelP and RelQ allow for the fine tuning of the stringent response by amplifying the signal, as they 

are unable to sense stress in the same manner as Rel due to the lack of an accessory domain (Cao et 

al., 2002, Atkinson et al., 2011, Irving et al., 2020). Because of this, they are both transcriptionally 

regulated by the aforementioned VraRS TCS, which induces their expression upon the detection of 

external stresses such as cell wall targeting antibiotics (Geiger et al., 2014). The investigation into why 

some bacterial species contain multiple (p)ppGpp producing enzymes has also led to the identification 

of SAS possessing more functional roles. Around five subfamilies of SAS enzymes have been found to 

act as toxins, with their genes encoded in operons that share high similarities with toxin-antitoxin 

operons.  A prime example  is Cellulomonas marina, which uses its SAS to produce both ppGpp and 

another hyperphosphorylated nucleotide adenosine 3'-5'-bis-diphosphate (ppApp) in signalling to other 

cells, causing depletion in both cellular GTP and ATP pools and eventually death (Jimmy et al., 2020).  
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Figure 1.5.2.3: Structures of RelP RelQ and Rel: (a) RelPSau with C and N terminus labelled, PDB: 
6FGJ. (b) RelQBs with C and N terminus labelled, PDB: 5DEC. (c) Superimposition of RelPSau and 
RelQBs to demonstrate the structural similarity in different species (RelQ in grey RelP in colour). (d) 
Structure of RelBs a long bifunctional RSH enzyme in cartoon form, displaying the Regulatory domain 
(CTD: Red) and the enzymatic domain (NTD: teal) along with a manganese cation PDB: 6YXA. Images 
(Adapted from (Steinchen et al., 2018, Steinchen et al., 2015b, Pausch et al., 2020) 
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1.4.2.3. Short RSH – SAH 

The previously mentioned SAH enzymes consist of a sole hydrolase domain and were confirmed as 

active in bacteria as recently as 2018, when the SAH RelH, a Metazoan SpoT Homologue 1 L (MESH1-

L), was identified in Corynebacterium glutamicum. The confirmation of this homologue could mean that 

the SAH enzymes are present in some members of Bacillota, although their activity as working 

hydrolases has only been noted in vitro in certain conditions (Irving et al., 2020, Ruwe et al., 2018). 

SAH enzymes have also been identified in humans and common fruit flies (Drosophila Melanogaster), 

in the form of the SAH, MESH1. Their purpose between these two organisms varies, as in MESH-1 

deficient D. melanogaster, slowed growth was observed, implicating a role for SAH in starvation 

responses within this organism (Sun et al., 2010). In contrast, in humans the SAH acts as a NADPH 

phosphatase, converting NADPH to NADH mediating ferroptosis, a process responsible for mediating 

programmed cell death (Ding et al., 2020). However, no specific role regarding (p)ppGpp hydrolase 

activity has been identified in humans, and there are no known (p)ppGpp synthetase enzymes in 

eukaryotes (Zhu and Dai, 2019, Sun et al., 2010).   

 

1.4.2.4. regulation of (p)ppGpp levels 

Bifunctional long-RSH enzymes are responsible for both the synthesis and hydrolysis of (p)ppGpp, 

therefore they must be tightly regulated in order to prevent hydrolysis of recently synthesised (p)ppGpp, 

with one enzymatic state often dominating another (Potrykus and Cashel, 2008). An insight into how 

this facet of the SR is controlled was obtained from the Rel enzyme from S. equisimilis, with truncation 

of the CTD leading to a 12-fold increase in (p)ppGpp synthesis, along with a 150-fold decrease in 

hydrolase activity (Mechold et al., 2002). During amino acid starvation there is an increase in the 

number of uncharged tRNA molecules, meaning during translation ribosomes stall more frequently. 

When this happens, the C-terminal domain of RelSau binds to the stalled ribosome via the TGS and ZFD 

of its CTD inducing a conformational change (Gratani et al., 2018, Takada et al., 2020). Relsau shifts 

from its closed conformation (HDon/Synoff) where TGS/α-helical domains on the NTD stimulate the HD 

and ZFD/ACT/RRM domains preventing binding of the required starting materials ATP/GDP, to its open 

conformation (HDoff/Synon), activating (p)ppGpp synthesis (Chen et al., 2023, Haseltine and Block, 

1973, Gratani et al., 2018, Tamman et al., 2023, Arenz et al., 2016, Loveland et al., 2016). Although 

not exclusive to nutrient starved conditions, the production of (p)ppGpp due to Rel binding to ribosomes 

occurs in S. aureus, while (p)ppGpp synthesis is further included in the absence of the branched amino 

acids (BCAAs): isoleucine, leucine and valine which are detected by Rel (Geiger et al., 2010, Loveland 

et al., 2016). Increased (p)ppGpp production can also arise due to a positive feedback loop, with 

(p)ppGpp allosterically binding to RelSau/RelAEc, promoting production of ppGpp (Shyp et al., 2012). 

ppGpp production  occurs more in gram negatives as the long-RSH Rel enzymes   favour the synthesis 

of ppGpp. In contrast, gram positive bacteria such as S. aureus opt for the preferential synthesis of 

pppGpp – the exact reasons for this are yet to be determined (Mechold et al., 2013). The HD of RelAEc, 

despite being inactive, also plays a role in regulating (p)ppGpp binding, with an extended loop between 
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α6 and α7 regions sterically hindering the interaction (Tamman et al., 2023, Sinha and Winther, 2021). 

There is an interesting dichotomy between gram negatives and positives as SpoT is essential for 

inducing the stringent response during fatty acid starvation along with several other stresses including 

carbon and iron starvation but not amino acid starvation like RelSau/RelAEc. However, this is all mediated 

by binding of the acyl-carrier protein (ACP) to SpoT (Xiao et al., 1991, Vinella et al., 2005, Battesti and 

Bouveret, 2006). Under normal conditions ACP is charged i.e it is linked to a fatty acid, however, under 

starvation conditions the ACP is uncharged (Battesti and Bouveret, 2006, Butland et al., 2005). This 

allows for an interaction between ACP and the TGS/RRM domain of SpoT. This interaction, however, 

does not occur with the long-RSH of bacteria only possessing one RSH such as Rel in S. aureus despite 

the conserved motifs. It is common knowledge that ACP relies on electrostatic complementarity 

between negative and positive surfaces and this may explain the phenomenon (Battesti and Bouveret, 

2009). Due to the lower isoelectric point (pI) of ACP ~6.3, it is likely to bind to more basic partners 

(Battesti and Bouveret, 2009). When comparing this to the pI of both SpoT and Rel/RelA which are 8.9 

and 6.3-7.6 respectively, it is clear to see why there is no interaction with the Rel/RelA enzymes (Battesti 

and Bouveret, 2009, Zhang et al., 2003). Although fatty acid shortage is still a relevant stress in gram 

positive species such as B. subtilis, the mechanism by which it is regulated differs, with regulation by 

other intracellular nucleotides such as GTP and ATP being likely as there is no real detectable increase 

in (p)ppGpp levels (Pulschen et al., 2017, Boutte and Crosson, 2011).  

 

Regulation of the SAS enzymes also occurs in order to introduce intricacies and finer control over the 

stringent response. Cryo electron microscopy (CryoEM) of RelQBs resolved the structure in complex 

with ATP and pppGpp, revealing the protein forms a homo-tetramer with four active sites along with 

two allosteric nucleotide binding sites. RelPSau was also investigated and shares the formation of a 

homo-tetramer, however, differences were present. RelPSau had its activity downregulated by (p)ppGpp 

binding, with complete inhibition at 1 mM of either nucleotide, while binding of pppGpp to the allosteric 

sites of RelQBs increased its catalytic activity by 10-fold (Manav et al., 2018, Steinchen et al., 2015a).  

 

Other regulatory mechanisms of the stringent response also exist, for example cross-talk with other 

secondary messengers such as c-di-AMP occurs. Corrigan et al identified that there is a significant 

overlap in the transcriptional profile of cells with high c-di-AMP concentrations and an induced SR in an 

S. aureus background. Upon examining the intracellular nucleotide pools, it was found that increased 

c-di-AMP levels led to induction of the SR with increased (p)ppGpp levels. Although this mechanism 

acts in a Rel-dependent fashion, c-di-AMP does not bind directly to Rel. Similarly, ppGpp also plays an 

indirect role in the inhibition of the phosphodiesterase GdpP, which is responsible for the degradation 

of c-di-AMP, leading to c-di-AMP levels remaining high (Corrigan et al., 2015, Holland et al., 2008, Rao 

et al., 2010). In addition, Rel of  B. subtilis has been identified as a key interaction partner of the enzyme 

DarB during potassium starvation. When in its apo-state, DarB binds to Rel stimulating pppGpp 

production, while in its c-di-AMP bound state it is unable to engage in this interaction with Rel, 
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highlighting the intertwining roles of c-di-AMP and (p)ppGpp nucleotide signalling systems have on one 

another (Krüger et al., 2021). 

 

Despite (p)ppGpp being essential for adapting to environmental cues and the regulation of global gene 

expression, the roles of pppGpp and ppGpp differ across species. Gram-negatives favour the 

production of ppGpp during amino acid starvation, while gram-positives prioritise production of pppGpp 

under the same stress (Cashel, 1996, Corrigan et al., 2015, Samarrai et al., 2011). This can be 

explained by ppGpp having a more regulatory affect than pppGpp, meaning it is important that a certain 

ratio is maintained to maximise survival (Mechold et al., 2013, Song et al., 2020). This is further 

supported by the presence of the pyrophosphatase GppA in E. coli, which is responsible for the 

cleavage of a phosphate from pppGpp producing ppGpp allowing for tighter control over the SR (Song 

et al., 2020). Overall, production of (p)ppGpp by the RSH-enzymes under stress leads to drastic 

changes in global transcription and translation ultimately affecting the proteome. However, once the 

removal of stressors has taken place, (p)ppGpp levels return to basal levels and the SR ramps down.  

Yet this poses the question: how is (p)ppGpp capable of regulating so many targets? 

 

1.5.  (p)ppGpp and its targets  

1.5.1. Conformational flexibility and (p)ppGpp binding modes  

An increase in the cellular (p)ppGpp pool caused by RSH enzymes leads to the interaction of (p)ppGpp 

with various targets involved in cell proliferation, such as de novo nucleotide synthesis, salvage 

pathways of nucleotide precursors, transcription, ribosomal assembly, translation and even regulation 

of other nucleotide pools. The range of functionality of these alarmones allows for the instigation of an 

appropriate stress response subject to the environmental factors i.e amino acid starvation. These 

responses are initiated via interactions with targets from numerous families with no distinct/conserved 

binding site. Structural analysis attributes this abundance of targets to the conformational flexibility 

exhibited by the 3′- and 5′- phosphate moieties of (p)ppGpp. This structural freedom allows for the 

molecules to adopt an enclosed “ring-like” or elongated conformation, making modulation of target 

proteins at various concentrations possible (Steinchen and Bange, 2016).  
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This is further explained by a considerable difference in binding affinity between the two conformations 

of ~10 fold (Steinchen et al., 2015b, Jores and Wagner, 2003). The ring-like conformation can be 

adopted with assistance from a Mg2+ ion or without assistance. In contrast, the elongated conformation 

has the 3′- and 5′- phosphates positioned a considerable distance from each other, stabilised by 

Mn2+/Mg2+ metal ions located between the two moieties (Steinchen and Bange, 2016). This was further 

proven by Zhang et al (2019), where a complete loss of alarmone binding was observed in a PpnNRRK 

triple mutant that lacked all 5′-phosphate interacting residues, implying that the 3′-phosphate 

interactions are not enough to sustain binding (Irving et al., 2020, Steinchen and Bange, 2016, Zhang 

et al., 2019). Despite being chemically simple, the ability of (p)ppGpp to adopt two structurally opposing 

conformations allows for the mediation of its pleiotropic effects by interactions with numerous binding 

partners. 

 

When examining the conservation of binding modes across (p)ppGpp targets – one study used crystal 

structures of proteins in complex with (p)ppGpp that were accessible by the protein data bank and 

categorised interactions into the following; Van der waals; hydrogen bond; weak hydrogen bond; ionic; 

metal complex; aromatic; polar and weak polar. They first investigated the (p)ppGpp synthetases 

SAS1Bs, SAS2Sau and Rel from Thermus thermophiles and found the binding sites consist of mainly 

polar residues that form hydrogen bonds with (p)ppGpp, while also maintaining π-π stacking through 

the guanine base and the aromatic side chain of tyrosine. Ionic interactions were also noted between 

the phosphate groups and guanidinium of arginine residues, while cofactors such as Mg2+ played an 

important role in stabilising the phosphate groups (Steinchen et al., 2015a, Manav et al., 2018, Tamman 

et al., 2020, Kushwaha et al., 2020). 

 

They also investigated targets of (p)ppGpp involved in metabolism, of which there are six structures in 

complex with (p)ppGpp available, including well characterised targets such as hypoxanthine ribosyl 

transferase (HprT), guanylate kinase (Gmk) and amidophosphoribosyltransferase (PurF) whose roles 

will be discussed later (Anderson et al., 2019, Liu et al., 2015b, Wang et al., 2019a). In terms of a 

conserved binding site across these proteins, (p)ppGpp seemed to facilitate oligomerisation by  binding 

at the oligomeric interface where there is a plethora of residues involved for π-π stacking with the 

guanine base such as phenylalanine 152 in HprT and tyrosine 83 in Gmk, while this stacking was absent 

in PurF(Kushwaha et al., 2020). Phosphate groups were again stabilised by arginine guanidine moieties 

and Mg2+ ions, while the N1, N2, N7 and O6 atoms of the guanine ring were responsible for hydrogen 

Figure 1.5.1: Molecular modelling of ppGpp in both its enclosed and elongated conformations. 
a) ppGpp docked in NatA acetyltransferase of Saccharomyces cerevisiae showing its enclosed 
conformation with the phosphates (orange) folding inwards this is typically mediated by magnesium or 
manganese (2+ ions) PDB: 4HNX(Neubauer, 2012). b) ppGpp docked in Release Factor 3 of 
Nitratidesulfovibrio vulgaris shown in its elongated formation., PDB: 3VR1(Kihira et al., 2012). 
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bonds, along with the ribose ring which interacts with the protein through water mediated hydrogen 

bonds (Kushwaha et al., 2020) 

 

GTPases were also examined, including RbgA, Obg and BipA. These proteins shared a shallower 

binding site than metabolic proteins and the synthetases, along with a different binding mode (Pausch 

et al., 2018, Buglino et al., 2002, Kumar et al., 2015). They predominantly interacted via Van Der Waals 

forces and hydrogen bonds due to the absence of ionic interactions with arginine residues and π-π 

stacking (Kushwaha et al., 2020). 

 

The ability of  (p)ppGpp to regulate transcription is well established and it is able to do this in E. coli  by 

directly binding two distinct sites on the RNA-polymerase (RNAP)  (Potrykus and Cashel, 2008). The 

RNAP consists of 5 subunits; α1, α2, β, β' and ω. The first binding site (site 1) is situated between the 

β' and ω subunits and contains a methionine, alanine, arginine (MAR)-motif at the end of the ω-subunit 

that is a useful determinant of p)ppGpp binding to RNAP in other species (Hauryliuk and Atkinson, 

2017, Sutherland and Murakami, 2018, Hauryliuk et al., 2015, Ross et al., 2013). This shallow opening 

allows for interactions between the guanine base and a number of residues including arginine, 

isoleucine, histidine and aspartic acid. The second site (site 2) is only available upon binding of RNAP 

and (p)ppGpp to the transcriptional regulator DksA, which mediates binding with the residues of the β' 

rim. This again provides stabilisation through aromatic interactions with tyrosine, while ionic interactions 

with lysine and arginine stabilise the phosphates (Kushwaha et al., 2020, Ross et al., 2016b). 

 

It is clear to see that (p)ppGpp does not have one conserved binding mode across all of its targets and 

instead binds through a plethora of interactions.  Although these types of studies provide a useful insight 

into (p)ppGpp binding modes across each cellular process, they require the resolution of protein crystal 

structures in complex with (p)ppGpp of which there are a select few, therefore no assumptions should 

be made without further investigation. 

1.5.2. Transcription and DNA replication  

 (p)ppGpp is known to inhibit both DNA replication and transcription, with the former being targeted by 

binding to the DNA primase DnaG in both B. subtilis and E. coli. Despite the two species preferring 

different nucleotides for this role, pppGpp in B. subtilis and ppGpp in E. coli, both nucleotides bind 

directly to the active site in their respective background during DNA replication (Wang et al., 2007a, 

Maciag et al., 2010). (p)ppGpp accumulation during the stringent response also reduces the 

transcription of the replication initiation ATPase DnaA, leading to a reduction in replication rates 

(Schreiber et al., 1995). As mentioned previously in section 1.6.1, (p)ppGpp directly binds to RNAPEc. 

A consequence of this is a decrease in cellular transcription and negative supercoils. These supercoils 

would typically accumulate near the oriC origin and promote replication initiation mediated by DnaA 

binding, however, with decreased levels of negative supercoils this slows (Kraemer et al., 2019). 
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Together the effect of (p)ppGpp on DnaG along with both DnaA and oriC, leads to regulation over DNA 

replication. 

 

The effect of (p)ppGpp on the global transcriptional profile is an essential facet of the SR. Altered 

expression profiles of 1,200 genes were noted within 10 minutes of inducing the SR,  highlighting its 

role in this process and demonstrating that understanding this process is therefore essential for 

examining how the slow growth phenotype is induced (Sanchez-Vazquez et al., 2019). The first 

complex found to be regulated by (p)ppGpp was the RNAP in E. coli. Upon binding to the site 1 of 

RNAP, (p)ppGpp is capable of reducing transcription rate by 2-fold, while simultaneous binding to site 

2 at the DksA interface leads to a more dramatic decrease in transcription at around 20-fold (Figure 

1.5.2) (Ross et al., 2016a, Paul et al., 2005, Paul et al., 2004, Potrykus and Cashel, 2008).  

.  

 
 

 
 

 

 

 

 

 

 (p)ppGpp further inhibits transcription by interfering with the binding of RNAP to sigma factor σ70 

(Dalebroux and Swanson, 2012, Kazmierczak et al., 2005). Under normal growth conditions this binding 

would lead to cell growth, proliferation and virulence, however, the binding of RNAP with σ70 is 

prevented by (p)ppGpp and DksA working in a synergistic manner, leading to downregulation of amino 

acid biosynthesis genes and reduction of ribosomal RNA (rRNA) through modulation of rrn promoters 

(Bennison et al., 2019, Parshin et al., 2015, Geiger et al., 2010, Paul et al., 2004, Kazmierczak et al., 

2005). The reduction in rRNA leads to a decrease in translation due to the decrease in functional 

ribosome products. However, in Bacillota such as S. aureus, (p)ppGpp does not directly bind to the 

RNAP, instead a different regulatory mechanism involving nucleotide levels affects transcription (Geiger 

et al., 2010). 

 

Figure 1.5.2: RNAP of E. coli bound to ppGpp in the presence of DksA. a) RNAP complex bound 
to σ70 (grey), rrnBP1 promoter DNA (blue) and two molecules of ppGpp (orange). Site 1 is present at 
the front of the complex between the β' (yellow) and ω (pale pink) subunits (PDB: 6WRD now replaced 
by 7KHI)(Shin et al., 2021).  b) RNAP in complex with DksA (red) with ppGpp binding site 2 previously 
hidden at the rear now being visible at the interface of DksA and the β (magenta), β' (yellow) subunits 
(PDB: 5VSW). The remaining subunits are coloured accordingly, α1 (green) and α2 (cyan). (Shin et al., 
2021) 
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1.5.3. Regulation of  GTP levels 

Under stringent conditions, (p)ppGpp accumulates rapidly with concentrations reaching as high as 1 

mM during maximum stress. This in turn rapidly depletes the nucleotide pools of GDP/GTP and ATP, 

the substrates required for (p)ppGpp synthesis (Bittner et al., 2014). The almost positive feedback-like 

mechanism that (p)ppGpp engages in by stimulating its own production, along with the inhibition of GTP 

synthesis enzymes such as HprT and Gmk in S. aureus (Fig. 1.5.3), ensure that these levels remain 

low throughout the duration of the stress (Shyp et al., 2012, Corrigan et al., 2016, Liu et al., 2015b). 

Gmk is directly involved in de novo synthesis of purine nucleotides, mainly GDP, a precursor to GTP, 

while HprT acts in the salvage pathway where it is responsible for the conversion of hypoxanthine to 

inosine monophosphate (IMP) and guanine to guanosine monophosphate (GMP). It also weakly inhibits 

the IMP dehydrogenase (GuaB) with a large portion of its activity remaining even at high concentrations. 

Inhibition of PurF also leads to a decrease in concentration of early purine nucleotide building blocks 

as it is responsible for the formation of 5'-phosphoribosylamine (5PRA) from (PRPP) (Kriel et al., 2012, 

Liu et al., 2015b).  

 

 

 

 

 

 

 

 

 

This regulation allows (p)ppGpp to control GTP biosynthesis via both de novo synthesis and salvage 

pathways, making it essential for survival in Bacillota such as S. aureus but not E. coli despite sharing 

binding partners across species. Without the presence of (p)ppGpp in B. subtilis, GTP dysregulation 

occurs followed by cell death (Kriel et al., 2012, Kriel et al., 2014). Although decreasing GTP levels lead 

to the downregulation of genes that initiate with a G nucleotide, genes that are initiated by an A 

nucleotide are still transcribed, including BCAA genes (Wolz et al., 2010, Sherlock et al., 2018). At 

standard GTP levels in Bacillota, the global transcriptional regulator CodY competes with the RNAP for 

binding to DNA and represses transcription. However, at low GTP levels induced by amino acid 

Figure 1.5.3: (p)ppGpp regulates GTP levels by inhibiting multiple targets across de novo and 
purine salvage pathways. (p)ppGpp inhibits multiple enzymes (red) spread across the de novo 
synthesis (yellow) and purine salvage pathways (green). The purine nucleotide synthesis pathway 
begins with the conversion of PRPP into 5PRA catalysed by PurF. A few steps occur including 
formylglycinamide ribonucleotide (FGAR) and formylgycinamidine ribonucleotide (FGAM) before the 
formation of inosine monophosphate (IMP). The IMP dehydrogenase (GuaB) and the guanine synthase 
(GuaA) catalyse the formation of Xanthine monophosphate and Guanosine monophosphate 
respectively from IMP. GMP then undergoes the addition of phosphates by the guanylate kinase (Gmk) 
and nucleoside diphosphate kinase (Ndk) to form GTP. While in the salvage pathway hypoxanthine and 
guanine due to their structural similarity are salvaged by HprT to form IMP and GMP respectively.   
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starvation or entry into stationary phase, CodY derepresses from DNA enabling transcription, with 

upregulation of around 143 genes implicated in the adaptation to nutrient starvation and virulence, 

including the aforementioned agr promoter  (Figure 1.5.3.1)  (Corrigan et al., 2016, Geiger et al., 2010, 

Belitsky and Sonenshein, 2011, Irving et al., 2020, Kaiser et al., 2018, Handke et al., 2008, Majerczyk 

et al., 2008). This is because GTP along with BCAAs act as co-factors for CodY, repressing its function 

when these are in short supply de-repression and transcription occurs (Kaiser et al., 2018). In E. coli 

the RNAP-DksA complex binds to rrn promoters stimulating production of rRNA but is inhibited by 

(p)ppGpp leading to a decrease in rRNA, while in S. aureus DksA is absent so this depletion of cellular 

GTP pools leads to the same reduction but via a different mechanism as many rrn operons require GTP 

as an initiating nucleotide (Kästle et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The interaction of (p)ppGpp with riboswitches provides an alternative route to the regulation of gene 

transcription. Riboswitches are defined as non-coding regions of RNA that exert their regulatory control 

over the transcript by binding a small molecule/ligand (Garst et al., 2011, Mironov et al., 2002). The 

ykkC riboswitches are found within bacteria and can be divided into to subtypes, ykkCS1 that are 

capable of binding guanidine and ykkCS2 that are incapable of making this interaction due to mutations 

in their binding site (Reiss et al., 2017). ppGpp is able to bind to the ykkCS2 group, which is unsurprising 

when considering this riboswitches links to genes involved in BCAA synthesis, ATP binding cassettes 

Figure 1.5.3.1: (p)ppGpp exerts control over GTP nucleotide pools and CodY regulation. a) In the 
presence of sufficient nutrition GTP levels are high and so CodY associates to DNA with assistance 
from its cofactors GTP and BCAA to repress genes involved in the CodY regulon. b) Upon the transition 
to starvation conditions (p)ppGpp synthesis increased and the GTP nucleotide pools are depleted. The 
lack of GTP as a cofactor leads to CodY derepression and the transcription of around 143 genes 
involved in stress adaptation, virulence and amino acid biosynthesis.  
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and glutamate synthesis - which is elevated under stringent conditions (Sherlock et al., 2018, Imaizumi 

et al., 2006). Overall, the ability of (p)ppGpp to regulate a plethora of cellular processes including 

transcription both directly and through the mediation of GTP levels is impressive, however, it also has 

effects at a post-transcriptional level. 

 

1.5.4. Translation and the ribosome  

In addition to derepressing CodY, (p)ppGpp was shown to further inhibit cell proliferation and slow 

growth at a post-transcriptional level in S. aureus by Corrigan et al who implemented a genome wide 

nucleotide-protein interaction screen to identify additional (p)ppGpp targets (Corrigan et al., 2016). This 

led to the identification of several GTPases, a superfamily of ubiquitous enzymes responsible for the 

hydrolysis of GTP to GDP, as binding targets. The identified targets were: RsgA; RbgA; Era; HflX and 

ObgE, which were shown to bind with high affinity and specificity to (p)ppGpp. These GTPases are all 

involved in the biogenesis of the functional 70S ribosome responsible for translation. Prokaryotic 

ribosomes consist of two main subunits, the 30S subunit and 50S subunit that associate to form 70S 

ribosomes (Biology, 2020, Belousoff et al., 2017). It was discovered by cryo electron microscopy that 

both RsgA and Era complex to the 30S ribosomal subunit (Jomaa et al., 2011, Davis et al., 2016). In S. 

aureus, escalated levels of 50S and 30S subunits, along with significantly lower levels of 70S ribosomes 

and an accumulation of 17S RNA (precursor to 16S RNA), occur in mutants of RsgA and Era when 

compared to the wildtype (Himeno, 2004, Wood et al., 2019, Corrigan et al., 2016, Sayed et al., 1999). 

RsgA and Era have been proposed to act as chaperones for the 30S subunit by binding to the 16S 

rRNA preventing association with the 50S subunit until maturation is complete, while also chaperoning 

the 3'-end of rRNA (Sharma et al., 2005).  

 

Additionally, RbgA, ObgE and HflX bind to the 50S subunit to perform a checkpoint role i.e. they 

encourage protein-protein interactions to assist RNA folding and are perceived as necessary for 

ribosomal biogenesis (Jain et al., 2009, Uicker et al., 2006). This was displayed by 70S ribosome levels 

decreasing and immature 50S subunits levels increasing when RbgA is depleted and is attributed to 

incorrect incorporation of ribosomal proteins such as L6 before other late assembly proteins (Corrigan 

et al., 2016, Jain et al., 2009, Uicker et al., 2006). HflX has also been shown to act as a ribosome 

splitting factor that is responsible for salvaging stalled ribosomes and inactive 100S ribosomes formed 

by two 70S ribosomes coming together (Coatham et al., 2016, Zhang et al., 2015). This implicates HflX 

in virulence due to its ability to resuscitate persister cells that contain increased amounts of 100S dimers 

(Song and Wood, 2020). In E. coli, (p)ppGpp does not only inhibit the formation of active ribosomes or 

dissociation of inactive complexes, it also activates hibernation factors such as ribosome modulation 

factor (rmf) and hibernation promoting factor (hpf), which control the rate at which inactive dimers form 

(Song and Wood, 2020). Recently a new hibernation factor was discovered in Psychrobacter 

urativorans called Balon that may promote the SR (Helena-Bueno et al., 2024). B. subtilis contains 

these proteins - yyyD encodes a hibernation factor and shares around 51% gene sequence homology 
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with E. coli hpf, which it is necessary for 100S formation (Tagami et al., 2012). (p)ppGpp binding to 

these proteins ultimately decreases translation rates by inhibiting their roles in ribosomal assembly and 

in dissociation of inactive dimers without stopping translation completely.  

 

Assembly of the 70S ribosome for translation is incredibly well controlled in order to maintain 

translational accuracy. Therefore, it stands to reason that translation is modulated by various proteins 

to maintain this accuracy, including initiation factors (IF1, IF2, IF3), elongation factors (EF-Tu and EF-

G) and release factors (RFs)  (Bennison et al., 2019). (p)ppGpp displays binding to several of these 

proteins. When (p)ppGpp interacts with IF2, association of the methyl-transfer RNA (Met-tRNA) to the 

ribosomal pre-initiation complex (pre-IC) is negatively affected, with initial dipeptide bond formation 

decreasing (Milon et al., 2006, Bennison et al., 2019, Irving et al., 2020, Legault et al., 1972). In E. coli, 

IF2 has also been shown to play a role in regulating certain mRNAs for translation when in complex 

with the 30S subunit (Vinogradova et al., 2020). 

 

 (p)ppGpp binding to the essential elongation factors EF-Tu and EF-G prevents the binding of aminoacyl 

tRNAs to the A site of the ribosome and translocation of the polypeptide chain through the ribosome 

(Rojas et al., 1984a, Zhang et al., 2018). EF-Tu can be inhibited by direct competitive binding or by 

binding of ppGpp to a complex of EF-Tu and the cognate guanosine exchange factor, halting the EF-

Tu cycle through kinetic trapping of GTPase in an inactive complex (Rojas et al., 1984b, Bennison et 

al., 2019). In vitro, EF-G has been shown to be competitively inhibited by ppGpp, as there was a 

significant reduction in elongation rate in the presence of excess ppGpp (Bennison et al., 2019, Rojas 

et al., 1984b). RF3 exists within the cytoplasm in a GDP bound state, however, when bound to GTP it 

shows increased ribosomal affinity. RF3 can bind to ppGpp as well as GDP/GTP and in its ppGpp-

bound state has decreased activity, leading to a reduction in recycling of the other RFs. This was further 

demonstrated in a reconstituted assay performed by Kihira et al where a decrease in the recycling ability 

of RF1 was exhibited when ppGpp was introduced into the system (Kihira et al., 2012). The 

characterisation of these aforementioned GTPases has also revealed that their GTPase activity is 

increased in the presence of ribosomes meaning ribosomal assembly can occur at a rate of 100,000 

ribosomes/hr (Chen et al., 2012, Davis et al., 2016). Despite this, the ability of (p)ppGpp to interfere 

with the GTPases involved in: transcription; ribosome assembly; translation; and recycling of ribosomal 

constituents, has an almost immediate effect. This emphasises the efficiency of these signalling 

molecules for introducing a slow growth state, and a greater tolerance to nutrient starvation ultimately 

promoting survival.  

 

1.5.5. ppGpp Regulates carbon and lipid metabolism  

(p)ppGpp has a wider role in cell metabolism than just affecting transcription and translation. For 

example, during fatty acid starvation (p)ppGpp production is triggered and it begins the inhibition of 

various metabolic pathways to promote survival (Sinha and Winther, 2021). (p)ppGpp is involved in an 
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“outside in” model where fatty acid levels define the cell envelope capacity and as a result cell size. In 

the absence of (p)ppGpp cell lysis occurs due to cell volume exceeding the newly defined threshold, 

implicating it in the maintenance of the cell’s structural integrity (Vadia et al., 2017). 

 

Despite ACP being responsible for mediating the stress response by binding to SpoT during fatty acid 

starvation, RelA also plays a role and is responsible for the production of a greater concentration of 

(p)ppGpp (Sinha et al., 2019). During fatty acid starvation acetyl-coenzyme A (Acetyl-CoA) levels 

decrease rapidly as this is the main precursor for fatty acid biosynthesis, its own precursor pyruvate is 

used to replenish these depleted Acetyl-CoA levels (Furukawa et al., 1993, Heath and Rock, 1995). 

However, pyruvate is required as the substrate for the enzyme DapA to synthesise lysine, meaning 

these levels are not replenished and a build up of uncharged lysine-tRNAs occurs. These uncharged 

tRNAs are subsequently detected by RelA and the SR is induced. It is likely that this mechanism of 

inducing the SR is conserved in Bacillota, as pyruvate is necessary for the production of several amino 

acids. In B. subtilis the pyruvate carboxylase (PC) is responsible for producing oxaloacetate from 

pyruvate. This is an essential compound for the production of C4 intermediates involved in 

gluconeogenesis, amino acid biosynthesis and general metabolism. This protein is encoded by the 

pycA gene which is under stringent control, with expression increasing during amino acid starvation 

due to a build of (p)ppGpp (Krüger et al., 2021, Tojo et al., 2010). 

 

(p)ppGpp also regulates proteins involved in maintaining the structural integrity of the cell wall such as 

lptA and lpxA, which in E. coli are responsible for translating lipopolysaccharides from the inner 

membrane to the outer membrane and anchoring LPS to the outer membrane respectively, evidenced 

by (p)ppGpp0 mutants undergoing cell lysis due to overgrowth (Roghanian et al., 2019). Phospholipid 

metabolism is also affected by (p)ppGpp with PlsB and PgsA being targeted (Heath et al., 1994, Merlie 

and Pizer, 1973, Irving et al., 2021). 

 

In E. coli, AccA and AccD, key subunits in the formation of acetyl-CoA carboxytransferase, are inhibited 

by ppGpp, this ultimately leads to a build-up in acetyl-CoA as the attachment of a carboxy group to form 

malonyl-CoA no longer occurs. Perhaps this provides a resource pool for fatty acid biosynthesis to 

promote survival (Merlie and Pizer, 1973, Polakis et al., 1973, Stein Jr and Bloch, 1976). However, the 

inhibition of FabA and FabZ by (p)ppGpp brings this into question, as these proteins are involved in 

fatty acid elongation (Stein Jr and Bloch, 1976). 

 

The leucine responsive regulatory protein (Lrp), which acts as a transcriptional regulator, is responsible 

for co-ordinating cellular metabolism with the environment, with control of over 400 E. coli genes. 

Normally the regulator promotes amino acid synthesis and inhibits breakdown of complex molecules 

that are a good source of nutrients and is regulated by (p)ppGpp (Landgraf et al., 1996). So, it is no 

surprise that during carbon starvation-induced stationary phase, the increased (p)ppGpp levels promote 
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addition to internal nutrient reserves (Tani et al., 2002, Zinser and Kolter, 2000). The transition into this 

stationary phase is controlled by the sigma factor RpoS that detects increased (p)ppGpp levels and is 

responsible for the transcription of around 10% of all E. coli genes, where it changes the expression 

profile of a multitude of genes in order to increase tolerance to stress (Potrykus and Cashel, 2008, 

Navarro Llorens et al., 2010, Link et al., 2015, Weber et al., 2005).  

 

The identification of PurF by Wang et al exhibits the role of (p)ppGpp in nucleotide metabolism as this 

is a key enzyme involved at the beginning of the purine nucleotide synthesis pathway (Wang et al., 

2019a). PurF is responsible for the conversion of PRPP to 5PRA (Fig 1.5.3), so its inhibition leads to 

an increase in PRPP levels that would direct the use of this pool for the synthesis of other metabolites 

(Wang et al., 2020). PRPP is produced from ribose-5-phosphate catalysed by the ribose-phosphate 

diphosphokinase (PrsA), a key linker between purine nucleotide synthesis and the pentose phosphate 

pathway. Wang et al incubated a Gsk mutant incapable of binding ppGpp in the presence of inosine 

and guanosine during stringent conditions and observed both a decrease in PRPP and an increase in 

ADP/ATP levels. As PrsA is readily inhibited by ADP, this is unsurprising however, the synthesis of 

uridine triphosphate (UTP) was also decreased due to a lack of PRPP. Following this, cultures were 

supplemented with uridine to bypass the need for PRPP in producing UTP, which rescued the cells, 

demonstrating the role (p)ppGpp has in balancing both purine and pyrimidine nucleotide synthesis 

(Wang et al., 2020).  

 

Despite the amount of (p)ppGpp target proteins identified across transcription, translation, ribosomal 

assembly and nucleotide regulation, there is a staggering degree of complexity associated with 

metabolism, with a lot of intricacies across all of these pathways remaining to be established. The ability 

of these alarmones to target these cellular processes, while also having an impact on pathogenicity and 

antibiotic tolerance, mark (p)ppGpp as incredibly important secondary messenger molecules essential 

for survival. 

 

1.6. Methods used for (p)ppGpp target elucidation  

The first known definitive (p)ppGpp binding protein was the RNAP of E. coli. Binding was initially shown 

by designing a radioactive azido-derivative of (p)ppGpp. This was synthesised with [γ-32P]ATP and an 

azido UV cross-linker attached to the C8 position of the guanine base (Figure 1.6). This compound was 

subsequently photo-crosslinked to the RNAP and shown to bind to the β subunit by trypsin digestion 

and 2D chromatography  (Chatterji et al., 1998). A later study using a photo-cross linkable thio-ppGpp 

and 32P suggested binding to the RNAP β' subunit (Figure 1.6.) (Toulokhonov et al., 2001). The binding 

site was eventually determined to be between the ω and β' subunits using the same probe along with 

protease mapping and using mutant RNAP enzymes that do not bind to ppGpp (Ross et al., 2013).  
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1.6.1. DRaCALA 

With this insight into ppGpp binding targets, more high throughput methodologies were employed to 

identify novel binding proteins instead of investigating individual targets, as it was known that (p)ppGpp 

is capable of mediating a variety of cellular processes. One of these methods was differential radial 

capillary action of ligand assay (DRaCALA) (Roelofs et al., 2011). This assay is used to identify protein 

binding partners of a specific ligand and can be used with cell lysates containing over-expressed protein 

in a 96-well format or directly with purified recombinant protein(Orr and Lee, 2017). DRaCALA has 

yielded numerous novel (p)ppGpp interaction partners across several species, such as Bacillus 

anthracis, E. coli, and S. aureus, with the aforementioned tightly binding translational GTPases: RsgA 

(Kd= 2.2 μM);  RbgA (Kd= 2.9 μM); HflX (Kd= 3.4 μM); Era (Kd= 4.2 μM) being examples of proteins 

identified by this methodology (a full list of ppGpp binding proteins identified by DRaCALA is available 

in Table 6, appendix) (Corrigan et al., 2016, Bennison et al., 2021, Zhang et al., 2018). The methodology 

relies on the immobilisation of a protein on a nitrocellulose membrane, binding of the ligand (in this case 

ppGpp) to the protein, annulation of any free ligand and computational densitometry to determine 

binding affinities (Figure 1.6.1.) However, this methodology has a key drawback - its inefficiency for 

identifying weak ppGpp interactors due to the low concentrations of radiolabelled ppGpp that can be 

used in the assay – in these cases there is simply not enough ligand available to differentiate binding 

from the background signal.  

 
 
 
 
 
 
 
 

Figure 1.6. Chemical structures of the alternative 32P probes. The photo-crosslinkable azide tag 
attached to the C8 position of the guanine base, stands to sense as guanine is important for binding, 
however, it may also interfere with binding. The replacement of the carbonyl with a thio-group removes 
the likelihood of steric hindrance by introducing a linker or significantly larger group.. Despite both of 
these drawbacks the probes were capable of estimating the ppGpp binding site.  
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1.6.2. Capture compound approaches  

In order to identify weak ppGpp binders and improve mapping of the stringent response signalling 

network, new methods were developed using nucleotide-probes. These small trifunctional molecules 

commonly referred to as capture compounds allow for the isolation of nucleotide-protein interactors by 

specific interactions and subsequent identification via mass spec (Köster et al., 2007). The compounds 

typically consist of three main components; a chosen nucleotide mimic, a photoreactive group that is 

capable of forming covalent bonds and an affinity handle to allow for isolation.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Biotin is often utilised as the affinity handle for capture compounds as its interaction with streptavidin is 

the strongest known non-covalent interaction in biochemistry (Kd = 10 fM), with incredibly high tolerance 

for wide ranges of temperatures and pH (Green, 1963a, Green, 1963b, Scientific, 2024). There are 

wide range of photoreactive linkers available ranging from azides and psoralens that are structural 

Figure 1.6.2: A cartoon representation of the three main components of a general capture 
compound: Nucleotide mimic (Blue), Affinity handle (Purple), UV cross linker (Orange). 

Figure 1.6.1: A cartoon representation of the DRaCALA methodology: In this methodology [α-32P]-
ppGpp is mixed with purified recombinant protein or lysate obtained from an overexpression strain that 
was induced with IPTG (1 mM) and grown overnight at 30 °C.  The mixture is dotted onto a  nitrocellulose 
membrane, and any amino acids comprising the protein containing hydrophobic moieties such as 
phenylalanine, isoleucine, tryptophan and valine, form interactions with the hydrophobic membrane.  As 
a result they stay fixed at the spot in which they were dotted, while the charged [α-32P]-ppGpp molecules 
do not form these interactions, annulating outwards forming two distinct circles. The fraction bound of 
[α-32P]-ppGpp is calculated by determining the intensities of both the tightly bound inner circle consisting 
of [α-32P]-ppGpp bound to protein and the outer circle consisting solely of [α-32P]-ppGpp.  
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analogs of coumarin and diazirines. The first paper to employ this capture compound methodology for 

(pp)pGpp utilised a diazirine cross linker as their photoreactive group (Wang et al., 2019a). The authors 

made several compounds with varying length linkers (Table 1.6.2) attached to both 3' and 5'-

phosphates (Figure 1.6.2a). The compounds were then combined and used in a pulldown experiment 

to compare the number of hits isolated. Each compound was incubated with stationary phase lysates 

of E. coli to allow protein-binding before activation with ultraviolet light (λAbsorbance = 345 nm) to enable 

the formation of covalent bonds to ppGpp-binding proteins.  

 

Table 1.6.2: Structural composition of spacer X  

 
 
 

 
 
 
 
 

 
 

 

 

 

 

 

 

 
 
 
 
 
 

Spacer X 

-CH2- 
- (CH2CH2O)2CH2- 
- (CH2CH2O)4CH2- 

- (CH2CH2O)2CH2-CH2- 

Figure 1.6.2a: Diazarine cross linkers covalently attach affinity handles to protein targets. a) 
Summary of UV cross linking including: the UV (hv = 345 nm) activation of a diazirine cross linker; 
formation of a highly reactive Sp2 hybridised carbene intermediate; generation of N2 (g) as a driving 
force and attachment to a monomer of PurF from Escherichia coli(Wang et al., 2019a). Adapted 
from:(Musolino et al., 2021). 1b-c: Capture compounds synthesised by Laub with the diazarine 
crosslinker and affinity handles attached to the 5' and 3'-phosphates respectively (Wang et al., 
2019a). 
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1.6.2.1. Wang et al capture compound approach for the isolation of ppGpp binders 

Wang et al employed what is termed a stable isotope labelling in culture (SILAC) technique (1.7.2.1), 

where proteins are metabolically labelled when culturing cells in media containing labelled essential 

amino acids such as lysine8 and arginine10. After five cell divisions most proteins show ~97% 

incorporation of the label (Ong et al., 2002).  SILAC was first developed in 2002 and it functions on the 

principle that “heavy” labelled atoms can be distinguished from unlabelled “light” atoms by mass 

spectrometry when lysates obtained from labelled and unlabelled cultures are mixed (Figure 1.6.2.1) 

(Ong et al., 2002, Zhang et al., 2014). SILAC was shortly subject to a rise in popularity in the field of 

quantitative proteomics, as protein quantification can be accurately determined when analysing the 

intensities of the labelled peptides and their unlabelled counterparts, while sequence information can 

still be obtained to help determine protein identity (Spellman et al., 2008, Deng et al., 2019). In this 

capture compound approach, the pulldowns take inspiration from previous work on a c-di-GMP capture 

compound (Laventie et al., 2017). For (pp)pGpp, Wang et al identified 290 proteins, with 20 of 28 

previously identified as ppGpp binding proteins boasting a heavy-to-light ratio of > 2.8. This value was 

then used as a threshold, generating a list of 56 hits: 32 that were involved in metabolism and 17 that 

were involved in translation, including the GTPases identified by Corrigan et al (Corrigan et al., 2016). 

Seven of these proteins were purified recombinantly , and their binding to ppGpp assessed further with 

isothermal calorimetry  (ITC) including the aforementioned PurF.  ( 

 

 

 

 

 

 

 

 
 

 

 
 

Figure 1.6.2.1: Summary of the SILAC procedure implemented by Wang et al: Cultures are grown 

in media containing unmodified amino acids termed “unlabelled” and media containing radiolabelled 

amino acids termed “labelled”. These cultures are then lysed and capture compound is added to both 

along with an excess of (p)ppGpp to the unlabelled lysate ensuring the capture compound is in 

competition. The pulldowns are then performed with streptavidin beads before trypsin digestion and 

subsequent mass spectrometry. If a protein appears in both the labelled and unlabelled media, the 

likelihood of it being a false positive is lowered due the competitive (p)ppGpp. 
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1.6.2.2. Haas et al capture compound approach  

Following on from the success of this affinity based capture compound approach, another large set of 

proteins were identified as (pp)pGpp-binding targets across two species: E. coli (soluble and membrane 

fractions) and Salmonella enterica serovar Typhimurium (soluble fraction)(Haas et al., 2022). This 

approach synthesised a catalog of ppGpp structural analogs for use as unique capture compounds 

(Figure 1.6.2.2). The effects of the affinity handles on both the 3' and 5'-phosphates of ppGpp and its 

nucleotide relatives pGpp, pppGpp and ppApp, were investigated along with incorporation of the handle 

and cross-linker directly onto the guanine base of ppGpp.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Here, Haas et al incubated  their  (p)ppGpp capture  with cell lysates from E. coli and S. Typhimurium 

that had been fractionated into cytoplasmic and membrane fractions and compared their efficiency at 

capturing ppGpp-binding proteins. Results convincingly suggested that attachment to the 5'-phosphate 

was more efficient, with other variations isolating few to no hits. Capture compounds that furnish a UV 

cross-linker can potentially enrich non ppGpp-binding proteins if UV activation occurs when in close 

proximity to a given protein in solution. In order to minimise the risk of false positives due to this side 

reaction, a competition control containing a 1000-fold competitive nucleotide in the form of unlabelled 

(p)ppGpp was included. As this is the native nucleotide, it should preferentially bind to protein targets 

Figure 1.6.2.2: Capture compounds designed by (Haas et al., 2022): Designed compounds with 
varying attachment of the affinity handle (purple) to the C8 position of the guanine base and to the 5'-
phosphates. While also varying the cross-linker between phenylazide or tetrafluoro phenylazide 
(orange) the nucleotide moiety (blue) does not vary in this instance. 
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inhibiting the capture compound from performing effectively. While at the same time, it does not prevent 

any unspecific interactions taking place which helps reduce the number of false positives. The 

thresholds set by Haas et al for mass spectrometry were a log2 (enrichment) >2 and a q-value of < 

0.05. Using these thresholds, they identified ~185 proteins and further characterised the hydrolase 

ApaH (Haas et al., 2022). This array of capture compounds was capable of isolating a large number of 

putative (pp)pGpp binding proteins (Table 1.6.2.2), including previously identified binding partners in 

both E. coli and S. Typhimurium suggesting this capture compound approach is a reliable way to map 

the (pp)pGpp interactome.  

 

Table 1.6.2.2: Summary of both DRaCALA and affinity-based capture methodologies  

 

Overall, capture compound approaches allow for the mapping of the (p)ppGpp interactome including 

weak interaction partners, while also not requiring overexpression strains of the proteins of interest, 

advantages which are held over DRaCALA. However, as established previously the preference 

between ppGpp and pppGpp differs between species, meaning the synthesis of probes mimicking both 

nucleotides is required to gain a full understanding of their unique targets.  

 

1.7. Chemo-sensors and their roles in ppGpp quantification  

The range of activity of (p)ppGpp is astounding, with potentially hundreds of binding partners remaining 

to be discovered. However, the specific effect (p)ppGpp concentrations have upon the bacterial cell still 

remains to be elucidated as a result of this. It stands to reason that at low levels of stress, the 

concentration of (p)ppGpp in the cell will only result in binding to the proteins with the highest affinity, 

such as nucleotide metabolism and ribosome biogenesis related proteins, suggesting (p)ppGpp is 

important for regulating these processes under almost all conditions. During stress, other processes 

such as fatty acid synthesis and carbon metabolism will also be modulated to ensure survival. It is 

therefore imperative that a method for accurately measuring (p)ppGpp levels is developed to provide 

insight into the concentration dynamics and how these fluctuations effect regulatory processes.  

 

There are a numerous methods available for the quantification of (p)ppGpp, however, they are often 

convoluted, unreliable or require specialist training. Initially, the addition of radiolabelled nucleotides 

Author Methodology Nucleotide Organism 
Targets 

Identified 

(Corrigan et al., 
2016) 

DRaCALA  (p)ppGpp S. aureus 7 

(Zhang et al., 
2018) 

DRaCALA 
ppGpp, 
pppGpp 

E. coli 12 

(Wang et al., 
2019a) 

Capture Compound ppGpp E. coli 50+ 

(Yang et al., 
2020a) 

DRaCALA 
pGpp, ppGpp, 

pppGpp 
B. anthracis 30+ 

(Haas et al., 
2022) 

Capture compound 
pGpp, ppGpp, 

pppGpp 
E. coli,  

S. Typhimurium 
40+ 
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containing 32P to growing cultures allowed for the detection of (p)ppGpp. Upon lysing, the nucleotides 

were separated by their anionic charge using thin layer chromatography and detected using film (Cashel 

and Gallant, 1969). A few years later, a radioimmunoassay was developed, this involved using human 

serum albumin (HAS) linked to both nucleotides radiolabelled with tritium (3H) and native nucleotides 

obtained from cell-lysates using the coupling agent 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide 

(EDC). The radiolabelled nucleotides would then be incubated with a specifically designed antibody 

and the native nucleotide introduced with the displacement of the 3H labelled ppGpp being used to 

determine native ppGpp concentrations (Hamagishi et al., 1981). 

 

The advancement in HPLC methodologies has allowed for the detection of many analytes of interest 

including (p)ppGpp, these methods often relied on UV detection and as a result involved separating 

bacterial cells from growth medium and any other compounds that may cause background noise. The 

cells were then lysed and their lysates injected, while the areas of the peaks were calculated to provide 

information on ppGpp levels (Zborníková et al., 2019, Oursel et al., 2007, Varik et al., 2017, Fischer et 

al., 1982). HPLC methodologies have greatly improved with buffer systems that provide both high 

resolution between structurally similar nucleotides and reduce signal suppression, while the 

incorporation of mass spectrometry has aided accurate abundance measurements and real-time 

confirmation of peaks (Zborníková et al., 2019, Ihara et al., 2015), however this method can be laborious 

and still requires access to a HPLC.  

 

Alternatives to HPLC focus on chemical methods such as the development of quantum dots. These 

often consist of lanthanide metals complexes, such as europium molybdate, which naturally fluoresce 

blue but upon binding ppGpp fluoresce red due to rare earth metal antennae affects (Rong et al., 2020, 

Chen et al., 2018). Nanoclusters have also been employed, these clusters of hundreds of metal atoms 

have molecule-like properties such as fluorescence. Silver nanoclusters (Ag-NCs) were first 

synthesised using DNA as a template. These DNA-Ag-NCs autofluorescence (λExcitation = 585 nm)  and 

are readily quenched by electron transfer when copper (II) ions are introduced into solution due to the 

high affinity between Cu2+ with DNA. However, Cu2+ also displays high affinity towards phosphates, 

including ppGpp. Upon addition, ppGpp chelates to Cu2+ ions in DNA-Ag-NC-Cu complexes disrupting 

any interaction with the DNA-Ag-NCs and restoring fluorescence. This on/off method allows for the 

detection of ppGpp by relative fluorescence intensities in the presence (F)  and absence of ppGpp (F0), 

as F/F0 is proportional to the concentration of ppGpp within a sensitivity range of 2 - 200 μM (Zhang et 

al., 2013). Despite all of these methods, a simple, inexpensive and safe methodology for the 

quantification of (p)ppGpp remains elusive. 
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1.8. Aims and objectives 

The SR is a bacterial stress response that promotes survival under a multitude of stress conditions, 

while being implicated in antibacterial resistance, virulence and metabolism. With current treatment 

options for MRSA looking bleak, the ability of the SR to mediate adaptations to potential stressors is 

worrying. It is therefore imperative that the mapping of the (p)ppGpp interactome continues in order to 

further our understanding of this complicated response. Through continued probing of these 

interactions, it is possible that novel therapeutic targets that specifically target SR effectors may be 

identified, ultimately improving current treatment opportunities against various strains of bacteria not 

only MRSA. 

 
In this study, we aimed to assist the mapping of the (p)ppGpp interactome by the synthesis  of our own 

ppGpp capture compound through basic chemical coupling procedures and enzymatic synthesis of a 

thiolated-ppGpp structural analog. The initial compound design consisted of a flexible PEG linker, a 

biotin affinity handle and p(s)pGpp similar to the compound designed by Wang et al in section 1.6.2. 

Our compound aimed to avoid the issues associated with false-positives when using traditional 

chemical probes such as Wang et al by operating in a non-covalent manner with no photo-active cross-

linker (Chapter 3). Upon synthesis of the capture compound, we aimed to demonstrate its selectivity 

towards known ppGpp binders identified by Corrigan et al. The capture compound was then be  

implemented in pulldown assays that utilise traditional streptavidin-biotin interactions and proteomic 

techniques toenablee the identification of new (p)ppGpp binding proteins (Chapter 4). Following this, 

our aim was to confirm binding of (p)ppGpp to newly identified proteins through the assessment of 

binding in both lysates and recombinant protein by various biophysical characterisation methods such 

as microscale thermophoresis. Finally in vitro reactions were replicated to understandthe impact 

(p)ppGpp has on the respective protein function (Chapter 5).  

 

The final aim of this project was to establish an efficient method for the quantification of (p)ppGpp in 

the absence of radiolabelling and more convoluted methods that require specialist training and 

expensive equipment such as HPLC (Chapter 6). 
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Chapter 2 

Materials and Methods
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2.1. General Chemical Procedures  

Commercially available starting materials, solvents and other reagents were analytical grade and 

obtained from renowned suppliers Fluorochem, Fischer scientific , Jena Bioscience and Merck (Sigma-

Aldrich). As a result, they were used without the need for purification (unless otherwise stated). All 

reactions were performed in oven dried glassware, agitated with a magnetic stirrer bar, carried out at 

ambient temperature, pressure and under an inert N2 atmosphere unless stated otherwise. All 

anhydrous solvents were obtained from the University of Sheffield dry solvent system using N2 using 

standard Schlenk techniques, with the exception of methanol, which was freshly distilled when 

required. All other solvents used were either analytical or chromatography grade. Solvents were 

evaporated under reduced pressure using a Büchi Rotary Evaporator R100 and solids were dried using 

a high-vacuum line when required both with an Edwards Direct-drive rotary vane vacuum pump, dual 

mode, 2.3 cfm, 115/220 VAC. 

 

2.1.1. TLC 

Analytical thin layer chromatography (TLC) analyses were performed using pre-coated silica gel plates 

(silica 2 8 8 0 Kieselgel 60 F254) acquired from Merck and were visualized with ultra-violet radiation (UV: 

254-365nm). Several stains were used to identify compounds, including: ceric ammonium molybdate 

(hydroxyl groups); Potassium permanganate stain (oxidizable species); ninhydrin (primary, secondary 

amines); Propargyl alcohol (azides); Cinnamaldehyde stain (biotin moieties). 

 

2.1.2. Column chromatography  

Flash column chromatography was performed using prepacked Teledyne Isco RediSep silica flash 

columns (20 mg-80 g) and ran on a Combiflash NEXTGEN 300+ flash purification system or manually 

with silica gel 60 (30 – 70 μm) purchased from Merck. 

 

2.1.3. General RP-HPLC Procedure  

Reverse phase high performance liquid chromatography (RP-HPLC) was perfumed using both 

analytical GEMINI® 5 µm C18 110 Å LC column (250 × 4.6 mm) and Semi preparative GEMINI® 5 µm 

C18 110 Å LC column (250 x 10 mm). Mobile Phase A: triethylammonium bicarbonate (TEAB, 100 

mM), Acetonitrile (MeCN, 0.1% v/v). Mobile phase B: TEAB (100 mM), MeCN (50% v/v), 3-50% B, 21 

minutes (1.6-25.05%), UV detection at 260 nm. 

 

2.1.4. Anion-Exchange HPLC 

Both analytical traces and purifications were obtained using a Nucleopac PA-100 (4 × 250 mm column). 

Mobile phase: Solvent A: NH4HCO3 (50 mM) Solvent B: NH4HCO3 (500 mM), 9-91% B, 90.5-455 mM 

21 minutes. 
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2.1.5. IR  

Infra-red spectroscopy (IR) was performed on a Perkin Elmer 100 FT instrument to obtain the respective 

spectra. 

 

2.1.6. Mass spectrometry  

All mass spectrometry was kindly performed by the University of Sheffield Mass Spectroscopy service 

using: LC instrument – Agilent 1260 Infinity, Column: Agilent Zorbax Extend-C18 (2.1 mm × 50 mm, 1.8 

micron), mobile phase A: formic acid (0.1% v/v), mobile phase B: formic acid (0.1% v/v in MeCN), 5%-

95% B,15 mins, Flowrate: 0.4 ml min-1. MS instrument – Agilent 6530 Q-ToF, Mode: ESI +ve ion. Mass 

spectrometry of the capture compounds was performed by the School of Chemical Biology and 

Engineering (CBE) LC instrument: Vanquish UHPLC, Column: DNAPacRP column (2.1 mm × 100 mm) 

Mobile phase A: Triethylamine (TEA, 10 mM); Hexafluoroisopropanol (HFIP, 50 mM), MeCN (0.1% v/v), 

Mobile phase B: TEA (10 mM); HFIP (50 mM), MeCN (50% v/v), Flowrate 0.25 ml/min. 

 

2.1.7. NMR 

Proton (1H), Carbon (13C) and Phosphorus (31P) Nuclear Magnetic Resonance (NMR) spectra for 

analysis were acquired from a Bruker AV III 400MHz or 500MHz spectrometer using an internal 

deuterium lock. Chemical shifts (δ) are reported in parts per million (ppm) relative to the internal 

standard with the respective deuterated solvent stated. Coupling constants (J Values) are reported in 

Hertz (Hz). And the following abbreviations are used; broad singlet, broad triplet =bt, s = singlet, bs = d 

= doublet, t = triplet, dd = doublet of doublets, q = quartet, p = pentet, m = multiplet. All 1H.N.M.R were 

recorded at 400 MHz, 13C.N.M.R were recorded at 101 MHz, 31P NMR were recorded at 162 MHz and 

19F NMR were recorded at 377 MHz. Spectra were assigned with the use of COSY, HSQC, NOESY 

and HMBC analytical techniques when appropriate, in the format: ppm (integral, splitting pattern, 

coupling constant (Hz), assignment. 
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2.2. Synthetic methods for the production of a non-covalent capture compound 

2.2.1. Synthesis of 1,1-bis (4-methoxyphenyl)-1-phenyl-2,5,8,11-tetraoxatridecan-13-ol (2) 

 
 
 
 
 
 
 
 
 

 

 

 

Tetraethylene glycol (44 mL, 256.65 mmol, 8.7 eqv) was co-evaporated with toluene (3 × 50 mL) and 

placed under high vacuum overnight. To a solution of tetraethylene glycol (44 mL, 256.65 mmol, 8.7 

eqv) in DCM (12 mL), DMAP (0.18 g, 1.48 mmol, 0.05 eqv), TEA (6.56 mL, 47.2 mmol, 1.6 eqv) were 

added followed by dropwise treatment with a solution of DMT-Cl (10 g, 29.5 mmol, 1.0 eqv) in anhydrous 

DCM (30 mL) and left stirring. After 23 h 5% (w/v) Na2CO3 (100 mL) was added and the organic layer 

washed with water (2 × 140 mL) and saturated brine (2 × 20 mL). The organic layer was dried (Na2SO4) 

and concentrated under reduced pressure to yield the crude product as a yellow oil. The crude product 

was then purified by column chromatography (Hexane:EtOAc, 70:30 → 0:100, 1% TEA) to yield the 

product as a pale yellow oil (0.98 g, 1.97 mmol, 6.7%). 1H NMR δH/ppm (400 MHz, CDCl3): δ 7.55-7.53 

(2H, m, m-phenyl), 7.39-7.19 (12H, m, o-methoxy phenyl, o-phenyl, p-phenyl), 6.88-6.81 (6H, m, m-

methoxy phenyl), 3.84-3.61 (20H, m; CH3-O-Ph, Tetra-ethylene glycol CH2-O), 3.27-3.23 (2H, m, CH2-

OH); 13C NMR δC/ppm (101 MHz, CDCl3): δ 158.43, 145.17, 136.41, 130.12, 128.26, 127.88, 127.80, 

126.70, 113.0, 85.98, 70.86, 70.80, 70.8, 70.48 63.2, 61.82 55.22; MS Expected: C29H36O7 [M + Na+]: 

519.2 m/z Found: 519.2 m/z; TLC: Rf = 0.30 (Hexane : EtOAc, 70:30, 1% TEA). When referring to the 

literature characterisation by (Ries et al., 2017) it was clear excess TEG was present in the sample. 

This is indicated by the integrations of the peaks in the 1H NMR being higher than expected. 

 

 

 

 

 

 

 

 

 

 
 



42 
 

2.2.2. Synthesis of 1,1'- (1,4-Phenylene)bis (2,5,8,11-tetraoxatridecan-13-ol) (3) 

 
 
 
 
 
 

 

To a stirred solution of tetraethylene glycol (11.7 mL, 67.6 mmol, 2.2 eqv and silver (I) oxide (18.8 g, 

81.1 mmol, 2.64 eqv) in anhydrous DCM (50 mL), dibromo-p-xylene (8.1 g, 30.7 mmol, 1 eqv)  was 

added in one portion. The reaction mixture was left stirring (20 h), followed by addition of DCM (100 

mL) before filtering in vacuo. The filtrate was concentrated under reduced pressure to yield the crude 

product as a brown oil. The product was purified by column chromatography (DCM : EtOAc, 40:60 → 

DCM : MeOH, 90:10) to yield the product as a pale yellow oil (10.22 g, 20.83 mmol, 67.9%).1H NMR 

δH/ppm (400 MHz, CDCl3): δ 7.36-7.30 (4H, m, phenyl), 4.54 (4H, s, CH2-Phenyl), 3.71-3.57 (34H m, -

CH2-O- tetra-ethylene glycol); 13C NMR δC/ppm (101 MHz, CDCl3): δ 137.60, 127.90, 72.95, 72.87, 

70.53, 70.30, 69.98, 61.58; MS Expected: C24H42O10 [M + Na+]: 513.3 m/z Found: 513.3 m/z ; TLC: 

Rf = 0.52 (DCM : MeOH, 90:10). The higher than expected integration of the CH2-O- peak is due to 

excess TEG present in the sample meaning purification  was unsuccessful. 
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2.2.3. Synthesis of 2-[2-[2-[2- (4-methylphenyl)sulfonyloxyethoxy]ethoxy]ethoxy]ethyl 4-

methylbenzenesulfonate (11) 

 
 
 
 
 
 
 

Tosyl chloride (TsCl) was freshly prepared through recrystallisation. 

Triethylamine (41.63 mL, 298 mmol, 3 eqv.) was added to a stirred solution of tetraethylene glycol 

(19.14 g, 99 mmol, 1 eqv.) in anhydrous DCM (100 mL). The reaction was cooled to 0 °C and freshly 

recrystalised 4-tolenesulfonyl chloride (56.94 g, 298 mmol, 3 eqv) was added and the reaction was 

stirred overnight before being concentrated under reduced pressure. The crude oil was redissolved in 

DCM (100 mL) and washed with water (3 × 50 mL). The aqueous layers were combined and extracted 

with DCM (3 × 80 mL). The organic layers were then combined, washed with acetic acid (0.1 M, 100 

mL), sat.NaHCO3 (100 mL), water (2 × 50 mL), dried (Na2SO4) and concentrated under reduced 

pressure to give a crude orange oil. The crude material was purified by column chromatography EtOAc 

(0→100%) in hexane to give a colourless oil (34.74 g, 69.12 mmol, 69.44%).1H NMR δH/ppm (400 

MHz, CDCl3): δ 7.80 (4H, d, J = 8.3 Hz, o-Ar); 7.35 (4H, d, J = 7.7 Hz, m-Ar), 4.16 (4H, t, J = 4 Hz, CH2-

OTs), 3.69 (4H, t, J = 4 Hz, -CH2-CH2-OTs), 3.62-3.52 (8H, m, -O-CH2-), 2.45 (6H, s, CH3-Ar); 13C NMR 

δC/ppm (101 MHz, CDCl3): δ 144.84, 132.98, 129.85, 127.97, 70.55, 69.28, 68.68, 21.64; MS 

Expected: C22H30O9S2 [M + Na ]: 525.1223 m/z Found: 525.1236 m/z; TLC: Rf = 0.34 (Hexane : EtOAc, 

40:60).  

2.2.4. Synthesis of 1,11-diazido -3,6,9-trioxaundecane (12) 

 
 

 

2-[2-[2-[2-(4-methylphenyl)sulfonyloxyethoxy]ethoxy]ethoxy]ethyl 4-methylbenzenesulfonate (8.0 g, 

15.92 mmol, 1 eqv) was suspended in EtOH (100 mL) and DMF (50 mL) followed by portion-wise 

addition of NaN3 (3.1 g, 47.75 mmol, 3 eqv). The suspension was heated to 70 °C overnight before 

being concentrated under reduced pressure. The white oil suspension was taken up in EtOAc (300 mL), 

washed with H2O (500 mL), the aqueous layers were extracted with EtOAc (2 × 100 mL) and the organic 

extracts were washed with 10% LiCl solution (100 mL) before being dried (Na2SO4) and concentrated 

under reduced pressure to yield the product as a yellow oil (3.35 g, 13.71 mmol, 86.1%). 1H NMR 

δH/ppm (400 MHz, CDCl3): δ 3.68 (12H, t, J = 4Hz, CH2-O); 3.40 (4H, t, J = 5.1 Hz, CH2-N3); 13C NMR 

δC/ppm (101 MHz, CDCl3): δ 70.71, 70.04, 50.69; MS Expected: C8H16O3N6 [M + Na ]: 267.1176 
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Found: 267.1188 m/z; IR (cm-1): 2100 - N3 (stretch); TLC: Rf = 0.79 (Hexane : EtOAc 30:70). Spectral 

data in accordance with those seen in the literature (D’Aléo et al., 2015, Gu et al., 2014). 

 

2.2.5. Synthesis of 1-azido-3,6,9-trioxaundecan-11-amine hydrochloride (13) 

 
 
 
 

1,11-diazide-3,6,9-trioxaundecane (1.69 g, 6.92 mmol, 1 eqv) was dissolved in diethyl ether (20 mL) 

followed by addition of 1 M HCl (20 mL). The biphasic mixture was stirred vigorously before addition of 

PPh3 (1.82 g, 6.92 mmol, 1 eqv) over 30 min. After 24 h the ether layer was removed and the aqueous 

layer washed with diethyl ether (3 × 50 mL). The aqueous layer was then evaporated to yield the product 

as a yellow oil (1.6 g). Purification by silica column chromatography (0 → 100% MeOH in DCM) yielded 

the pure product as a yellow oil (0.89 g, 3.49 mmol, 51%). 1H NMR δH/ppm (400 MHz, MeOD): δ 3.74 

(2H, bt, J = 4.6 Hz, -O-CH2-CH2-NH2), 3.70 (10H, t, J = 4.7 Hz, CH2-O), 3.42 (2H, bt, J= 4.6 Hz, CH2-

N3), 3.15 (2H, bt, J = 4.6 Hz, CH2-NH2); 13C NMR δC/ppm (101 MHz, MeOD): δ 70.24, 66.49, 50.42, 

39.37; MS Expected: C8H19O3N4 [M + H ]: 219.14517 m/z Found: 219.1458 m/z; IR (cm-1): 3400 – 

Primary NH2 (stretch); 2100 - N3 (stretch), TLC: Rf = 0.3 (10% MeOH in DCM). Spectral data in 

accordance with those seen in the literature (Risseeuw et al., 2013). 

 

2.2.6. Synthesis of Pentafluorophenyl 5-[(3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl]pentanoate (14) 

 
 
 
 
 
 

 

 

d-Biotin (2.50 g, 10.23 mmol, 1eqv) was dissolved in DMF (44 mL) at 70 ºC, before cooling to 0 ºC.  

Pentafluorophenol (2.45 g, 13.30 mmol, 1.3 eqv) was added followed by DCC (3.17 g, 15.35 mmol, 1.5 

eqv). The reaction was brought to room temperature and stirred overnight before filtering through a 

celite bed and concentrating the filtrate under reduced pressure to yield a white solid that was 

recrystallised from methanol to give white crystals of PFP-biotin (1.13 g, 2.75 mmol, 26%).1H NMR 

δH/ppm (400 MHz, DMSO): δ 6.45 (1H, s, N1-ureido, N2-ureido), 6.37 (1H, s, N2-ureido) 4.32 (1H, ddt, 

J = 7.6, 5.2, 1.1 Hz, H-2), 4.16 (1H, ddd, J = 7.8, 4.4, 1.9 Hz, H-3), 3.13 (1H, ddd, J = 8.3, 6.2, 4.3 Hz, 

1H, H-4), 2.84 (1H, dd, J = 12.4, 5.1 Hz, H-1), 2.80 (2H, t, J = 7.3 Hz, H-8), 2.59 (1H, d, J= 12.4 Hz, H-

1'), 1.77-1.37 (6H, m, H7, H6, H5). 19F NMR δF/ppm (377 MHz, DMSO): δ −153.60 (2F, m, ortho), 

−158.10 (1F, t, J = 23.2 Hz, para), −162.61 (2F, m, meta); 13C NMR δC/ppm (101 MHz, DMSO): δ170.0 
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(1), 163.2 (2), 163.0 (3), 142.2 (4), 140.6 (5), 139.9 (6), 139.3 (7), 61.5 (8), 59.75 (9), 55.2 (10), 40.36 

(11), 32.77 (12), 28.3 (13), 28.15 (14), 24.8 (15); MS Expected: C16H15F5N2O3S [ M + H ]: 411.079 m/z; 

Found: 411.079 m/z; TLC: Rf = 0.63 (10% MeOH in DCM). Spectral data in accordance with those 

seen in the literature (Vallinayagam et al., 2008). 

2.2.7. Synthesis of N-[2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]ethyl]hexahydro-2-oxo-(3aS,4S,6aR)- 1H-

thieno[3,4-d ]imidazole-4-pentanamide (15) 

 
 
  
 
 

 

 

 

11-Azido-3,6,9-trioxaundecan-1-amine (530 mg, 2.44 mmol, 1 eqv) and DIPEA (946 mg, 7.32 mmol, 3 

eqv) were dissolved in anhydrous DMF (5 mL) and stirred for 20 min. PFP-Biotin (1 g, 2.44 mmol, 1 

eqv) was added and the reaction stirred under argon for 20 h. The reaction mixture was concentrated 

under reduced pressure and purified by silica column chromatography (0→100% MeOH in DCM) to 

yield the product as a white solid (550 mg, 1.24 mmol, 51%).1H NMR δH/ppm (400 MHz, CDCl3): δ 6.68 

(1H, bt, J = 5.6 Hz, NH-amide), 6.43 (1H, s, N1-ureido), 5.49 (1H, s, N2-ureido), 4.52 (1H, dd, J = 7.8, 

4.8 Hz, H-2), 4.34 (1H, dd, J = 7.8, 1.4 Hz, H-3), 3.72 - 3.38 (16H, m, CH2-O-; CH2-NH; CH2-CH2-N3), 

3.16 (1H, td, J1 = 7.4, 4.6 Hz, H-4), 2.98-2.86 (1H, m, H-1), 2.77 (1H, d J= 12.8 Hz, H-1’), 2.25 (2H, t, J 

= 7.5, 1.6 Hz, H-8), 1.81 -1.6 (3H, m, H-5, H-7), 1.47 (2H, p, J = 7.2 Hz, H-6); 13C NMR δC/ppm (101 

MHz, CDCl3): δ 173.24, 164.24, 70.65, 70.47, 70.08, 70.02, 61.78, 60.24,  55.72, 50.68, 40.54,  39.14, 

36.01, 28.29, 28.11, 25.6; MS Expected: C18H32N6O5S [M + Na] 467.2047 m/z; Found: 467.2047 m/z; 

TLC: Rf = 0.58 (10% MeOH in DCM). Spectral data in accordance with those seen in the literature 

(Zhou et al., 2017). 
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2.2.8. Synthesis of 1H-Thieno[3,4-d]imidazole-4-pentanamide, N-[2-[2-[2-(2-aminoethoxy)ethoxy] 

ethoxy]ethyl] hexahydro-2-oxo-,(3aS,4S,6aR) (16) 

 
 
 
 
 
 
 

At 0 °C biotin-PEG3-azide (446 mg,  1 mmol, 1 eqv) was dissolved in THF (20 mL) followed by dropwise 

addition of PPh3 (315 mg, 1.2 mmol, 1.2 eqv)  and H2O (8 mL). The mixture was warmed to RT 

overnight, the layers were separated and the organic layer was concentrated under reduced pressure. 

The residue was treated with 1 M HCl (20 mL) and then treated with KOH (pH 11) before dissolving the 

crude product with DCM. The crude material was then purified by silica column chromatography (0-

100% MeOH in 1% TEA with DCM) and concentrated under reduced pressure to give the product as a 

white residue (150 mg, 0.36 mmol, 36%).1H NMR δH/ppm (400 MHz, CDCl3): δ 7.46 (1H, t, J = 5.2 Hz, 

NH-amide), 6.72 (1H, s, N1-ureido), 5.95 (1H, s, N2-ureido), 4.48 (1H, dd, J = 7.7, 4.8 Hz, H-2), 4.29 

(1H, dd, J = 7.6, 4.6 Hz, H-3), 3.63-3.60 (8H, m, CH2-O), 3.55-3.54 (4H, m, CH2-NH), 3.42-3.40 (4H, m, 

CH2-CH2-NH), 3.12 (1H, m, H-4), 2.88 (1H, dd, J = 7.9 Hz, 12.8 Hz, H-1), 2.72 (1H, d, J = 12.8 Hz, H-

1'), 2.22 (2H, t, J = 7.6 Hz, H-8), 1.74-1.63 (4H, m, H-5, H-7), 1.41 (2H, p, J = 7.1 Hz, 7.4 Hz, H-6); 13C 

NMR δC/ppm (101 MHz, CDCl3): δ 173.71, 164.26, 70.43, 70.41, 70.07, 70.0, 61.81, 60.2,  55.74, 

50.29, 40.53,  39.11, 35.83, 28.31, 28.08, 25.69; MS Expected: C18H34N4O5S [M + H]: 419.2 m/z, 

Found: 419.2 m/z; IR (cm-1): 3241.10 (N-H Stretch, aliphatic amine), 2926.22-2863.47 (C-H stretch, 

alkane), 1697 (C=O stretch, amide) 1644.12 (C=O stretch, urea), 1100 (C-O stretch, aliphatic ether); 

TLC: Rf = 0.20 (20% MeOH in 1% TEA and DCM). Spectral data in accordance with those seen in the 

literature (Fusz et al., 2008). 
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2.2.9. Synthesis of H-Thieno[3,4-d]imidazole-4-pentanamide, N-(14-bromo-13-oxo-3,6,9-trioxa-12-

azatetradec-1-yl)hexahydro-2-oxo-,(3aS,4S,6aR) (17) 

 
 

 
 

 

 

 

 

Biotin-PEG3-amine (150 mg, 0.36 mmol, 1 eqv) was dissolved in anhydrous DCM (6 mL) with anhydrous 

DIPEA (69 μL, 0.396 mmol, 1.1 eqv) and  treated with bromoacetic anhydride (103 mg, 0.396 mmol, 

1.1 eqv) at -20 °C. After 2 h the solvent was removed and the residue was washed with EtOAc (20 mL) 

to remove impurities. DCM (8 mL) and sonication were used to dissolve the crude material before 

purification by column chromatography (0 → 100% MeOH in DCM) to give a clear oil (2.8 mg, 38.55 

μmol, 11%). 1H NMR δH/ppm (400 MHz, CDCl3): δ 7.44 – 7.36 (1H, m, NH-amide), 6.95-6.87 (1H, bs, 

N1-ureido), 6.30 (1H, s, N2-ureido), 4.52 (1H, dd J = 7.8, 4.9 Hz, H-2), 4.32 (1H, dd, J = 7.0, 5.2 Hz. H-

3), 3.88 (2H, s, CH2-Br), 3.72-3.35 (16H, m, HN-CH2-CH2-O), 3.16 (1H, td, J = 7.3, 4.4 Hz, H-4), 2.92 

(1H, dd, J = 12.8, 4.9 Hz, H-1), 2.74 (1H, d, J = 12.8 Hz, H-1'), 2.24 (2H, t, J = 7.4 Hz, H-8), 1.80 – 1.53 

(4H, m, H-5, H-7), 1.48-1.40 (2H, m H-6); MS Expected: C20H35BrN4O6S Br 79 [M + H]: 539.1533 m/z; 

Found: 539.158 m/z; Br 81 [M + H]: Expected: 541.151 m/z Found: 541.156 m/z; TLC: Rf = 0.10 

(10% MeOH in DCM). 
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2.2.10. Synthesis of p(s)pGpp ([(2R,3S,4R,5R)-5- (2-amino-6-oxo-1H-purin-9-yl)-4-hydroxy-2-

[[hydroxy(phosphonooxy)phosphoryl]oxymethyl]oxolan-3-yl] phosphono thiophosphate) (18) 

 
 
 
 
 
 

 

 

 

 

 

 

1X buffer (250 μL) consisting of: triethylammonium bicarbonate (TEAB, pH 8.5, 25 mM); Sodium 

chloride (NaCl, 100 mM); magnesium chloride (MgCl2, 15 mM) was mixed thoroughly with ATP (7 mM), 

GDPβs (5 mM), YjbM (2 µM) in a final volume of 500 µL. The reaction was incubated at 37 °C overnight. 

Following this, a 3 kDa cut-off spin column was washed with: sodium hydroxide (NaOH, 200 uL, 0.1 M); 

x2, ddH2O (200 uL) and 1X buffer (200 μL). The reaction was added to the column and centrifuged 

(16,000 xG, 10 min). The lower reservoir now containing the p(s)pGpp was lyophilized overnight and 

resuspended in ddH2O (100 L). The impure nucleotide was purified by anion exchange chromatography 

on a Nucleopac column PA-100 4 mm × 250 mm (4.6 mL column), 9-90% B (B = 500 mM NH4HCO3 

and 0.5% MeCN) before being concentrated under reduced pressure and re-suspended in ddH2O (1.15 

mL, 1.15 umol). HPLC: Mobile phase A: NH4HCO3 (50 mM); MeCN (0.5% v/v), Mobile phase B: 

NH4HCO3 (500 mM); MeCN (0.5% v/v), 9-90% B, eluting at 18.8 minutes which is equal to 392.63 mM 

NH4HCO3. 31P NMR δP/ppm (162 MHz, D2O): δ -11.60 (d, J = 20.5, ⍺-3’), -11.37 (d, J= 20 Hz, ⍺-5’), -

9.74 (d, J = 19.8, β-3’), 16.08 (d, J = 16.69 Hz, R-PSβ-5'), 19.77 (d, J = 5.59 Hz, S-PSβ-5'); Absorption 

spectra: Indicative of guanosine; MS Expected: C10H17N5O16P4S [M - H]: 617.92687 m/z, Found: 

617.9269 m/z. Phosphorothioate peaks are often diastereotopic, thus the appearance of an extra peak. 
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2.2.11. Synthesis of Guanosine 3'-diphosphate-5'-phosphoryl-phosphorylthio-11-amido-3,6,9-

trioxaundecan-1-biotin (19) 

 

p(s)pGpp (2 µmol, 1 eqv) was dissolved in ddH2O (120 µL) and sodium borate buffer (pH 9, 500 mM, 

30 µL). To this solution, biotin-PEG3-acetyl-bromide (8 µmol, 4 eqv) in DMSO (150 µL) was added and 

the reaction was left stirring overnight. The reaction mixture was purified by RP-HPLC: 20 min gradient 

3→50% B (A =200 mL 2 M TEAB, 4 mL MeCN, 3796 mL H2O), mobile phase B = (50% MeCN, TEAB 

pH 8.21) MeCN (1 L), H2O (900 mL), TEAB (100 mL). The compound was freeze-dried and dissolved 

in ddH2O to yield the product in solution (295 nmol, 14.75%). HPLC: Mobile phase A: Triethyl 

ammonium bicarbonate (TEAB, pH 8.2, 20 mM); MeCN (0.5% v/v), Mobile phase B: TEAB (pH 8.2, 20 

mM); MeCN (50% v/v), 3-50% B over 20 min compound eluted at 15.96 min which corresponds to 

MeCN (17.5%); Absorption spectra: Indicative of guanosine; MS Expected: C30H51N9O22P4S2 

[M]:1077.154 m/z, Found: 1077.155 m/z. 
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2.3. Synthetic methods for the production of the fluorescent chemosensor PyDPA  

All compounds were synthesised in accordance with the literature with spectral data matching (Conti et 

al., 2019, Rhee et al., 2008). 

2.3.1. Synthesis of 3-Pyren-1-yl-prop-2-yn-1-ol (21) 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Bromopyrene (1 g, 3.56 mmol, 1eqv) was dissolved with [Pd(PPh3 )4] (127 mg, 0.11 mmol, 0.03 eqv) in 

n-BuNH2 (20 mL) degassed with Ar. Propargyl alcohol (102 μL, 1.78 mmol, 5.1 eqv) was added to the 

mixture and the reaction was left to stir at reflux 78 °C for 6 h. The solvent was evaporated under 

reduced pressure and the crude material purified by automated flash chromatography (hexane/EtOAc 

92:8 → 40:60). Product was obtained as a slightly yellow solid (600 mg, 2.34 mmol, 66%). 1H NMR 

δH/ppm (400 MHz, CDCl3): δ 8.57 (1H, d, J = 9.1 Hz; H3Ar), 8.25 – 8.20 (2H, m; H6Ar, H8Ar), 8.19 – 8.03 

(6H, m; H2Ar, H4Ar H5Ar, H7Ar, H9Ar, H10Ar), 4.77 (2H, s; CH2OH), 1.95 (1H, s, OH). 13C NMR δC/ppm (101 

MHz, CDCl3): δ 132.07, 131.42, 131.21, 131.01, 129.77, 128.42, 128.30, 127.20, 126.27, 125.68, 

125.65, 125.36, 124.44, 116.96, 92.75, 84.83, 52.08; MS Expected: C19H12O [M + H] 257.096 m/z;  

Found: 257.096 m/z, Expected: [M + Na] 279.08 m/z, Found: 279.078 m/z; IR (cm-1): 3219.5 (OH 

stretch), 3036.9 (C-H alkene), 1601-1583 (C=C aromatic); TLC: Rf = 0.54 (Hex:EtOAc, 2:1) 
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2.3.2. Synthesis of 3-(pyren-1-yl)propan-1-ol (22) 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

3-Pyren-1-yl-prop-2-yn-1-ol (1.5 g, 5.85 mmol, 1 eqv) was dissolved in freshly distilled MeOH (20 mL). 

10% Pd/C (315 mg, 0.29 mmol, 0.05 eqv) was added and the reaction mixture was stirred under 

hydrogen and argon (1 atm) for 2 h. (TLC: hexane/EtOAc 60:40). The catalyst was removed by filtration 

through celite and the solvent was evaporated under reduced pressure to give a yellow powder (1.51 

g, 5.8 mmol, 99.8%). 1H NMR δH/ppm (400 MHz, CDCl3): δ 8.32 (1H, d, J = 9.2 Hz; H3Ar), 8.19 (2H, d, 

J = 7.6 Hz; H6Ar, H8Ar), 8.13 (2H, dd, J = 8.5, 3.4 Hz; H2Ar, H9Ar), 8.07 – 7.97 (3H, m; H4Ar, H5Ar, H7Ar), 7.91 

(1H, d, J = 7.8 Hz; H10Ar), 3.80 (2H, t, J = 6.3 Hz; CH2OH), 3.47 (2H, t, J = 7.7 Hz; CH2Ar), 2.21 – 2.09 

(2H, m; CH2CH2OH). 13C NMR δC/ppm (101 MHz, CDCl3): δ 136.28, 131.54, 131.01, 129.98, 128.78, 

127.61, 127.41, 127.36, 126.75,125.94 125.21, 125.11, 125.00, 124.95, 124.85, 123.45, 62.49, 34.65, 

29.75; MS Expected: C19H16O  [M + H] m/z; 261.1279, Found: 261.1291 m/z; IR (cm-1): 3295.85 (OH 

stretch), 3037.61 (C-H alkene), 2945.39-2851.49 (C-H aliphatic), 1603.09-1586.49 (C=C aromatic); 

TLC: Rf = 0.44 (60:40, Hex : EtOAc) 
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2.3.3. Synthesis of 1- (3-bromopropyl)pyrene (3) 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

33 % HBr in AcOH (10 mL) was added to 3-(pyren-1-yl)propan-1-ol (1.5 g, 5.8 mmol 1 eqv) in a 

microwave vial. The reaction was stirred under microwave irradiation at 100  °C for 90 min and diluted 

with EtOAc (50 mL). The organic layer is washed with 50 % NaHCO3 until basic, water (1 × 25 mL) and 

dried (Na2SO4). The solvent was evaporated under reduced pressure to give pure product as a brown 

viscous oil (1.64 g, 5.07 mmol, 88%). 1H NMR δH/ppm (400 MHz, CDCl3): δ 8.26 (1H, d, J = 9.3 Hz; 

H3Ar), 8.21 (2H, d, J = 8.3 Hz: H6Ar, H8Ar), 8.11 (2H, d, J = 9.2 Hz; H2Ar, H9Ar), 8.08 – 8.03 (3H, m; H4Ar, 

H5Ar, H7Ar), 7.86 (1H, d, J = 7.7 Hz; H10Ar), 3.57 – 3.42 (4H, m; CH2Br, CH2Ar), 2.40 (1H, p, J = 6.7 Hz; -

CH2CH2Br); 13C NMR δC/ppm (101 MHz, CDCl3): δ 134.77, 131.48, 130.93, 130.14, 128.72, 127.56, 

127.39, 126.89,125.99 125.15, 125.11, 125.00, 124.96, 124.91, 123.15, 34.44, 33.73, 31.66; MS 

Expected: C19H15Br [M] 322.0357 m/z, Found: 322.0362 m/z; IR (cm-1): 3039.36 (C-H alkene), 

2937.23 (C-H aliphatic), 1603.09-1586.49 (C=C aromatic), 680.57 (C-Br stretch); TLC: Rf = 0.76 (70: 

30, Hex : EtOAc). 
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2.3.4. Synthesis of 3,5-Bis (hydroxymethyl)phenol (25) 

 
 
 
 
 
 
 
 
 
 
Dimethyl 5-hydroxyisophthalate (3 g, 14 mmol, 1 eqv) in dry THF (30 mL) was added to 2 M LiAlH4 in 

THF (18 mL, 36 mmol, 2.57 eqv) that was cooled to 0 °C before stirring  O/N at room temperature. Ice 

cooled 10 % H2SO4 (30 mL) was added and then removed under reduced pressure. The white residue 

was resuspended in water and extracted with EtOAc (5 × 50 mL) before drying (MgSO4) and 

concentrating under reduced pressure. The crude oil was purified by silica column chromatography (0-

100% Hex: EtOAc) to yield pure product as a slightly yellow oil (1.56 g, 10.11 mmol, 74%). 1H NMR 

δH/ppm (400 MHz, Acetoned6): δ 8.24 (1H, bs, Ar-OH), 6.82 (1H, s, H4Ar), 6.75 (2H, s, H2Ar, H6Ar), 4.56 

(4H, s, Ar-CH2), 4.22 (2H, bs, CH2-OH); 13C NMR δC/ppm (101 MHz, Acetoned6): δ 157.40, 143.85, 

115.84, 111.91, 63.82; MS Expected: C8H10O3 [M - H]: 153.0557 m/z, Found:153.056 m/z; TLC: Rf = 

0.13  (10% MeOH in DCM)  

 
 

2.3.5. Synthesis of (5-[3-(pyren-1-yl)propoxy]-1,3-phenylene)dimethanol (26) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3- (pyren-1-yl)-1-bromo-propane (1.2 g, 3.7 mmol, 1eqv), 3,5-Bis (hydroxymethyl)phenol (680 mg, 4.44 

mmol, 1.2 eqv), ground, oven-dried K2CO3 (1.5 g, 11.1 mmol, 3eqv) and KI (614 mg, 3.7 mmol, 1 eqv) 

were dissolved in dry MeCN (20 mL). The reaction mixture was stirred at reflux under MW irradiation 

for 24 h. The solvent was evaporated under reduced pressure and the crude product was extracted 

from the resulting brown solid with EtOAc (40 mL). The solution was washed with water (3 × 20 mL) 

and saturated brine (1 × 15 mL). The organic phase was dried (MgSO4) and the solvent was evaporated 

under reduced pressure. The crude material was purified by silica column chromatography using 
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(95:4:1 DCM : MeOH: TEA) to yield a colourless oil (190 mg, 0.479 mmol, 13%).1H NMR δH/ppm (400 

MHz, CDCl3): δ 8.32 (1H, d, J = 9.2 Hz; H8Ar), 8.18 (2H, d, J = 7.5 Hz; H4Ar, H6Ar) ,8.11 (2H, dd, J = 9.3, 

6.5 Hz; H2Ar, H11Ar), 8.04 (2H, s; H1Ar, H12Ar), 8.01 (1H, dd, J =  7.3 Hz; H5Ar) 7.90 (1H, d, J = 7.8 Hz; 

H9Ar), , 6.95 (1H, s; H4Ph) , 6.88 (2H, s; H2Ph), 4.66 (4H, s; CH2-OH), 4.07 (2H, t, J = 6.0 Hz; CH2-O), 3.56 

(2H, t, J = 7.7 Hz; Ar-CH2), 2.35 (2H, p, J = 4.0 Hz; ArCH2CH2); 13C NMR δC/ppm (101 MHz, CDCl3): δ 

159.54, 142.83, 135.76, 131.42, 130.90, 129.95, 128.77, 127.51,127.42 127.39, 126.72, 125.87, 

124.94, 124.87, 123.32, 117.53, 112.22, 67.11, 65.12, 31.15, 29.74; MS Expected: C27H24O3 [M + Na] 

419.16 m/z, Found: 419.162 m/z; TLC: Rf = 0.42 (5% MeOH in DCM).  

 
 

2.3.6. Synthesis of (5-[3-(pyren-1-yl)propoxy]-1,3-phenylene)dibromide (27) 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

To a stirred solution of (5-[3- (pyren-1-yl)propoxy]-1,3-phenylene)dimethanol (190 mg, 0.479 mmol, 1 

eqv) in anhydrous DCM (50 mL) at 0 °C, PBr3 (580 mg, 204 μL, 2.2 mmol, 4 eq) was slowly added. 

After stirring at room temperature O/N the reaction was quenched with MeOH (10 mL), the solvents 

were evaporated and the residue was partitioned between H2O (30 mL) and DCM (50 mL). The organic 

layer was washed with saturated brine (40 mL) before drying (MgSO4). The crude product was purified 

by silica-column chromatography (hexane: DCM= 1:2) to yield a white powder of pure product (160 mg, 

0.31 mmol 64%). 1H NMR δH/ppm (400 MHz, Acetoned6) δ 8.32 (1H, d, J = 9.2 Hz; H8Ar), 8.20 (2H, d, 

J = 7.6 Hz; H4Ar, H6Ar), 8.13 (2H, t, J -9.3 Hz; H2Ar, H11Ar), 8.09-7.98 (3H, m; H1Ar, H5Ar, H12Ar, ), 7.91 (1H, 

d, J = 7.7 Hz; H9Ar), 7.0 (1H, s; H4Ph), 6.90 (2H, s; H2Ph), 4.44 (4H, s; CH2-Br), 4.05 (2H, t, J = 6 Hz; CH2-

O), 3.56 (2H, t, J = 6.8 Hz; Ar-CH2), 2.35 (2H, p, J = 8.5 Hz; ArCH2CH2);13C NMR δC/ppm (101 MHz, 

Acetoned6) δ 159.45, 139.63, 135.62, 131.45, 130.93, 130.01, 128.79, 127.54, 127.49, 127.41, 126.79, 

125.92, 125.14, 125.00, 124.92, 124.86, 123.27, 121.86, 115.61, 67.15, 32.99, 31.07, 29.71; MS 

Expected: C27H24Br2O [M + H]: 521.011, Found: 520.905 m/z; TLC: Rf = 0.8 (10% DCM in Hexane). 
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2.3.7. 5-[3- (1-Pyrenyl)propoxy]-N1,N1,N3,N3-tetrakis (2-pyridinylmethyl)-1,3-benzenedimethanamine 

(28) 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

To a stirred solution of 5-[3- (1-Pyrenyl)propoxy]-1,3-dimethylbromo-benzene (160 mg. 0.31 mmol, 1 

eqv) in anhydrous DMF (20 mL) at room temperature, dipicolylamine (130 mg, 0.65 mmol 2.1 eq), KI 

(108 mg 0.65 mmol, 2.1 eq), and K2CO3 (129 mg, 0.93 mmol, 3.0 eq) were slowly added. After stirring 

at room temperature O/N , the solvent was evaporated, and the crude mixture was partitioned between 

water/EtOAc. The organic layer was dried (Na2SO4) and the crude product was then purified by silica-

column chromatography (DCM : MeOH : TEA, 90:9:1 → 60:39:1 ) to give the product as a slightly yellow 

oil (140 mg, 184 mmol, 61%). 1H NMR δH/ppm (400 MHz, Acetoned6): δ  8.48 (4H, d, J = 4.5 Hz; H6Py), 

8.31 (1H, d, J = 7.6 Hz; H8Ar), 8.16 (1H, d, J = 8 Hz), 8.09 (2H, dd, J = 7.7 Hz, 11.51 Hz; H4Ar, H6Ar), 

8.06-8.0 (3H, m; H1Ar, H5Ar, H12Ar,), 7.98 (1H, t, J = 7.9 Hz; H2Ar, H11Ar), 7.90 (1H, d, J = 7.8 Hz; H9Ar), 

7.59-7.54 (8H, m; H4Py, H5Py), 7.13-7.09 (4H, m; H3Py), 7.07 (1H, s; H4Ph), 6.90 (2H, s; H2Ph), 4.06 (2H, t, 

J = 6.0 Hz; CH2-O), 3.81 (8H, s; Ar-CH2-NR2 ), 3.66 (4H, s; CH2-NR2), 3.57 (2H, t, J = 7.5 Hz; Ar-CH2), 

2.36 (2H, p, J = 8 Hz; Ar-CH2CH2);13C NMR δC/ppm (101 MHz, Acetoned6): δ 159.49, 159.22, 148.84, 

140.49, 136.64, 135.79, 131.40, 130.85, 129.92, 128.78, 127.48, 127.41, 127.33, 127.71, 125.86, 

125.07, 124.95, 124.92, 124.82, 124.77, 123.29, 122.83, 122.09, 121.53, 113.70, 66.86, 59.94, 58.65, 

31.17, 29.68; MS: C51H46N6O  Expected: [M + Na] 781.363 m/z, Found: 781.364 m/z; TLC: Rf =  0.1 

(DCM: MeOH: TEA, 90:9:1) 
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2.3.8. Synthesis of Chemosensor PyDPA (29) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

To 5-[3- (1-Pyrenyl)propoxy]-N1,N1,N3,N3-tetrakis (2-pyridinylmethyl)-1,3-benzenedimethanamine 

(140mg, 0.184 mmol, 1 eqv) in MeCN (10 mL), ZnClO4-6H2O (140 mg, 0.38 mmol, 2.05 eqv) was added 

slowly and left stirring at RT for 2 h. The solvent was then removed under reduced pressure to yield 

PyDPA as an off white solid (218 mg, 0.184 mmol, 100%). 1H NMR δH/ppm (400 MHz, CD3CN): δ 8.78, 

(4H, d, J = 4.6 Hz; H6Py), 8.43 (1H, d, J = 9.3 Hz; H8Ar), 8.28-8.16 (3H, m; H1Ar, H4Ar H6Ar,) 8.12-8.04 (8H, 

m; H2Ar, H5Ar, H9Ar, H12Ar H4Py), 7.98 (1H, t; H11Ar) 7.73 (4H, t, J = 7.1 Hz; H5Py), 7.38 (4H, d, J = 7.8 Hz; 

H3Py), 6.79 (2H, s, o-Ph), 6.75 (1H, s, p-Ph), 4.21 (d, 4H, J = 16 Hz; Py-CH2-NR2), 4.07 (2H, t, J = 5.9 

Hz; ArCH2CH2CH2O), 3.85 (4H, s; NR2-CH2-Ph), 3.69 (4H, d, J = 14.5 Hz ), 3.67 (2H, t, J = 6.6 Hz; 

ArCH 2CH2CH2O), 2.43 (2H, p, J = 6.4 Hz; Ar-CH2CH2);13C NMR δC/ppm (101 MHz, Acetoned6): δ 

159.45, 154.39, 148.10, 142.03, 136.33, 133.32, 131.37, 130.87, 129.91, 128.86, 127.91, 127.53, 

127.20, 126.72, 126.47, 126.24, 125.48, 125.15, 125.06, 125.01, 124.83, 123.67, 124.67,  118.06, 

117.27, 66.94, 55.87, 54.78, 30.92, 28.76; MS: C51H46N6O  Expected: [M + H] 759.380 m/z, Found: 

759.381 m/z. 
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2.4. Biological procedures  

2.4.1. Bacterial and DNA work  

2.4.1.1 Bacterial strains and growth conditions  

S. aureus strains (Table 1) were grown on tryptic soy agar (TSA, 37 °C, 18 h) before inoculating tryptic 

soy broth (TSB) and shaking (37 °C, 200 rpm, 18 h). Escherichia coli (Table 2.4.1.1) were grown on 

agar (37 °C, 18 h)  before inoculating in Luria Bertani broth (LB) and shaking (37 °C, 18 h, 200 rpm). 

All bacterial strains were stored by freezing at −80 °C after mixing 1:1 with freezer media: bovine serum 

albumin (BSA, 10% w/v); monosodium glutamate (MSG, 10% w/v) in water. The following strains were 

used with appropriate antibiotics included:  
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Table 2.4.1.1: List of bacterial strains used: 

 

 
 
 
 
 
 
 
 
 
 
 
 

Strain  Relevant features  Reference 

Escherichia coli strains 
BL21 DE3 Protein expression strain containing the gene for T7 RNAP  Novagen 
XL1 Blue Cloning strain: TetR Stratagene 
T7IQ 
pVL791 

Protease deficient protein expression strain, lacIq tightly control 
expression: CamR 

New England Biolabs 

RMC0162 XL1 blue pVL 847: TetR (pvL 847 contains a His and MBP tag) Laboratory strain collection 
RMC0534 T7IQ pVL847: CarbR, CamR Laboratory strain collection 
RMC1745 MG1655 ΔrelA ΔspoT: CamR (Magnusson et al., 2007) 
RMC2037 T7IQ pVL791–rpoY: CarbR, CamR (Corrigan et al., 2016) 
RMC2037 T7IQ pVL791 – perR:  CarbR, CamR (Corrigan et al., 2016) 
RMC2038 T7IQ pVL791 – rpoE:  CarbR, CamR (Corrigan et al., 2016) 
RMC2039 T7IQ pVL791 – vraR: CarbR, CamR (Corrigan et al., 2016) 
RMC2040 T7IQ pVL791 – katA: CarbR, CamR (Corrigan et al., 2016) 
RMC2041 T7IQ pVL791 – prsA: CarbR, CamR (Corrigan et al., 2016) 
RMC2042 MG1655  ΔrelA ΔspoT pTARA::kan pVL791 – rpoY: KanR, CarbR, CamR This study 
RMC2043 MG1655  ΔrelA ΔspoT pTARA::kan pVL791 – rpoE: KanR, CarbR, CamR This study 
RMC2044 MG1655  ΔrelA ΔspoT pTARA::kan pVL791 – vraR: KanR, CarbR, CamR This study 
RMC2045 MG1655  ΔrelA ΔspoT pTARA::kan pVL791 – katA: KanR, CarbR, CamR This study 
RMC2046 MG1655  ΔrelA ΔspoT pTARA::kan pVL791 – prsA: KanR, CarbR, CamR This study 
RMC2047 MG1655  ΔrelA ΔspoT pTARA::kan pVL791 – perR: KanR, CarbR, CamR This study 
RMC2056 T7IQ pVL791 – sigB: CarbR, CamR (Corrigan et al., 2016) 
RMC2057 T7IQ pVL791 – sarA: CarbR, CamR (Corrigan et al., 2016) 
RMC2058 T7IQ pVL791 – fur: CarbR, CamR (Corrigan et al., 2016) 
RMC2080 XL1-blue pVL847-rpoY: CarbR, This study 
RMC2081 BL21 pVL847 – rpoY: CarbR, This study 
RMC2107 T7IQ pVL791 – ohr: CarbR, CamR (Corrigan et al., 2016) 
RMC2108 T7IQ pVL791 –Ac2460: CarbR, CamR (Corrigan et al., 2016) 
RMC2109 T7IQ pVL791 –mvaD: CarbR, CamR (Corrigan et al., 2016) 
RMC2110 T7IQ pVL791 –ureE: CarbR, CamR (Corrigan et al., 2016) 
RMC2111 T7IQ pVL791 –adk: CarbR, CamR (Corrigan et al., 2016) 
RMC2112 T7IQ pVL791 –lysA: CarbR, CamR (Corrigan et al., 2016) 
RMC2113 T7IQ pVL791 –hxlB: CarbR, CamR (Corrigan et al., 2016) 

Staphylococcus aureus strains 

RMC1847 JE2 Δera pCN55itet-era-His: TetR, SpecR (Bennison et al., 2021) 

RMC0905 JE2 ΔrelQ ΔrelP Δrel  (p)ppGpp0) (Carrilero et al., 2023) 

RMC0813 LAC* Δera pCN55itet 
(Boles et al., 2010, Bennison 
et al., 2021) 

RMC0187 
JE2 Wildtype CA-MRSA USA300 strain LAC derivative, lacking plasmids 
p01 and p03, Erm sensitive 

(Hammer and Skaar, 2013) 
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2.4.1.2. Isolation of plasmid DNA  

In order to isolate plasmid DNA from E. coli a GeneJet Plasmind Miniprep Kit (Thermoscientific) was 

used. The protocol provided was followed, however, column bound-DNA was eluted with ddH2O in 

place of the elution buffer provided by the manufacturer.  

 

2.4.1.3. Restriction digests of DNA  

Reactions were incubated (37 °C, overnight (O/N)) and consisted of: DNA/plasmid (2 μg); CutSmart 

buffer (1X Final Concentration, NEB) and 10 units of the required restriction enzyme (NEB). The 

digested DNA was then purified using a GeneJet plasmid miniprep kit (ThermoScientific) as described 

in the protocol provided before visualising via agarose gel electrophoresis.  

 

2.4.1.4. Ligation of DNA fragments  

Ligation reactions (20 μL) consisted of insert: vector (5:1); digested insert (250 ng), plasmid vector (50 

ng), T4 DNA ligase (400 Unit, NEB) and 1X T4 ligase buffer (NEB). The reactions were incubated (25 

°C, 4 h) and immediately used for transformation without heat inactivation. 

 

2.4.1.5. Transformation into chemically-competent E. coli cells 

In order to transform ligation products into chemically competent E. coli cells, the cells (100 μL) are 

incubated (on ice, 5 min) with ligation product (10 μL). The cells are heat shocked (42 °C, 1 min) and 

immediately placed on ice for 2 min followed by addition of SOC media (900 uL): yeast extract (0.5% 

w/v); tryptone (2% w/v); NaCl (0.025% w/v); glucose (20 mM); KCl (pH 7.5, 2.5 mM). The cells were 

then incubated (37 °C, 1 h) with shaking, before plating onto LB agar with the antibiotics required to 

select for positive transformations. The plates were left to incubate (37 °C, O/N) and single colonies 

were screened using colony polymerase chain reaction (PCR).  

 

2.4.1.6. Transformation into electrocompetent E. coli cells 

A dialysis filter was added to a petridish with sterile ddH2O, plasmid (15 μL) was added on top of the 

filter and left to dialyse (20 min). The dialysed plasmid was added to the electrocompetent cells (100 

μL) and mixed, before adding to an electroporation cuvette (GeneFlow). Current was passed through 

the cuvette (1.8 kV, 5 μF, 200 Ω, 1 mm) and the cells were immediately added to SOC recovery media 

(900 μL) before incubating (37 °C, 1 h) with shaking before plating onto LB agar with the antibiotics 

required to select for positive transformations. The plates were left to incubate at 37 °C overnight and 

single colonies were then screened using colony PCR. 
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2.4.1.7. Polymerase Chain Reaction 

The design of primers (Table 2.4.1.7) was carried out using SnapGene software (GSL Biotech LLC) 

before synthesis by Eurofins. Polymerase chain reactions (PCR) were performed in one of two ways 

depending on the required fidelity (a high fidelity polymerase ensures the correct insertion of base and 

as a result, high accuracy in DNA replication, these polymerases are typically referred to as having a 

low error rate). For high fidelity reactions Method 1: Used Phusion master mix with high-fidelity buffer 

(Thermoscientific). For low fidelity reactions such as colony-PCR Method 2: Used Taq polymerase 

master mix (NEB).  

 

A typical reaction had a total volume (50 μL) and contained: plasmid DNA (~10 ng), forward primer (0.5 

μM), reverse primer (0.5 μM) and 1X final concentration of either taq or phusion master mix. 

 

Phusion reactions were placed in a T100 thermocycler (BioRad) and programmed for a general 

procedure of: denaturation (98 °C, 2 min); 5 cycles of denaturation (98 °C, 2 min); primer annealing (45 

°C, 30 min) this overall temperature may vary as it relies on the specific melting temperature of the 

primers used; elongation (72 °C, x min) where x = 30 seconds per kb of DNA + 1 minute when using 

phusion or 1 minute per kb when using Taq. This was repeated for 25 cycles with the annealing 

temperature at 53 °C and an increased final extension time (72 °C, 5 min) to ensure full amplification 

occurs. 

 

The products of PCR reactions were purified using the GeneJet Gel extraction kit (Thermoscientific) as 

with the isolation of plasmid DNA according to the manufacturer’s protocol with the exception of elution 

buffer being replaced with ddH2O to elute column-bound DNA.  Colony PCRs were performed with E. 

coli by the direct addition of an individual colony to a reaction mix with Taq. The products from these 

PCR reactions were then visualised using agarose gel electrophoresis. 

 

Table 2.4.1.7: List of primers used throughout this study with relevant restriction sites included 

Number Name Sequences Restriction Sites 

RMC062 
T7 

Promoter 
TAATACGACTCACTATAGGG  

RMC063 
T7 

Terminator 
GCTAGTTATTGCTCAGCGG  

RMC1013 
F-NdeI-
RpoY 

GGGCATATGGCAGTATTTAAAGTTTTTT
ATCAACATAACAGAGACG 

NdeI 

RMC1014 
R-BamHI-

RpoY 
GGGGGATCCTTTAGCAATCTCCACATTA

AAGTGTTCTGAG 
BamHI 

RMC1015 
F-NdeI-

PrsA 
GGGCATATGAAGATGATAAACAAATTAA

TCGTTCCGGTAACAG 
NdeI 

RMC1016 
R-BamHI-

PrsA 
GGGGGATCCTTGGCTCATGCCGGATTG

TC 
BamHI 

RMC1017 
F-NheI-

katA 
GGGGCTAGCACTATGTCACAACAAGAC

AAAAAGTTAACTG 
NheI 

RMC1018 
R-BamHI-

katA 
GGGGGATCCTTTTTCAAAGTTTTCGTAT

GTTTCATCATTTTCAGT 
BamHI 
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2.4.1.8. Agarose Gel electrophoresis  

Agarose 1% (w/v) was dissolved in TAE buffer: Tris Acetate (pH 8, 40 mM); ethylenediaminetetraacetic 

acid (EDTA, 1 mM) with microwave heating before being added to the correct sized casket with 

Sybrsafe (0.0001% v/v, Invitrogen). After gel setting, DNA was mixed with 6X DNA loading dye 

(ThermoScientific). The gel was submerged in TAE buffer and the dyed DNA was loaded before 

electrophoresis was performed (120 V, 400 mA, 27 min) gels were imaged with a ChemiDoc MP imager 

(BioRad) and band sizes were referenced with a DirectLoad Plus 1 Kb DNA ladder (Merck). 

 

2.4.2. Protein handling and purification 

2.4.2.1. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was used for analysis and separation of cell lysates along with proteins. The gels consist 

of two layers: the upper stacking gel and the lower resolving gel. The stacking gels consist of acrylamide 

(5.6%), stacking buffer comprising: (25% v/v, Tris (pH 8.8, 500 mM); NaCl (120 mM); EDTA; (8 mM); 

SDS (0.4% w/v); ammonium persulphate (APS, 0.1% v/v); tetramethylethylenediamine (TEMED, 0.1% 

v/v). Depending on protein size and the resolution required the resolving gels were made up of: 

acrylamide (7.5 - 15%); resolving buffer comprising (25% v/v, Tris (pH 6.8, 500 mM); NaCl (120 mM); 

EDTA (8 mM); SDS (0.4% w/v); APS (0.1% v/v); TEMED (0.1% v/v). The proteins and lysates were 

mixed in a 1:1 ratio with 2X sample buffer: Tris-HCl (pH 6.8, 62.5 mM); SDS (2% w/v); β-

mercaptoethanol (5% v/v); glycerol (10% v/v); bromophenol blue (0.010 % w/v) before boiling (95 °C, 

10 min) to denature proteins and centrifugation (13,000 rpm, 1 minute) to remove any aggregates. The 

gels were submerged in SDS-PAGE running buffer: tris-HCl (pH 8.6, 25 mM); glycine (192 mM); SDS 

(0.1% v/v) before loading the samples and NEB#P7718S Blue Prestained Protein Standard, Broad 

Range (11-250 kDa) as a ladder and commencing electrophoresis (200 V, 400 mA) until the dye front 

reached the bottom of the gel. The gels were developed with quick Coomassie stain (AGX104-

GENQC1L) for 18 h and washed with ddH2O or were stained using coomassie brilliant blue stain: 

methanol (45% v/v); acetic acid (10% v/v); Coomassie brilliant blue R250 (0.25% w/v) before removing 

excess stain with destaining solution: methanol (45% v/v); acetic acid (10% v/v). 

 

2.4.2.2. Expression of recombinant proteins in E. coli strains  

Overnight cultures of either E. coli MG1655, T7IQ or BL21 containing the appropriate expression 

vectors were diluted to an OD600 of 0.05 into fresh LBM9 media: sodium phosphate dibasic (Na2HPO4, 

50 mM); potassium phosphate monobasic (KH2PO4, 15 mM); NaCl (8.5 mM); ammonium chloride 

(NH4Cl, 18.6 mM); glucose (11.1 mM); sodium succinate hexahydrate (3.7 mM); tryptone (139 mM); 

yeast extract (1% w/v) pH 7.2. The medium was supplemented with the required antibiotics before 

inoculating and incubating (37 °C, 3 h) until an OD600 of 0.3-0.5 was reached. Cultures were induced 

with anhydrotetracycline (Atet, 100 ng/mL) or Isopropyl ß-D-1-thiogalactopyranoside (IPTG, 1 mM) 

before incubating (30 °C, O/N) to facilitate protein expression. Cells were pelleted via centrifugation 



62 
 

(6000 × G, 4 °C, 10 min), washed with protein storage buffer: Tris-HCl (pH 7.5 50 mM); NaCl (200 mM); 

glycerol (5% v/v), and flash frozen with liquid nitrogen before storing at -80 °C. 

 

2.4.2.3. Purification of His-tagged proteins using nickel affinity chromatography  

Pellets containing expressed protein were resuspended in 30 ml buffer A: Tris (pH 7.5 50 mM); NaCl 

(200 mM); glycerol (5% v/v); imidazole (10 mM) along with the addition of one cOmplete, Mini, EDTA-

free Protease Cocktail tablet (Merck). The resuspended cells were lysed with the addition of lysozyme 

(20 μg/mL) and sonication for 10 min (30 seconds ON, 30 seconds OFF) using a 20 kHz ultrasonic 

liquid processor (Fisher) at 40% amplitude. Cell debris was removed via centrifugation (18,000 × g, 40 

mins, 4 °C) and the resulting supernatant was filtered using a 0.45 μm membrane (Millipore). The 

filtered lysate was injected into a AKTA-prime purification system where it was loaded on to a HisTrap 

HP Ni2+ column (1 mL column volume, GE Healthcare) before gradient elution with increasing 

concentrations of buffer B: Tris (pH 7.5 50 mM); NaCl (200 mM); glycerol (5% v/v); imidazole (500 mM). 

The fractions containing the desired protein were determined using 10-15% SDS-PAGE before 

dialysing into storage buffer: Tris (pH 7.5 50 mM); NaCl (200 mM); glycerol (5% v/v). The proteins were 

concentrated to the desired volume and concentration using the appropriate molecular weight cut off 

(MWCO) centrifugal filter (ThermoScientific) before flash freezing with liquid nitrogen and storing at -80 

°C.  

 

2.4.2.4. Nickel resin chromatography  

Ni-NTA Resin was used in place of a HisTrap column to provide a larger surface area for purification 

than the pre-packed columns (GE Healthcare) allowing for a higher throughput. All centrifuging steps 

were performed at 700 × g for 2 mins. The resin was packed into a 20 mL column and the supernatant 

was removed by spinning before washing with equilibration buffer: sodium phosphate (20 mM); NaCl 

(300 mM); imidazole (10 mM) and spinning (x2). The protein extract was then mixed with equilibration 

buffer (1:1) on a rotating wheel for 30 min before spinning down and saving the fractions. The resin was 

cleaned with wash buffer: sodium phosphate (20 mM); NaCl (300 mM); imidazole (25 mM) and spun 

down before saving the supernatant for downstream analysis (x3). The his-tagged proteins were eluted 

using elution buffer: sodium phosphate (20 mM); NaCl (300 mM); imidazole (250 mM) and spinning 

before collecting the supernatant. The fractions containing the desired protein were determined using 

10 - 15% SDS-PAGE Protein were dialysed into storage buffer: Tris (pH 7.5 50 mM); NaCl (200 mM); 

glycerol (5% v/v). The proteins were then concentrated to the desired volume and concentration using 

the appropriate molecular weight cut off (MWCO) centrifugal filter, before the pellets were snap frozen 

with liquid nitrogen and stored at -80 °C. 
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2.4.2.5. MonoQ column chromatography  

This method of purification works via anion exchange and a gradually increasing salt gradient to 

displace proteins by interfering via ionic interactions. The same procedure seen in section 2.1 was used 

with the exception of the column which was replaced with a MonoQ column (1 mL CV, Cytiva) and the 

buffers. Buffer A: Tris-base (pH 8, 50 mM), buffer B: Tris-base (pH 8, 50 mM); NaCl (1M). The fractions 

containing the desired protein were determined using 10 - 15% SDS-PAGE before loading into dialysis 

membrane and dialysing into protein storage buffer: Tris-base (pH 7.5, 50 mM); NaCl (200 mM); glycerol 

(5% v/v). The proteins were concentrated to the desired volume and concentration using the appropriate 

molecular weight cut off (MWCO) centrifugal filter (ThermoScientific) before flash freezing with liquid 

nitrogen and storing at −80 °C.  

 

2.4.2.6. Determination of Protein concentrations using nanodrop  

Protein concentrations were calculated using a nanodrop and the relevant extinction co-efficient 

determined by taking the protein sequence from (UniProt) and calculating using Expasy – Protparam. 

With this information the Beer-Lambert law (Equation 2.4.2.6) could be used to determine the protein 

concentration (c) upon rearranging (Equation 2.4.2.6.1), with the absorbance (A), extinction cofefficient 

(ε) and path length (l)(Swinehart, 1962). 

 

Equation 2.4.2.6:     𝐴 =  𝜀𝑐𝑙 
 

Equation 2.4.2.6.1:     
𝐴

𝜀𝑙
= 𝑐 

 

2.4.2.7. Determination of Protein concentrations using  a Bicinchoninic acid assay (BCA) 

To determine the accurate concentration of proteins, a modified Bradford assay that is also colorimetric 

known as a BCA (BioRad) assay was used(Bradford, 1976, Kielkopf et al., 2020). A standardisation 

plot was generated by loading 10 μL of 0, 0.2, 0.4, 0.6, 0.8 and 1 mg/mL BSA into a 96 well plate. The 

concentration of the sample of interest was determined by nanodrop before diluting the sample into the 

range of BSA above. The dye reagent (BioRad) was diluted 4:1 in ddH2O before mixing thoroughly with 

the standards/samples and leaving to incubate (5 min). The absorbance (595 nm) was then recorded 

using a Sense 425-301 microplate reader (Hidex) and the concentration determined by calculating the 

slope (×) (Equation 2.4.2.7), with the OD- the blank (y), gradient (m) and y intercept (c).  

 

Equation 2.4.2.7:             𝑦 = 𝑚𝑥 + 𝑐  

            𝑦−𝑐

𝑚
= x 
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2.4.2.8. Dot blotting procedure  

To a nitrocellulose sheet, the negative control, positive control and sample of interest (10 μM, 2.5 μL) 

are spotted and left to dry before submerging in  Tris buffered saline and TWEEN-20 (TBST) consisting 

of (Tris pH 7.4, 200 mM); NaCl (1.4M); TWEEN-20 (1% v/v) before adding BSA (5% w/v) and shaking 

for 1 h. The solution is then removed before resubmerging the nitrocellulose in a solution of capture 

compound (10 nM) in 1X TBST w/ BSA (5% w/v) and shaking for a further hour. The solution is then 

removed and the nitrocellulose washed with 1X TBST (3 × 10 min). The streptavidin-HRP conjugate 

(1:1000) was dissolved in 1X TBST w/ BSA (5% w/v) and added to the nitrocellulose sheet and left 

shaking for 1 h. The membrane is washed again with 1X TBST (3 ×10 min) and ECL reagent (H2O2 

0.001% v/v) added to coat the membrane (2 min) before imaging with a ChemiDoc MP Imager (BioRad). 

 

2.4.2.9. Silver staining 

SDS-PAGE gels were run as described previously. A silver stain Pierce kit (Thermofisher, Cat-24612) 

was used to visualise proteins. In each step the gel was coated (25 mL) and left gently shaking. The 

gel is washed with ddH2O (2 × 5 min) and coated with fixing solution: Ethanol (30% v/v); acetic acid 

(10% v/v) before incubating (2 × 15 min). The fixing solution was replaced with ethanol (10% v/v) and 

the gel washed (2 × 5 min) before washing with ddH2O (2 × 5 min). The water was replaced with 

sensitizer solution: sensitizer (0.2% v/v) and the gel incubated (1 min) before washing with ddH2O (2 × 

1 min). Staining solution (2% v/v) is added and the gel incubated (30 min) before washing with ddH2O 

(2 × 20 seconds). Developer solution (2% v/v) was added and the gel incubated (1-3 min) until bands 

began to appear, at the desired intensity the development is inhibited by adding acetic acid (5% v/v) to 

the gel and incubating for 10 min. 

 

2.4.2.10. Western blotting 

Proteins were separated as normal with SDS-PAGE before transferring to a polyvinyldifluoride (PVDF) 

membrane that was soaked with methanol to neutralise hydrophobicity.  The membrane was then 

washed with ddH2O before soaking in 1X Transfer buffer: methanol (20% v/v); glycine (7.25% w/v); Tris 

(pH 7.2, 1.5% w/v). The polyacrylamide gel was also washed with ddH2O and equilibrated in transfer 

buffer. After equilibrating both membrane and gel, the latter was positioned on the side of the anode 

before compressing against the membrane. Both gel and membrane were confined by three sheets of 

Whatmann paper soaked in transfer buffer. The transfer was performed in cold transfer buffer (200 V, 

400 mA, 1 hour) to prevent overheating. The membrane is then washed with TBST: Tris-HCl (pH 7.6, 

20 mM); NaCl (140 μM); Tween-20 (0.1% v/v) before blocking with milk solution (5% w/v in TBST); 

human IgG (hIgG: 0.2% v/v); α-His-HRP (0.1% v/v) for 1 hat room temperature with gentle shaking. 

The addition of hIgG was to prevent the binding of the primary α-His-HRP to protein A which would 

otherwise cause a background signal.  The membrane was then washed with TBST (3 × 10 min), and 
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ECL reagent: Luminol (2.5 mM); P-coumaric acid (400 μM); Tris-HCl (pH 8.5, 100 mM); H2O2 (0.001% 

v/v) is used to coat the membrane surface before imaging with a ChemiDoc MP imager (BioRad).  

 

2.4.3. Pulldown experiments 

2.4.3.1. Preparation of lysates for pulldown assays  

Overnight cultures of JE2 (5 mL) were diluted to an OD600 of 0.05. When preparing stationary phase, 

lysates the cultures were left shaking overnight (37 °C). When preparing exponential phase lysates the 

cultures were grown to an OD600 of 0.5, if required amino acid starvation was induced with mupirocin 

(0.05 ug/mL). The stationary phase cultures were centrifuged (2000 × G, 10 min) and the 

exponential/mupirocin cultures were centrifuged (2000 × G, 10 min). In both cases the supernatant was 

removed and the pellets were frozen with liquid nitrogen and stored at -80 °C. Bacterial pellets were 

resuspended in 1 mL of lysis buffer: HEPES (pH 7.5, 6.5 mM); MES (6.5 mM); KAc (6.5 mM); NaCl 

(200 mM); DTT (1 mM); DNase1 (10 μg/ mL), lysostaphin (50 μg /mL) and one cOmplete, Mini, EDTA-

free Protease Cocktail tablet (Merck) before lysing in a water bath (37 °C, 30 mins). The cells were 

centrifuged (17,000 x g, 4 °C, 5 mins), transferred to a clean Eppendorf and the pellets discarded. DDM 

(1% w/v) was added to solubilise the membrane proteins and incubated on a rotating wheel (4 °C, O/N). 

A PD10 desalting column (Cytiva) was washed with cold lysis buffer (4 × 2.5 mL). The supernatant was 

then loaded and eluted with cold lysis buffer in 8 fractions (500 μL). The concentrations of each fraction 

were determined using a BCA assay.  

 

2.4.3.2. Pulldown procedure  

Pulldown assays were set up in the following manner: protein extract (300 μg); glycerol (10% v/v); 10X 

binding buffer (10% v/v): MgCl2 (10 mM); Tris pH 7.5 (50 mM); BSA (500 μg/ml); NaCl (2.30 M);  DTT 

(5 mM)) and incubated (4 °C, 2 h) on a rotating wheel.  Capture compound (10 μM final concentration) 

was added to both the capture experiment pulldown assay and the positive control with ppGpp (1 mM 

final concentration) also being added to the latter before incubating (4 °C, O/N). Streptavidin dynabeads 

M280 Magnetic (50 μL, Invitrogen) were placed on a magnet and the supernatant was removed. The 

beads were washed by adding 1 mL of Buffer B1: NaCl (1 M); Tris (pH 7.5, 5 mM); EDTA (pH 8, 5 mM) 

and the supernatant was removed by placing on a dynabead magnetic rack (Invitrogen) (2 min,  × 2). 

The reaction mixtures were added to the beads and homogenised before incubating (4 °C, 2 h) on a 

rotating wheel. Beads were washed with 1 mL of buffer B2: Tris-HCl (pH 7.5, 10 mM); NaCl (230 mM) 

supplemented with a cOmplete, Mini, EDTA-free Protease Cocktail tablet (Merck) on a dynabead rack 

(2 min × 4). The beads were resuspended in 40 μL of elution buffer: Tris (HCl pH 7.5, 10 mM); NaCl 

(230 mM); EDTA (1 mM); Biotin (5 mM); SDS (5% w/v) and heated (95 °C, 5 min) before incubating 

with gentle shaking (15 min). The samples were centrifuged (2000 × G, 1 min), and the supernatant  

submitted to the chemical biology mass spectrometry service see section 2.4.3.3. 
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2.4.3.3. Mass Spectrometry (MS) 

Proteins isolated from pulldown assays were precipitated in methanol and trapped on a silica 

framework. The trapped proteins were digested by addition of trypsin (cleaves on the c-terminal side of 

lysine and arginine), and the resulting peptide fragments were eluted from the silica framework. MS-

based proteomics analyses were performed at the Faculty of Science Mass Spectrometry Centre at the 

University of Sheffield. For each sample, 2 µL was injected and the MS analysis was performed on an 

Orbitrap Exploris E480 mass spectrometer (Thermofisher) equipped with a nanospray source, coupled 

to a Vanquish LC System (Thermofisher). Peptides were desalted online using a nano trap column 75 

μm I.D. × 20 mm, Thermofisher) and then separated using an EASY-Spray column 50 cm × 50 μm ID, 

PepMap C18, 2 μm particles, 10 Å pore size (Thermofisher), Buffer A: Formic acid (0.5% v/v); MeCN 

(0.5% v/v), Buffer B: Formic acid (0.5% v/v); MeCN (80% v/v). The gradient gradually increased from 

3%-20% over 68 min before increasing sequentially to 35% buffer B for 23 min, up to 99% buffer B over 

1 min before maintaining at 99% buffer B for a further 9 min. 

 

The Orbitrap Exploris was operated in positive mode with a cycle of 1 MS acquired at a resolution of 

120,000 at m/z 400, with the top 20 most abundant multiple charged (2+ and higher) ions in a given  

chromatographic window subjected to MS/MS fragmentation in the linear ion trap with scan range (m/z) 

375–1,200; normalised AGC target 300%; microscan 1. An FTMS target value of 1e4 and resolution of 

15,000. 

 

Label-Free Quantification and Bioinformatic Analysis were performed using raw data with MaxQuant 

version 1.6.10.43. Data were searched against the protein Staphylococcus aureus database consisting 

of 3,029 proteins (www.uniprot.org) using the following search parameters for standard protein 

identification: enzyme set to Trypsin/P (2 miss-cleavages), methionine oxidation and N-terminal protein 

acetylation as variable modifications, cysteine carbamidomethylation was set as a fixed modification for 

peptide mass identification. A protein FDR of 0.01 and a peptide FDR of 0.01 were used for identification 

level cut-offs based on a decoy database searching strategy. The MaxQuant output was loaded into 

Persus (v1.5.6.0), and all label-free quantification (LFQ) intensities were set as main columns. The 

matrix was filtered to remove all proteins that were potential contaminants and reverse sequences. LFQ 

intensities were then transformed using log2 (x) function. To group selection lines, rows were 

categorically annotated with either H or L. Proteins were filtered to identify those present in at least 3 

out of 4 replicates (75%) in at least one of the selection lines. Consistency of the replicates were 

determined and visualised using Pearson’s correlation analysis. Proteins’ (log2) intensity in each 

sample was then normalised to median value and missing values were filled using normal distribution 

imputation. Median values of the 4 biological replicates were calculated for each selection line and log2 

fold-changes were calculated to describe differences between selection lines centred around 0. 

Proteomic differences between selection lines were evaluated for statistical significance (P < 0.05) 
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using two-sided Student’s t-tests with permutation-based correction. The P value was performed in -

log10 form and corrected for volcano plot scaling.  

 

2.4.3.4. Preparation of bacterial pellets from Monocyte derived macrophages  

The following was performed in RPMI medium (Thermofisher) along with: newborn calf serum (NBCS, 

10% v/v) thermofisher); L-lutamine (1% w/v); penicillin (1% w/v); streptomycin (1% w/v) and 

amphotericinB (ampB, 1% w/v). Aperipheral blood mononuclear cells (PBMCs) were isolated from 

human blood and seeded into tissue culture (TC)-treated dishes at 2 × 106 cells/mL, yielding around 20 

million cells per TC dish. This was estimated to provide a final cell density of 2 × 105 cells/mL. Media 

was replaced with RPMI medium along with: Fetal bovine serum (FBS, (10% v/v) Thermofisher); L-

glutamine (1% w/v); penicillin (1% w/v); streptomycin (1% w/v); ampB (1% w/v) every 3-4 days. From 

day 12 onwards RPMI that did not contain: penicillin (1% w/v); streptomycin (1% w/v); ampB (1% w/v) 

was used. The MDMs were infected with JE2 at a multiplicity of infection of 100, old media was removed 

and cells were washed with hanks balanced salt solution (HBSS, 100 mL). The frozen mid-stationary 

phase stocks were thawed on ice before spinning (16,000 × G, 3 min) and removing the supernatant.  

The pellet was resuspended in PBS (1 mL) before spinning (16,000 x g, 3 mins) and removing the 

supernatant. The pellet was then resuspended in RPMI medium, FBS (10% v/v) and L-glutamine (1% 

w/v) (1 mL). The inoculum was prepared (40 mL, MOI 100) and added to each TC dish. The CFU of 

frozen stocks were confirmed by plating serial dilutions onto TSA (Neat to 10-7) . The TC dishes were 

incubated (37 °C, 1 h) before removing the inoculum and washing the cells with ice-cold PBS (80 mL, 

x2) to prevent further bacterial internalisation. The extracellular bacteria were killed by adding 80 mL of 

RPMI medium, FBS (10% v/v) and L-glutamine (1% w/v); gentamicin (100 μg/mL) and incubating (37 

°C, 30 min). The concentrated gentamicin solution was removed and  100 mL of RPMI medium, FBS 

(10% v/v) and L-glutamine (1% w/v); gentamicin (4 μg/mL); lysostaphin (0.8 µg/mL) was added to each 

TC dish before incubating (37 °C)  until 4.5 h post-infection. The media was removed and cells washed 

with PBS (100 mL, x2). Saponin (2% v/v, 40 mL) was added to each TC dish and incubated (37 °C, 20 

min) to lyse the MDMS. PBS (40 mL) was added to the TC dish and a scraper used to detach any 

remaining intact cells. The lysates were transferred to Falcon tubes (50 mL, Fisher) and mixed 

thoroughly before centrifuging (2000 × G, 5 min, 4 °C). The supernatant was removed before 

resuspending the pellets, centrifuging (16,000 × G, 5 min), freezing with liquid nitrogen and storing at -

80 °C.  

 

2.4.4. Radiolabelling and binding experiments  

2.4.4.1. Synthesis of 32P labelled nucleotides 

For the formation of [α-32P]-pppGpp, [α-32P]-labelled GTP (Perkin Elmer) was diluted to (18.3 nM) in 

water. With reaction buffer: Bis-Tris propane (pH 9, 50 mM); NaCl (200 mM); MgCl2  (30 mM) the 

following reaction was prepared:  RelSeq (2 μM); 2X reaction buffer (50% v/v); ATP (8 mM); [α-32P]-

labelled GTP (101 pM) and incubated (37 °C, 18 h). Upon completion, the reaction was passed through 
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a 3 kDa spin column (16,000 × G, 10 min). To obtain the desired [α-32P]-ppGpp, a cleavage reaction 

was prepared taking the crude [α-32P]-pppGpp and mixing directly with GppA (1 μM) and incubating (37 

°C, 1 h), then the reaction was passed through a 3 kDa spin column (16,000 × G, 10 min). To monitor 

reactions and confirm the yields a sample of each reaction (1 μL) was spotted onto PEI cellulose TLC, 

with a mobile phase of KH2PO4 (pH 3.6, 1.5 M). The cellulose TLC was exposed to a photostimulable 

phosphor imaging plate (IP) (FujiFilm) and visualised using a Typhoon FLA7000 Phosphorimager (GE 

Healthcare) before using pixel densitometry to establish the intensity of each spot. A successful reaction 

was deemed to have 85%< conversion and the nucleotides stored at -20 °C. 

 

2.4.4.2. Analysis of p(s)pGpp synthesis by TLC 

A PEI cellulose F thin TLC plate, GDPβs (1 µL, 0.5 mM) and crude p(s)pGpp (1 µL, 0.5 mM) were 

spotted and the plate run in KH2PO4 (1.5 M). Compounds were visualised in their respective lanes by 

UV light (254 nm) and determination of sulphur containing compounds was performed with a selective 

sulphur stain: palladium (II) chloride (PdCl2, 0.5% v/v), HCl (2.6 M).  

 

2.4.4.3. DRaCALA of whole cell lysates 

Differential Radial Capillary Action of Ligand Assays (DRaCALA) functions through the binding mode 

of ligand-protein and densitometry(Roelofs et al., 2011). LBM9 medium was supplemented with 

chloramphenicol (10 μg/mL); carbenicillin (50 μg/mL) and MgSO4 (2 mM) before adding 1.5 mL to a 96 

well deep-dish plate. Each well was inoculated with a specific colony of a strain to be tested and 

incubated shaking (30 °C, O/N, 150 rpm). Protein expression was induced with IPTG (1 mM) and 

incubated (30 °C, 6 h) before centrifuging the cultures (2000 × G, 10 min) and supernatant removed. 

The pellets were resuspended in lysis buffer: Tris (pH 7.5, 40 mM); NaCl (100 mM); MgCl2 (10 mM); 

DNase (2 mg/mL, 1% v/v); lysozyme (50 mg/mL, 1% v/v); phenylmethylsulfonyl fluoride (PMSF, 1 mM) 

and subjected to a freeze/thaw cycle × 3. The lysates (10 μL) were transferred to a v bottomed 96 well 

plate. A master mix: p32pGpp (50 μL); TWEEN-20 (0.025% v/v); 10X binding buffer (10% v/v) was added 

to each well and the plate was gently shaken before incubating (RT, 5 min). The mixture of lysate and 

[α-32P]-ppGpp (2.5 μL) was spotted onto nitrocellulose membrane, spots were dried and the membranes 

exposed to an IP plate (Fujifilm) before visualising using a Typhoon FLA7000 Phosphorimager (GE 

Healthcare). For recombinant proteins the master mix of [α-32P]-ppGpp (1 uL) was added to each well 

and the protein (10 μM) in 10X binding buffer (10% v/v) was added with thorough mixing before 

transferring the reaction to nitrocellulose membrane (2.5 μL) the spots were dried and imaged with the 

same procedure described above. The fraction bound (Equation 2.4.4.3) was calculated with the 

fraction of nucleotide bound (FB), area of the spot (A) and the intensity of the spot (I).  To determine 

the total intensity, the intensity of both the inner and outer spot along with the area were measured 

using pixel densitometry on the ImageQuant software (GE healthcare)(Roelofs et al., 2011).  

Equation 2.4.4.3:    𝑭𝑩 =
𝑰𝒊𝒏𝒏𝒆𝒓− (𝑨𝒊𝒏𝒏𝒆𝒓×

(𝑰𝒕𝒐𝒕𝒂𝒍−𝑰𝒊𝒏𝒏𝒆𝒓)

 (𝑨𝒕𝒐𝒕𝒂𝒍−𝑨𝒊𝒏𝒏𝒆𝒓)
)

𝑰𝒕𝒐𝒕𝒂𝒍
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2.4.4.4. Phosphorus NMR  

ppGpp standards were prepared In the following manner: NaCl (180 mM); Tris (pH 7.5 45 mM); glycerol 

(4.5% v/v); ppGpp (167 μM); MgCl2 (10 mM); D2O (10% v/v), protein binding was assessed in the 

aforementioned buffer system in a 1:1 or 2:1 ppGpp ratio. The 31P experiments were performed on a 

on a 500 MHz Bruker Avance II equipped with a 5 mm broadband-observed probe at 298 K, 45-120 

min and 4000 scans. 31P experiments were run at 202 MHz. Number of points = 8192 (TD in acqupars). 

Spectral width = 50 ppm (SW) centered at 0 ppm. Referencing was achieved by using an external 

reference of acetone in D2O with a 1H chemical shift of 2.22 ppm and calculated from gamma ratios, 

which altered 31P peak shifts by -0.22 ppm. 

 

2.4.5. In vitro assays  

2.4.5.1. PyDPA general procedure  

A solution of ppGpp (4 mM) in HEPES (pH 7.5, 1 mM) was serially diluted to 0.96 nM in a 96 well black 

plate followed by a blank of HEPES (pH 7.5, 1 mM). As per the literature, PyDPA (25 mM) in DMSO 

was dissolved in HEPES (pH 7.5, 1 mM) to give a working stock of PyDPA (40 μM). The working stock 

was added to each well containing ppGpp and the relative fluorescence was then measured (λExcited: 

355nm, λMeasured: 485 nm). For selectivity testing, the nucleotides of interest (14 μM) were mixed with 

PyDPA (40 μM) in a 1:1 ratio and the relative fluorescence was measured (λExcited= 355nm/ λMeasured= 

485 nm) by a Sense 425-301 microplate reader (Hidex) 

 

2.4.5.2. Fructose assay  

Using the procedure provided with a high sensitivity fructose assay kit (Merck), a standardisation plot 

was obtained by measuring fluorescence intensity (λexcitation = 535/ λemission = 587 nm). From the standard 

plot a ratio of 10:1 was chosen for fructose-6-phosphate to enzyme. Fructose-6-phosphate (6 μM) was 

incubated (37 °C, 10 min) with HxlB (0.6 μM) and the change in fluorescence intensity was recorded by 

a Sense 425-301 microplate reader (Hidex) and compared to a negative control.  

 

2.4.5.3. Microscale thermophoresis dye binding assessment  

MST was performed by labelling the 10X-His-tags of expressed proteins using a His-Tag Labeling Kit 

RED-Tris-NTA 2nd Generation (NanoTemper). Dye solution (5 μM) was prepared as a stock by 

dissolving the provided dye in 25 μL of 1X PBST: PBS (pH 7.2); TWEEN-20 (0.1% v/v). The dye solution 

(5 μM, 2 μL) was then added to PBST (198 μL) to give 200 nM solution. The protein of interest (4 μM, 

20 μL) was added to tube 1 of 16 and PBST (10 μL) was added to the remaining tubes. The protein (10 

μL) was transferred to tube 2 and a serial dilution was performed, which was completed by discarding 

10 μL from tube 16. To every tube (1-16)  dye solution (200 nM, 10 μL) was added with mixing before 

incubating away from light (RT, 3 h). Premium capillaries (Nanotemper) were loaded with a small 
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amount of solution (3 μL) from each tube and thermophoresis was measured with medium MST power 

and 40% excitation power on a Monolith NT.115 (Nanotemper). 

 

2.4.5.4. MST Labelling procedure.  

The protein of interest (200 nM) was mixed (1:1) with dye solution (100 nM) and incubated (RT, 3 hrs). 

Samples were centrifuged (4 °C, 10 mins) to remove aggregates and the now labelled protein was 

transferred to a new tube. 

 

2.4.5.5. MST Binding assay  

A solution of 2X ppGpp in PBST was prepared and 20 μL added to tube 1 with PBST (10 μL) being 

added to the remaining tubes (2-16). 10 μL of the 2X ppGpp solution was transferred to tube 2 and a 

serial dilution was performed, completed by the removal of 10 μL from tube 16. The labelled protein (10 

μL) was then added to each tube (1-16) and left to incubate (RT, 5 min). Premium capillaries 

(Nanotemper) were loaded with a small amount of solution (3 μL) and thermophoresis of the samples 

was measured with medium MST power and 40% excitation power on a Monolith NT.115 

(Nanotemper). 

 

2.4.5.6. Enzyme linked immunosorbent assay (ELISA) 

To a Nunc-Immuno™ MicroWell 96 well plate (Merck), HprT (10 μg/mL) or BSA (10 μg/mL) in coating 

buffer: Na2CO3 (50 mM); NaHCO3 (50 mM); NaOH (pH 9, 50 mM) were added and incubated (4 °C, 

O/N). Coating buffer was removed and the plate washed with PBST (×3).  PBS-BSA blocking solution 

(pH 7.4, BSA 1% w/v) was added to the plate and incubated (RT, 1 h). The blocking solution was 

removed and the plate washed with PBST (×3). A solution of capture compound in Tris HCl (pH 8, 50 

mM) was serially diluted in the plate starting at 250 nM and finishing at 0.12 nM before incubating (RT, 

2 h). The plate was then washed with PBST (×3) and incubated (RT, 1 h) with Horse Radish Peroxidase-

streptavidin conjugate (1:1000) in PBS (pH 7.4). After washing with PBST (×3), the colorimetric reagent 

3,3',5,5'-tetramethylbenzidine (TMB) was added to each well before incubating (RT, 30 min). The 

colorimetric reaction was terminated by the addition of H2SO4 (2 M) and the UV absorbance measured 

(λAbsorbance= 450 nm) using a Sense 425-301 microplate reader (Hidex). This procedure was repeated 

for the competition assay with HprT replaced for HflX and the capture compound replaced with ppGpp 

and other structurally similar nucleotides. 

 

2.4.6. Statistics  

Graphpad Prism 9.0 and Perseus software were used for determining statistical differences across 

biological experiments and mass spectrometry experiments, respectively. Student t-tests, Principal 

Component Analysis (PCA) and one way mixed-effect analysis of variance (ANOVA) were all used with 

p values reported in figure legends or indicated by: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001.  
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Chapter 3 

Chemical synthesis of a non-covalent ppGpp capture compound 
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3.1. Introduction 

Bacteria are often required to respond and adapt to key changes in their environment. In order to 

survive, these responses are typically facilitated in part by nucleotide signalling networks(Zarrella and 

Bai, 2020). Notable nucleotides involved in these signalling networks include cyclic adenosine 

monophosphate (cAMP), which is responsible for the management of carbon catabolite repression. 

When glucose is present cAMP levels are low, low cAMP levels  prevents activation of the lac operon 

that encodes proteins responsible for metabolising lactose. Reduced activity in the lac operon 

essentially allows bacteria to fine tune their carbon source when there are more preferable substrates 

(McDonough and Rodriguez, 2011, Görke and Stülke, 2008). Another nucleotide, cyclic diguanylate 

monophosphate (c-di-GMP), has levels often associated with motility: while low levels affect the 

movement of individual cells, high levels often promote attachment and subsequent biofilm 

formation(Karaolis et al., 2005). However, this process is inherently complicated and involves multiple 

steps; expression of flagellar genes along with motor assembly and function. Meaning c-di-GMP has 

an effect on multiple proteins (Jenal et al., 2017). It is clear to see that nucleotide signalling networks 

have an important role in cell survival and pathogenicity.  

 

When exposed to stress conditions it is essential that bacteria act quickly, because when a change is 

too slow the stress could be detrimental to the cell. (p)ppGpp are universally conserved secondary 

messengers in prokaryotes that promote cell survival under stress conditions such as nutrient starvation 

and antibiotic exposure (Zhu and Dai, 2019, Zhu and Dai, 2023, Greenway and England, 1999, Jordan 

et al., 2008, Irving et al., 2020).  Due to its conformational flexibility, (p)ppGpp has the ability to adopt 

both enclosed and elongated conformations and complex with various metal ions. Hence it has a 

plethora of binding targets involved in multiple cellular processes such as transcription and translation 

while avoiding a distinct binding motif (Steinchen and Bange, 2016, Anderson et al., 2022, Steinchen 

et al., 2020, Corrigan et al., 2016, Bennison et al., 2019). This conformational flexibility makes mapping 

the stringent response signalling network a difficult task. 

 

In order to identify ppGpp binders and improve mapping of the stringent response signalling network, 

several methods have been employed. DRaCALA is an approach that functions on densitometry 

calculations and the affinity of (p)ppGpp to its target was widely used after its conception by Roelof et 

al (Roelofs et al., 2011). More recently, a new method was developed using nucleotide-probes. These 

small trifunctional molecules commonly referred to as capture compounds allow for the isolation of 

nucleotide-protein interactors by specific interactions and subsequent identification via mass spec 

(Köster et al., 2007). The compounds typically consist of three main components; a chosen nucleotide 

mimic, a photoreactive group that is capable of forming covalent bonds and an affinity handle to allow 

for isolation. Both of these methodologies have been utilised with great success with identification of 

numerous (p)ppGpp interacting proteins occurring in each investigation   
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Despite the success of affinity based (p)ppGpp capture compound methodologies in E. coli, they have 

not yet been implemented in an S. aureus background. This leaves a huge gap in our understanding of 

the stringent response signalling network. For example, there is a fundamental difference in the 

operation of the stringent response when comparing Bacillota to Proteobacteria. In E. coli, (p)ppGpp 

binds directly to the RNA-polymerase (RNAP) allosterically inhibiting nucleic acid binding, this reduces 

the rate of transcription as a result (Zuo et al., 2013, Shin et al., 2021). In Bacillota such as S. aureus, 

transcription is regulated by the production of (p)ppGpp, leading to a decrease in the cellular GTP pool 

(Geiger et al., 2010, Geiger et al., 2014). GTP is a cofactor of the transcriptional regulator CodY that 

depresses at low GTP concentrations. This leads to a decrease in the transcription of genes whose 

products are involved in translation, while genes involved in amino acid biosynthesis and transport are 

upregulated (Geiger et al., 2010). These two distinct pathways operate via a plethora of proteins that 

may potentially bind to (p)ppGpp, however, due to the lack of research in S. aureus they remain 

undiscovered.  

 

This chapter describes the synthesis of a new class of capture compound, that despite maintaining the 

aforementioned trifecta of: affinity handle; linker and mimic; functions in a non-covalent manner. The 

compound will be utilised with S. aureus lysates in future chapters to isolate novel ppGpp-binding 

proteins across numerous pathways, furthering our understanding of the staphylococcal stringent 

response.  
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3.2. Results 

3.2.1. Design Rationale 

With the previous information available, it was our aim to synthesise a novel capture compound, with 

the unique attribute being a non-covalent mode of action. This compound does not contain a 

photoreactive cross-linking moiety. It is designed to function purely using specific interactions between 

the ppGpp mimic and potential binding partners, lowering the risk of false positives. The capture 

compound was expected to adopt the general structure of previously seen capture compounds utilising 

a biotin-affinity handle, a variable length linker core comprised of polyethylene glycol (PEG) and xylene, 

along with a more nucleophilic structural analog of ppGpp referred to as p(s)pGpp (Figure 3.2.1).  

 
 
 
 
 
 
 
 

 
Two synthetic routes towards the non-covalent capture compound were attempted. The initial route 
required significant optimisation and was abandoned with details listed below (Scheme 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2.1: Structure of the non-covalent ppGpp-protein capture compound: The design 
consists of: a biotin affinity handle (red); variable length linker (blue); functionalised cap (pink) and a 
p(s)pGpp analog (green). 
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Scheme 1: Planned synthetic route to reach the described capture compound. The route uses 
basic amide coupling chemistry along with simple protection/deprotection steps. The route is split into 
three distinct parts, formation of the activated linker (blue); attachment of the biotin affinity handle (red); 
functionalisation of the linker (pink); and attachment of the more nucleophilic ppGpp structural analog 
p(s)pGpp (green). 
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3.2.2. Synthesis of ppGpp capture compound (10) 

3.2.2.1. Step 1: Dimethoxytrityl (DMT) Protection of Tetra-ethylene glycol (TEG) to yield (2) 

The first step of the abovesynthesis was the DMT protection of one side of TEG (1) (Figure 3.2.2.1). 

DMT-protecting groups are widely use for the protection of primary alcohols due to their acid labile 

properties. Protecting only one side of the starting material ensures that the xylene core attached in the 

following step can only react with one side preventing the formation of side products.  

 
 

 

The initial procedure (method 1) utilised a large excess of TEG (20:1) in comparison to the DMT-Cl to 

favour mono-protection. Attachment of the highly hydrophobic DMT group was hoped to make 

separation from unreacted TEG simple by silica column chromatography (Debacker et al., 2019). 

However, the excess TEG streaked on both TLC plates and silica columns making separation difficult 

despite the differences in polarity. To combat this problem fewer, equivalents of TEG (4:1) were trialled 

in the reaction (method 2), allowing the product to be isolated in poor yield (Ries et al., 2017). When 

repeating the reaction, poor yields continued irrespective of the TEG ratio or the base used, implying 

degradation of the product during purification. Silica is commonly terminated with Si-OH groups making 

the gel slightly acidic which can cause deprotection of the aforementioned acid labile DMT group. To 

avoid product degradation the silica columns were equilibrated with 1% TEA to neutralise the silica 

before purification (method 3). Low yields still persisted, however, the small quantity of product (2) that 

was obtained was taken forward for the next reaction (Table 3.2.2.1). 

 

Table 3.2.2.1: Summary of the modifications and yield of each reaction attempt 

 
 

3.2.2.2. Step 2a: Williamson ether synthesis with dibromo-p-xylene to produced di-tritylate (3) 

The next step in the production of the capture compound was a Williamson ether synthesis. This 

reaction involved the formation of an alkoxide from alcohol (2) using sodium hydride (NaH). The oxygen 

with its increased nucleophilicity attacks and displaces the bromide ions from the dibromo-p-xylene via 

SN2 chemistry to give product 3 (Figure 3.2.2.2.) (Yasukawa et al., 2017). 

Method 
TEG 

Equivalents 
Catalytic Base Gradient (Hex : EtOAc) Yield (%) 

1 20 Pyridine 50% → 100% N/A 

2 4 DMAP 0% → 100% 6.5 

3 4 DMAP 0% → 100% 6.7 

Figure 3.2.2.1: TEG (1) is tritylated in the presence of a catalytic base to give alcohol (2). Statistical 
approach towards mono-DMT protection of a symmetrical diol. DMT-Cl was used as the tritylating agent; 
dimethylaminopyridine (DMAP) as a catalytic base; and triethylamine as a proton scavenger. 
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Reaction progression was slow and after 24 h, alcohol (2) was still detected, thus another equivalent of 

NaH was added to assist alkoxide formation and the reaction was left for a further 24 h. Upon completion 

the reaction was quenched with ice/water slurry and purified by silica gel-chromatography (Hexane:TEA 

(1%)  in EtOAc:, 1:99). The collected material was analysed by 1 H NMR, however, the product’s 

diagnostic benzylic protons (~5 ppm) were not present and the expected m/z value was absent from 

mass spectrometry, suggesting the product (3) was not formed. An alternative methodology was 

required, as all of alcohol (2) had been used attempting this reaction. This alternative Williamson ether 

synthesis was trialled with the aim of shortening the whole synthetic route while bypassing the low yields 

and difficult purifications. 

 

3.2.2.3. Step 2b: Alternative Williamson ether synthesis with silver oxide allows direct synthesis of (4) 

In the following reaction silver (I) oxide was used as an alternative to NaH, deprotonating TEG (1) and 

forming the required intermediary alkoxide (Figure 3.2.2.3) The purification issues associated with the 

degrading DMT product (2) were avoided and the route length was reduced without drastic alterations.  

(Cao et al., 2018).  

 
 
 
 
 

The desired product (4) was isolated in good yield (68%) and observed by 1H NMR (Figure 3.2.2.3.1) 

with the diagnostic singlets at 4.55 ppm and 7.31 ppm being indicative of the benzyl and aromatic 

protons respectively. However, the integral of the glycolic ether protons (CH2-O-) peak was slightly 

higher than expected indicating that not all of the excess TEG was not removed.  

 

 

 

Figure 3.2.2.2: Alcohol (2) was alkylated by dibromo-p-xylene and sodium hydride to give di-
tritylated product (3). Williamson ether synthesis using NaH to assist alkoxide formation and 
dimethylformamide (DMF) as a solvent to favour Sn2 conditions with di-bromo-p-xylene. 

Figure 3.2.2.3: TEG (1) is alkylated with dibromo-p-xylene and silver oxide to produce diol (4).  
Alternative Williamson ether synthesis used to reach 4 made use of AgO to form the alkoxide of TEG  
while also increasing yield.  
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Although the product was impure and contained excess TEG (9%), the synthetic route (Scheme 1) 

involved activating alcohols by tosylation. This tosylation drastically changed the polarity of the 

compound by attaching two large hydrophobic sulfonated groups, increasing hydrophobicity, allowing 

the product to be easily separated from the hydrophilic TEG impurity. Another benefit of introducing a 

tosylate group was the incorporation of a chromophore.. This chromophore would aid in the removal of 

excess TEG, as the aromatic ring would introduce absorption in the UV range (265-280 nm), allowing 

for visualisation and removal from the desired product, therefore, diol (4) was taken forward regardless 

of the excess TEG. 

 

3.2.2.4. Step 3: Tosylation of the diol  

Despite compound (4) containing excess TEG (9%), it was used in the following tosylation reaction. 

(Figure 3.2.2.4). The unreacted TEG from the etherification step would become UV active once 

tosylated allowing for visualisation and hence removal from the desired product (5) by silica column 

chromatography. As predicted the product and TEG side product were formed, however, isolation of 

the wrong product occurred due to their polarities being almost identical. After repeating the procedure, 

the correct product was eventually isolated inincredibly low yield (0.42%). This extremely low yield can 

be attributed to the excess TEG making isolation of the side product particularly difficult, as a result the 

synthetic route making use of xylene (Scheme 1) was abandoned. 

 

Figure 3.2.2.3.1: 1H NMR spectrum of product (4). The 1H NMR shows both the diagnostic peaks 
from xylene: Aromatic (7.31 ppm, 4H, singlet); benzylic protons (4.55 ppm, 4H, singlet). The glycolic 
ether peaks (3.71-3.60 ppm) are visible as a multiplet  with a higher integration (H34.4) than the 
expected (H32).  
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3.2.3. Synthesis of ppGpp-CC via an alternative synthetic route (Scheme 2) 

3.2.3.1. Alternative synthetic route to a capture compound 

The previous synthetic route (Scheme 1) was associated with numerous problems, including excess 

TEG, degradation of products during purification and low yields. As a result, a new synthetic route was 

developed (Scheme 2).  Unlike the previously designed synthesis, the intermediates along this 

routelack a chromophore, making reaction monitoring more challenging. However, the identification of 

several selective TLC stains provided an alternative solution. In addition, total conversion of TEG in the 

first step, along with the absence of a DMT group, solved the previously described issues with excess 

TEG being difficult to remove (section 3.2.2.3) while also shortening the synthesis. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Scheme 2: A new synthetic route was designed to reach an alternative non-covalent capture 
compound (19).  In comparison to the initial route (Scheme 1), this route is shortened by one step by 
converting all of the TEG in the initial reaction. However, due to the lack of the xylene moiety many of 
the intermediate products lack chromophores. Despite this, there is no significant change between the 
routes. 

 

Figure 3.2.2.4: Diol (4) is tosylated to give the di-tosylate (5). Diol (4) was reacted with tosyl-chloride 
to give di-tosylate (5), however, due to the starting material being contaminated with unreacted TEG 
the reaction was unsuccessful and the TEG side product was isolated instead of di-tosylate (5). 
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3.2.3.2. Step 1: Di-tosylation of tetraethylene glycol (1)  

Previously excess TEG led to issues with purification and yield due to formation of side products. 

Therefore to prevent TEG from causing any further issues, it was utilised as the limiting reagent in the 

first step of the new synthesis with tosyl-chloride in excess allowing for full conversion to di-tosylate (11) 

(Figure 3.2.3.2). 

 
 
 
 

To prevent any impurities propagating throughout the synthesis it was vital that product (11) was 

obtained in high purity. Tosyl-chloride was recrystallised from petroleum ether 40-60 °C beforehand to 

remove impurities. The reaction was monitored using TLC and cerium-ammonium-molybdate stain, 

where this stain allowed for TEG to be visualised, which was previously very difficult due to the lack of 

a chromophore and specific functional groups. Once the absence of TEG was visually confirmed, the 

reaction mixture was subjected to an acid-base work up, before silica column chromatography to 

remove excess tosyl-chloride, yielding the product (11) as a colourless oil in high yield (69%). 

 

3.2.3.3. Step 2: Azide substitution of the ditosylate (11) 

With the terminal alcohols activated via tosylation, the α-carbon was subjected to attack by azide ion to 

yield the di-azide (12) (Figure 3.2.3.3).  

 
 
 

Despite product (12) not having a chromophore the reaction was monitored using a stain that forms 

coloured 1,2,3-triazoles from azides in a click reaction with propargylic alcohol and a copper (I) bromide 

catalyst (Figure 3.2.3.3.1) (Schröder et al., 2007). The reaction was monitored using this triazole stain 

and occurred as expected yielding a yellow oil of the desired product in a high yield (86%) without the 

need for further purification. 

 

 
 
 
 
 

 

Figure 3.2.3.2: Preparation of di-tosylate (11) from TEG (1) in the presence of TsCl. By increasing 
the ratio of tosyl-chloride to TEG (1), the formation of side products is significantly reduced allowing for 
the desired product (11) to be isolated. 

Figure 3.2.3.3: Di-tosylate (11) reacts sodium azide to give diazide (12). Sodium azide produces 
the strong nucleophile N3

- which displaces the tosyl groups which form a salt with the dissociated Na+.  
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3.2.3.4. Step 3: Selective Staudinger reduction of 1,11-diazido -3,6,9-trioxaundecane 

Staudinger reductions are incredibly convenient ways to form iminophosphoranes which are then 

hydrolysed to give the respective amine(Staudinger and Meyer, 1919). Triphenylphosphine (PPh3) was 

used as the reducing agent and, in order to favour the reduction of only one azide in compound 12, it 

was used as the limiting reagent (Figure 3.2.3.4). Regardless of the ratio of reducing agent to starting 

material there was the possibility of reducing both azide groups in diazide (12)  and forming the diamine. 

This diamine impurity would be a problematic impurity to remove due to its similar polarity to the desired 

product and streaking on silica.  

 

 

To circumvent this issue, the solubility of the compounds was exploited. Typically the amine would 

share similar solubility to the starting material. However, by performing the reaction in a biphasic solvent 

mixture such as hydrochloric acid (HCl) and diethyl ether (Et2O) along with vigorous mixing, the amine 

is immediately protonated by the HCl and partitions into this aqueous layer (Figure 3.2.3.4.1).  

Figure 3.2.3.3.1: Propargyl alcohol forms coloured 1,2,3-triazoles in the presence of copper (I) 
bromide.  Mechanism of action for the formation of 1,2,3-triazoles via cycloaddition of a given azide 
(N3R) and propargyl alcohol in the presence of a copper (I) bromide catalyst (Moiola et al., 2019).  

 

Figure 3.2.3.4: Di-azide (12) is selectively reduced in the presence of HCl to form amine (13). 
Formation of amine (13) from di-azide (12) via a biphasic “selective” staudinger reduction using: PPh3, 
HCl (1M) and diethyl ether. 
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By making use of the compound’s solubilities, the regioselectivity of the reaction can be controlled by 

preventing the reduction of both azides, while also driving the reaction forward, due to a decrease 

ofproduct concentration in the ether layer (Okoth and Basu, 2013, Martinek et al., 1981). Upon reaction 

completion the aqueous layer was basified with potassium hydroxide (KOH) to improve the solubility of 

amine (13) in organic solvents with subsequent extraction by dichloromethane (DCM) to give the 

product in good yield (69%). 

 

3.2.3.5. Step 4: Activation of d-biotin by the addition of a pentafluorophenol moiety 

The incorporation of d-biotin into the capture compound (19) is essential, however, biotin is a relatively 

weak carboxylic acid (pKa= 9.7)(Said, 2009). In order for it to be effective coupling to the amine its 

electrophilicty needed to be increased. In order to activate biotin towards coupling, the biotin was 

converted to a pentafluorophenol (PFP) ester (14) in the presence of N,N′-Dicyclohexylcarbodiimide 

(DCC) (Figure 3.2.3.5)(Vallinayagam et al., 2008). 

 
 
 
 

 

The electronegativity of the fluorine atoms, along with the delocalisation of electrons across the 

aromatic ring, attracts electron density away from the carbonyl rendering it more susceptible to 

Figure 3.2.3.4.1: Staudinger reductions performed in biphasic reactions improve regioselectivity 
Diagram illustrating the solubility effects associated with the biphasic reaction mixture. The di-azide 
remains in the ether layer while the newly generated amine (13) immediately forms a hydrochloride salt 
and partitions into the acidic aqueous layer. 

 

Figure 3.2.3.5: d-Biotin was converted to an activated PFP-ester (14). The weakly acidic d-biotin 
was reacted with DCC to form an O-acylisourea which hydrolyses to yield the activated ester (14) in the 
form of PFP-biotin. 
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nucleophilic attack by amines (Das and Theato, 2016). Despite activation, the yields for this 

esterification reaction were consistently poor. It was found that the solubility of d-biotin in DMF was poor 

at lower temperatures, however, dissolution was achieved by heating to 70 °C before cooling. Despite 

heating, the hot filtration used during purification of the product decreased yields. However, when 

removing the hot filtration the yield increased (Table 3.2.3.5). The product was eventually synthesised 

in a large enough quantity to take the PFP-biotin ester (14) forward. 

 

Table 3.2.3.5: Summary of the attempts to activate d-biotin.  

 

 

3.2.3.6. Step 5: Biotinylation of 1,11-diazido -3,6,9-trioxaundecane 

The coupling of linker (13) to the affinity handle (14) proceeded with no issues, due to the ester being 

activated no coupling agent was required (Figure 3.2.3.6). Here the diisopropylethylamine (DIPEA) acts 

as a non-nucleophilic base and the product was obtained in modest yields (Table 3.2.3.6).  

 

 

 
 

 
 
 

 
Table 3.2.3.6: Comparison of biotinylation reaction attempts  

 

An alternative method was also trialled in an attempt to bypass the low yields (Table 3.2.3.6), obtained 

when sequentially activating d-biotin with PFP. This alternative reaction used PFP-trifluoracetic acid 

(PFP-TFA) ensuring PFP-biotin remains in solution before the addition of amine (13), meaning the low 

yielding purification could be avoided (Figure 3.2.3.6.1)(Chambers et al., 2013). Using the PFP-TFA 

method yielded the d-biotin-linker (15) as a white solid in low yield (27%), in addition, the synthesis was 

Attempt Yield (%) Heating Hot Filtration 

1 9.3 N Y 
2 26 Y Y 
3 23 Y Y 
4 34 Y N 

Attempt Time (Days) Yield (%) 

1 5 58 
2 1 51 
3 1 43 

Figure 3.2.3.6: Linker (13) was biotinylated with a PFP-biotin ester (14). Formation of biotinylated 
azide (15) when coupling amine (13) and PFP-biotin (14) in the presence of a non-nucleophilic base 
(DIPEA).    
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complicated by the formation of a waxy insoluble solid and therefore was not expected to be suitable 

for future use without optimisation. 

 

 

 

3.2.3.7. Step 6: Reaction of 1-azido-3,6,9-trioxaundecan-11-amidobiotin 

The synthesis of linker (15) allows for two possibilities, reduction to amine (16) or the formation of a 

1,2,3-triazole (20) via click chemistry (Figure 3.2.3.7). 

 
 
 
 
 

 
 

 
 

 

 

 

Due to the absence of chromophores in both the starting material and product, a selective TLC stain 

was employed consisting of 4-di-methylaminocinnamaldehyde and sulfuric acid in ethanol 

(Groningsson and Jansson, 1979). This allows the formation of an intensely red/pink coloured Schiff 

base with the N-1 uriedo position of d-biotin allowing for diagnostic TLCs (Figure 3.2.3.7.1). 

 

Figure 3.2.3.6.1: Planned in situ formation of PFP-biotin before addition of linker (13) to form 
azide (15). An in situ method of synthesising azide 15 was trialled as an alternative method could 
potentially shorten the synthesis while also by-passing the poor yields associated with isolating PFP-
biotin (14). 

 

Figure 3.2.3.7: Azide (15) can be reduced to amine 16 or undergo a cycloaddition with propargyl 
bromide to from triazole (20). Summary of two potential routes. Top: Reduction to the amine 16 via 
Staudinger reduction or hydrogenation. Bottom: Click reaction to form alkyl bromide (20),  would 
shorten the route and allow for S-alkylation with p(s)pGpp earlier in the synthetic sequence..  
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With a TLC method available for reaction monitoring a Staudinger reduction (Figure 3.2.3.7.2a) was 

used as seen when preparing amine (13) (section 3.2.3.4). Despite this method being used previously 

with great success, the solvent was swapped to DCM as biotin has poor solubility in diethyl ether. The 

reaction was unsuccessful when using DCM as the solvent, which could be attributed to the 

hydrochloride salt of the product being soluble in DCM. To circumvent this solubility issue, the 

ammonium acetate salt was also generated by treating with 1 M acetic acid. After silica column 

purification, the major fraction was analysed via infrared spectroscopy. The diagnostic azide peak 

(2000-2000 cm-1) present in the starting material was observed, indicating the reaction was 

unsuccessful  (Gai et al., 2011)). An alternative literature method was trialled using THF/H2O, which 

produced the desired amine (16) in a low yield (36%) (Figure 3.2.3.7.2bi) (Yang et al., 2011). The click 

reaction (Figure 3.2.3.7) was then trialled with a method directly from the literature with no success 

(Counsell et al., 2021).   

 

 

 

Figure 3.2.3.7.1: Cinnamaldehyde forms intensely coloured Schiff bases with d-biotin in acidic 
conditions. Mechanism showing the formation of a Schiff base via reductive amination using 1% (w/v) 
4-di-methylaminocinnamaldehyde and 1% (v/v) sulfuric acid in ethanol (Groningsson and Jansson, 
1979). 

 

Figure 3.2.3.7.2: Staudinger reduction of azide (15) to amine (16) in two different solvent 
systems. i) Biphasic mixture of DCM and 1 M hydrochloric acid. ii) Miscible solvent mixture of 
tetrahydrofuran (THF) and H2O.  
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3.2.3.8. Step 7: Bromoacetylation of biotin-PEG3-amine (16) to yield a functionalised linker (17) 

With two components of the capture compound in place, (affinity handle and PEG linker), the ppGpp 

structural analog p(s)pGpp)) needed to be attached. In order to do this, one end of the linker was 

furnished with a reactive cap, in the form of a bromoacetyl group donated by bromoacetic anhydride 

(Figure 3.2.3.8.). The soft nucleophilic character of the sulphur atom in a thiophosphate allows for the 

stabilisation of negative charges during the transition state with the bromoacetyl group, favouring it over 

a reaction with the oxyanionic charges of a phosphate ester, where the charge density is higher and 

more energy is required to reach the transition state. 

 
 

 

 

Bromoacetylation reactions required several purifications by silica column chromatography (0→ 100% 

MeOH in DCM) to remove several biotin containing impurities. The desired bromoacetylated-linker-

handle system (17) was eventually synthesised in a very low yield (11%) with analysis by 1H NMR 

identifying animpurity that had not been detected by TLC and UV-based detection inchromatographic 

analyses. Further investigations by mass spectrometry indicated this impurity did not contain any 

bromine atoms and, as a result, was unlikely to form side products in the final coupling reaction to from 

capture compound (19).  

 

3.2.3.9. Step 8: Enzymatic synthesis of p(s)pGpp with the Bacillus subtilis phosphotransferase YjbM 

The attachment of ppGpp to the functionalised linker (17) was expected to be difficult as it would require 

high purity or high chemo-selectivity to ensure any structurally similar nucleotides within the reaction 

mixture were not forming potential side products. Phosphate-diesters are also susceptible to nuclease 

activityTherefore high chemo-selectivity was chosen as a way of circumventing enzymatic degradation 

and side product formation. The B. subtilis phosphotransferase YjbM was used because this enzyme 

forms (p)ppGpp from GTP/GDP and ATP, however, when replacing the GTP/GDP substrate with 

GDPβS, a structural analog that furnishes a sulphur atom on the β-phosphate in place of an oxygen, 

p(s)pGpp is formed. This increases the nucleophilicity and as a result the reactivity ensuring chemo-

selectivity (Figure 3.2.3.9).  

 

 

 

Figure 3.2.3.8: Amine (16) was furnished with a reactive bromoacetyl group: Amine (16) 
undergoes an SN2 reaction with bromoacetic anhydride to form bromoacetic acid and functionalised 
linker (17). 
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This reaction was monitored by PEI cellulose TLC using 1 M KH2PO4 as the mobile phase. Here 

compounds are separated based on their charge, with the higher charges having greater retention 

times. The use of a selective stain, that converts sulphur containing compounds orange was also 

employed, allowing the formation of p(s)pGpp to be visualised (Figure 3.2.3.9.1) (Bäumler and 

Rippstein, 1961). 

 
 
 
 
 
 
 
 
 

 

 

 

Once GDPβS had been completely converted, the desired p(s)pGpp was freeze dried and dissolved in 

water to form a 5 mM solution and purified by ion pairing reverse phase high performance liquid 

Figure 3.2.3.9: The B. subtilis enzyme YjbM is exploited to synthesise the ppGpp structural 
analog p(s)pGpp. Mechanism of the formation of p(s)pGpp catalysed by the B. subtilis 
phosphotransferase YjbM. In an SN2 manner the 3'-oxygen of GDPβS attacks the 5'-β-phosphate of 
ATP to attach a bis-phosphate forming p(s)pGpp and AMP as a side product. 

 

Figure 3.2.3.9.1: The YjbM phosphotransferase reaction can be visualised by PEI cellulose TLC 
and a sulphur stain. a) Cellulose TLC illustrating the ability of the sulphur selective stain to highlight 
the phosphorothioate in p(s)pGpp. b) The same TLC under (UV 280) nm showing the presence of 
guanosine and adenosine nucleotides which absorb in this range. 

 

 

a b 
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Reaction 

mix GDPβS Co-spot 
Reaction 

mix 
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chromatography (RP-HPLC). Reverse phase chromatography functions inversely to normal silica 

chromatography, it consists of using a non-polar stationary phase such as graphite or C18 and polar 

solvent mixes, with the fastest moving compounds being the most polar (Huang et al., 2013). Ion pairing 

reagents are typically used when trying to separate partly charged organic analytes as they can 

increase differences in retention times between structurally similar molecules, with TEA and TFA often 

being used. However, the lab group previously had great success with TEAB so this was used. Initially 

RP-chromatography was trialled with AMP and GDPβS standards as these would be present in the 

reaction mixture, allowing for the p(s)pGpp peak to be identified (Figure 3.2.3.9.2). 

 
 

 
 

 
   
 
 

The initial gradient was gradually shortened to assess whether separation between structurally similar 

nucleotides and the product p(s)pGpp peak was maintained (Figure 3.2.3.9.3). As a result the 

purification times were able to be reduced from 38 min to 27 min while maintaining resolution this 

allowed for purifications to be performed quickly without risk of co-elution. 

 

 
 
 
 
 
 
 
 

 

 

Figure 3.2.3.9.2: RP-HPLC separates p(s)pGpp from other nucleotides. UV chromatograms of a) 
AMP (3 nmol). b) GDPβS (3 nmol), c) crude p(s)pGpp. Traces obtained using a GEMINI® 5 µm C18 
110 Å LC column (250 × 4.6 mm), 3 → 50% B, 38 min, Mobile phase A (Triethylammonium bicarbonate 
(TEAB) 100 mM, acetonitrile (MeCN) 0.5% v/v)) and Mobile phase B (TEAB 100 mM, MeCN 50% v/v).  

 

Figure 3.2.3.9.3: RP purifications can be shortened while maintaining resolution. 30 nmol 
injections of crude p(s)pGpp on a GEMINI® 5 µm C18 110 Å LC column (250 × 10 mm), 3 → 50% B, 
Mobile phase A (TEAB 100 mM, MeCN 0.5% v/v) and Mobile phase B (TEAB 100 mM, MeCN 50% v/v). 
a) Gradient over 38 mins. b) Gradient over 33 min. c) Gradient over 27 min. 
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The amount loaded was progressively increased to ensure that separation between the three peaks 

was maintained, at around 500 nmol the detector became saturated, so this scale was used to purify 

the remaining crude p(s)pGpp collecting the middle peak (~13 min) (Figure 3.2.3.9.4a). The rest of the 

crude p(s)pGpp was purified at this scale before re-injecting a small amount of the collected fraction to 

confirm homogeneity (Figure 3.2.3.9.4b).  

 
 
 

 

 
The product was determined to be present by electrospray ionisation (ESI) mass spectrometry (MS). 

However, the 31P NMR spectrum, suggested several structurally similar nucleotides were co-eluting or 

the presence of a diastereomer due to the chiral β-phosphate (Figure 3.2.3.9.5a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.3.9.4: p(s)pGpp is separated from GDPβS and structurally similar nucleotides using 
RP-HPLC. a) p(s)pGpp purification at a 500 nmol scale. b) Purified p(s)pGpp was reinjected to assess 
purity at a 5 nmol scale. Traces obtained using a GEMINI® 5 µm C18 110 Å LC column (250 x 10 mm), 
3 → 50% B, 27 min, Mobile phase A (TEAB 100 mM, MeCN 0.5% v/v) and Mobile phase B (TEAB 100 
mM, MeCN 50% v/v). 
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The RP-HPLC method of purification was not suitable for large scale purification of the highly charged 

nucleotide due to potential co-elution and pH changes when considering TEAB as an ion-pair reagent. 

As a result anion exchange chromatography was trialled because this had previously been implemented 

in the synthesis of capture compounds to purify nucleotides with great success (Wang et al., 2019a, 

Haas et al., 2022). The method separates compounds based on their charge state.The packing material 

typically retains compounds with an opposing charge, in this instance a Nucleopac PA-100 4 mm × 250 

mm column was used. The stationary phase consists of non-polymeric beads functionalised with 

quaternary ammonium groups making them positively charged, while the mobile phase consists of two 

concentrations of NH4HCO3 (A = 50 mM and B = 500 mM). By gradually increasing mobile phase B the 

salt concentration increases, this disrupts ionic interactions between the negatively charged molecules 

and positively charged packing material. Therefore, as p(s)pGpp carries a -6 charge in basic conditions 

it may be separable from GMP, GDPβS, ADP, ATP e.t.c as a higher concentration of salt is required to 

break these interactions. To assess the ability of anion exchange chromatography to separate similar 

nucleotides, varying concentrations of ATP, GMP, GDP, GDPβS, GTP and ppGpp were injected. As 

expected, the nucleotides possessing the most negative charge had the longer retention times (Figure 

3.2.9.3.6). 

Figure 3.2.9.3.5: The ppGpp structural analog p(s)pGpp was purified by RP-HPLC. a) The desired 
p(s)pGpp peak was identified by direct infusion ESI-MS (617.92708 m/z). b) 31P NMR of p(s)pGpp 
showing the presence of other nucleotides and diastereomeric peaks of thiophosphates ~16-20 ppm, 

indicating the product needs further purification. 
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Once resolution between charge states was confirmed the crude p(s)pGpp was injected in gradually 

larger amounts, starting at around 20 nmol and increasing to around 80 nmol (Figure 3.2.9.3.7a). 

Despite increasing the amounts of p(s)pGpp resolution was maintained. As a result the remaining 

compound was purified at this scale along with previously prepared crude p(s)pGpp, this resulted in 

1.15 μmol of purified p(s)pGpp confirmed by ESI-MS before reinjecting a sample to assess purity 

(Figure 3.2.9.3.7c) and submitting for analysis by high resolution mass spectrometry (Figure 3.2.9.3.7d). 

Overall, favouring the anion exchange methodology allowed us to avoid using TEAB as an ion-pair 

reagent. When used over prolonged periods of time, TEAB often decomposes into TEA, water and 

carbonic acid which further degrades to CO₂. Upon soft effervescence due to CO2 escaping solution 

the pH increases which results in shifted retention times and unsatisfactory fraction collection. 

Additionally, the resolution of the peaks was significantly improved under the ammonium bicarbonate 

conditions employed in the anion exchange methodology. 

 

 

 

 

 

 

 

0 10 20 30

0

500

1000

Retention time (min)

A
b

s
o

rb
a
n

c
e
 (

m
V

)

Nucleotide Standards

ATP

GMP

GDP

GDPBS

GTP

ppGpp

Figure 3.2.9.3.6: Anion exchange chromatography separates structurally similar nucleotides by 
their charge state. Nucleotide standards ATP, GMP, GDP, GDPβS, GTP and ppGpp were injected 
onto a Nucleopac PA-100, 4 mm × 250 mm column and ran with NH4HCO3 (A = 50 mM and B = 500mM), 
9-91% B, over 21 min. Resolution between charge state differences of ±1 were maintained. 
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3.2.3.10. Step 9: Alkylation of p (s)pGpp using the functionalised linker (17) 

The final step in the synthesis of capture compound (19) was to utilise the nucleophilic phosphorothioate 

of p(s)pGpp and couple the nucleotide to functionalised linker (17) via SN2 chemistry (Figure 3.2.3.10). 

 
 

 
 

 

Figure 3.2.9.3.7:p(s)pGpp was obtained by anion exchange chromatography. a) Crude p(s)pGpp 
(20 nmol) injection. b) Crude p(s)pGpp (78 nmol) injection. c) Almost pure p(s)pGpp was collected due 
to the presence of a shoulder. d) ESI-MS of p(s)pGpp showing the [M-H] adduct at 617.9262 m/z. 
Traces obtained using a Nucleopac PA-100, 4 mm × 250 mm column and ran with NH4HCO3 (A = 50 
mM and B = 500 mM), 9-91% B, over 21 mins. Resolution between charge state differences of ±1 were 
maintained. 

Figure 3.2.3.10: Alkylation of p(s)pGpp using linker (17) to form the desired capture compound 
(19). The final step in the synthetic route to the desired non-covalent capture compound (19), showing 
the coupling of functionalised linker (17) to p(s)pGpp (18) in sodium borate buffer (pH 9, 50 mM).  
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p(s)pGpp (1 eqv) was dissolved in ddH2O and sodium borate buffer (pH 9, 50 mM) before functionalised 

linker (17) in DMSO was added in excess (4 eqv). Despite previous issues with RP-HPLC it was used 

to monitor the reaction across several timepoints. As it was assumed that the retention time of the 

desired compound would differ significantly to the starting material due to the decrease in charge state 

and hydrophobicity associated with the addition of linker (17). After 4 h a new peak was observable as 

the assumed product formed, with the largest difference occurring between 0 and 8 h, showing clear 

formation of two new peaks (Figure 3.2.3.10.1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Any side products formed may be be in low concentrations and as a result their respective peaks may 

also be smaller than the desired compound peak. This was a safe assumption as the only 

chromophores capable of absorbing at 260 nm would be in the form of nucleotides. As a result, the 

peak observed at ~16 min was assumed to be the product and collected after optimisation of the 

purification scale (Figure 3.2.3.10.2a). Despite this, the peak at ~18 min was also collected before re-

injecting the former (~16 min) to obtain a cleaner  UV trace (Figure 3.2.3.10.2b). Analysis by ESI-MS 

confirmed the synthesis of the desired capture compound (19) in the first peak (~16 min) once the 

charge states were deconvoluted (Figure 3.2.3.10.2di). Overall, the desired compound was obtained 

on a 290 nmol scale (15%). 
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Figure 3.2.3.10.1: Formation of the assumed capture compound (19) was observed by RP-HPLC. 
a) UV chromatograms showing the formation of two new peaks (16 min and 18 min), one of which 
contains product. b) UV chromatograms of three timepoints: 4 h; 8 h and 24 h, overlayed to show the 
gradual increase in size of the product peak. Traces obtained using a GEMINI® 5 µm C18 110 Å LC 
column (250 × 10 mm) 3 → 50 %B, 27 min. 
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Figure 3.2.3.10.2: RP-HPLC and mass spectrometry show formation of capture compound 19. a) 
Overlay of the increasing injection volumes to maximise efficiency of purification with p(s)pGpp used as 
a standard. b) Pure non-covalent capture compound collected and reinjected for proof of increased 
purity (5 nmol). c) Overlay of impure nucleotides p(s)pGpp, ppGpp and GDPβS along with capture 
compound 19 traces. Mobile phase A (HFIP 50 mM, MeCN 0.5% v/v) and Mobile phase B (HFIP 50 
mM, MeCN 50% v/v), 27 min. d) ESI-MS of the capture compound 1077.1557 m/z identified by 
deconvoluting the charge states. All traces obtained using a GEMINI® 5 µm C18 110 Å LC column (250 
× 10 mm) 3 → 18 %B, 27 min 
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3.3. Discussion  

The aim of this chapter was to synthesise, purify and characterise a non-covalent protein capture 

compound 19, using cheap readily available starting materials and accessible chemistry. With 

compound 19 in hand, we planned to identify novel ppGpp interactors across different pathways 

allowing us to determine their role in the staphylococcal stringent response. Details for the capture 

experiments are listed in chapter 4. 

 

The initial route (Scheme 1) was our preferred strategy as it included the incorporation of a chromophore 

that would allow for reaction monitoring by UV. We hoped visualisation by UV would allow for 

differentiation from any non-UV active side products and improve the purification strategies. However, 

too many challenges arose with this synthesis, including product degradation/low yields and difficulties 

in separatiion from TEG. In order to combat these problems, a different protecting group for primary 

alcohols could have been implemented in place of DMT. Silyl ethers (SiR3), such as: trimethylsilyl 

(TMS), t-butyldimethylsilyl (TBS) and triisopropysilyl (TIPS) are inert under most conditions and 

commonly used when dealing with primary alcohols (Bols and Pedersen, 2017, Dong et al., 2019). Silyl 

ethers tolerate most reaction conditions that would affect alcohols while also being easily cleaved in the 

presence of an acid like TFA or fluoride ions typically produced by tetra-n-butylammonium fluoride 

(TBAF). The cleavage of these protecting groups would not have affected the latter stages of the 

synthesis as the xylene core would be relatively stable under removal conditions. This methodology 

could afford a new pathway to a non-covalent capture compound, without changing the overall plan of 

the synthetic route, just the reagents used.  

 

As a result of the difficulties associated with purification and yield in Scheme 1 an alternative synthetic 

startegy (Scheme 2) was trialled. The route detailed in Scheme 2 was successful in providing the 

desired capture compound (19), however,  it was obtained on a microgram scale. This was enough for 

the required purpose, however, the overall yield for the synthetic route was low, at 0.1%. There are 

numerous steps that could be taken to significantly improve the overall yield of this route by increasing 

the yields of individual steps. The steps earlier in the synthesis, such as tosylation, azide substitution 

and selective Staudinger reduction, provided moderately high yields and good purity.  

 

In the latter stages of the synthesis, formation of PFP-biotin (Figure 3.2.3.5) displayed poor to moderate 

yields at 34-39% when comparing to the 70-90% yielded by others in the literature (Vallinayagam et al., 

2008, Zhou et al., 2017). The main difference between (Vallinayagam et al., 2008) and (Zhou et al., 

2017) is the coupling agent used, both employ carbodiimides in the form of DCC and N- (3-

Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) respectively. Despite both coupling agents 

activating the carboxyl groups for direct reactions with primary amines, DCC is more sterically hindered 

than EDC and as a result this may have affected the reaction (ThermoFisher, 2024). The activation of 

d-biotin by PFP could also have been avoided altogether by trialling uronium salts such as 1-[Bis 
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(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) or 

2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU). In 

these reactions the carboxyl group is deprotonated by a non-nucleophilic organic base like DIPEA, this 

carboxylate then attacks the to form an unstable O-acyl (tetramethyl)isouronium (OAt) salt. The OAt 

salt attacks the isouranium salt to form an active OAt ester and upon addition of an amine it is quickly 

acylated to afford the desired amide(Carpino et al., 2000, Carpino, 1993). Hur et al describe a method 

for activating biotin with HATU and obtaining high yields(Hur et al., 2010). Therefore, it would be worth 

trialling EDC in place of DCC and HATU or HCTU to improve yield in the future. 

 

The formation of linker (15) (Figure 3.2.3.6) gave moderate yields of 43-58%, which when compared to 

the literature was significantly lower than the 94% reported (Zhou et al., 2017). Although these yields 

were acceptable, they could have been greatly improved by optimising the gradient used during 

purification by silica column chromatography. The solvent system of DCM:MeOH is widely used and 

was suitable for this purification, however, it is an incredibly polar solvent mixture which frequently 

causes co-elution of compounds. To prevent co-elution, a shallower gradient could have been 

employed or more isocratic holds inserted to maximise separation between compounds with similar 

polarity (Schellinger and Carr, 2006). The lowest yields in this synthesis came when performing the 

Staudinger reduction of linker (15) to form amine (16) (Figure 3.2.3.7.2). This reaction was particularly 

difficult to replicate, with many of the attempts resulting in failure to isolate the product or with poor 

yields <15%. The method used was a mixture of a reaction cited in the literature and the successful 

Staudinger reaction used earlier in the synthetic route (Step 3). Upon completion, the reaction mixture 

was concentrated under reduced pressure removing the THF/H2O solvent system. The remaining 

residue was suspended in HCl (1M) to form the hydrochloride salt, allowing the insoluble 

triphenylphosphine to be removed by filtration before treating the filtrate with KOH to reform the amine 

and extracting with DCM. The low yields with this step could be associated with product solubility issues 

in certain solvents causing the product to be lost during washes/extraction, the numerous columns 

required to remove the triphenylphosphine oxide side product could also contribute to the low yield. 

Low yields could have been avoided by following the literature method directly. In the literature 

procedure the purification solely consists of washing with diethyl ether and DCM (Yang et al., 2011). 

Hydrogenation reactions may have provided an alternative method for azide reductions where 

Staudinger reductions are used (Figure 3.2.3.4). Typically, catalytic hydrogenations are performed 

under pressure to reduce the activation energy required (Molés Pérez, 1981). However, when using a 

metal catalyst such as palladium the activation energy is significantly lowered, not only this but the 

surface area of the catalyst is often maximised by adsorbing onto an inert carbon support, drastically 

increasing the rate of reaction (Rylander, 1979, Mao et al., 2021). As no ligands are involved in this 

reaction, it is uncommon for side reactions to occur. Reactions are often quantitative with purification 

consisting of catalyst removal by celite filtration often being sufficient, this methodology had been 

previously implemented to afford the desired amine linker (16) (Hur et al., 2010). 
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Modifying the route to incorporate click chemistry would also be an interesting option to explore. Click 

chemistry is essentially an azide-alkyne [3+2] cycloaddition catalysed by copper (I) (Figure 3.2.3.3.1). 

The presence of the copper activates the slow reactive alkyne group, increasing the rate of reaction by 

~108 fold, while also templating the reaction to favour the formation of a regiospecific 1,4, disubstituted 

triazole (Kolb et al., 2001, Fantoni et al., 2021, Rostovtsev et al., 2002). Despite attempting a click 

reaction with azide (15) using the literature methodology, the product was not formed (Counsell et al., 

2021). However, optimising this procedure could potentially shorten the synthetic route, allowing 

alkylation of p(s)pGpp upon purification, while also incorporating a chromophore to allow for reaction 

monitoring by UV (280 nm). The triazole moiety in the final capture compound would also be incredibly 

stable, being able to withstand a range of pHs and reactive functionalities, exhibiting its practicality in a 

biological setting (Sletten and Bertozzi, 2011). 

 

The bromoacetylation of amine (16) to form the functionalised linker (18) when following the literature 

method of (Yang et al., 2016) provided low yield and purity while also requiring purification by column 

chromatography (Figure 3.2.3.8). In a similar manner to forming linker (15), the gradient used for this 

purification could have been made shallower to avoid a larger difference in retention times, this would 

have allowed for separation between the structurally similar side product detected in 1H NMR.  

 

After trialling the purification of p(s)pGpp by ion pairing RP-HPLC, anion exchange chromatography 

was implemented with great success. However, upon the synthesis of capture compound (19), we 

returned to RP-HPLC using TEAB as an ion pair reagent. The main downfall of TEAB is the presence 

of the bicarbonate anion that in solution can become protonated forming carbonic acid. Carbonic acid 

is unstable and can undergo decarboxylation to form H2O and carbon dioxide (CO2) gas. As this CO2 

(g) diffuses into the surrounding air, the pH of the solution rises which can drastically affect retention 

times making it difficult to consistently predict what time a compound will elute from the column. In 

addition to fluctuating pH, bicarbonate anions have high conductivity and are likely to be more ionised 

than the sample which can result in a lower MS signal (Sharma et al., 2012). Although this purification 

method provided the desired capture compound, an attempt to optimise this procedure was made using 

hexafluoro-isopropanol (HFIP). As a mobile phase modifier HFIP, unlike TEAB, maintains a consistent 

pH due to its high stability, while also preventing the suppression of peaks in mass spectrometry and is 

now commonly used for separating oligonucleotides (Basiri et al., 2017). Introduing HFIP to the mobile 

phase was extremely effective and showed the ability of the buffer to separate the desired capture 

compound from multiple structurally similar nucleotides (Figure 3.2.3.10.2). 
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When exploring synthetic methods for the production of a capture compound, it was noted that  (Haas 

et al., 2022) directly attached a pentynyl functionalised linker to the β-5’-phosphate of ppGpp with  

phosphoramidite chemistry. Phosphoramidites are amido-phosphite-diesters that are highly reactive 

towards nucleophiles, typically they are furnished with an N,N-diisopropyl group that is displaced upon 

attack, and were first introduced in the 1970s (Beaucage and Caruthers, 1981, Letsinger et al., 1975). 

To form this pentynyl-ppGpp analog, guanosine was chemoselectively bis-diphosphorylated at both the 

3' and 5' position using phosphoryl chloride, NaHCO3 and RNase T2.  To the newly 3'-,5'-phosphorylated 

guanosine apentynyl-fluorenylmethyloxycarbonyl-N,N-diisopropyl phosphoramidite was introduced. 

This phosphoramidite  was then oxidised with MCPBA  and dissolved in methanol to form a 2'-3' 

cyclophosphate. This cyclophosphate was regioselectivity hydrolysed using ribonuclease T2 to give the 

pGpp-clickable product in 61% yield (Haas et al., 2022, Haas et al., 2019). With the alkyne moiety 

attached, an additional chemoselective phosphorylation at the 3'-position yielded the ppGpp-linker-

azide (57%) before a click reaction with commercially available amino-PEG3-azide linkers yielded the 

ppGpp-linker product along with a range of other nucleotide analogs in 57-84% yields (Scheme 3). This 

methodology highlights the efficiency of click reactions when synthesising modified nucleotides, as the 

linker can be formed directly on the nucleotide before attachment to the affinity handle instead of the 

opposite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3: Synthetic route towards a ppGpp photoaffinity capture compound used by Haas et 
al.: a) P2Cl4O3 (11 equiv), 0  °C, 3 h. b) NaHCO3 (1 M), 0  °C. c) RNase T2, pH 7.5, 37  °C, 12 h. d) 
(FmO)(pentynylO)P-NiPr2 (2.2 equiv), ETT (5.0 equiv), DMF, rt, 15 min. e) mCPBA (3.0 equiv), −20  
°C, 15 min. f) MeOH, 37  °C, 4 h. g) piperidine/DMF (1/4 v/v), rt, 30 min. h) (FmO)2P-NiPr2 (3.0 equiv), 
ETT (5.0 equiv), DMF, rt, 15 min. i) DBU, rt, 30 min. j) Amino-PEG3-azide (1.5 equiv), Na-ascorbate 
(1.8 equiv), CuSO4⋅5 H2O (0.35 equiv), TEAA-buffer (pH 7, 200 mM), rt, 3 h. 
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The original ppGpp-protein capture compound paper written by (Wang et al., 2019a) used a similar 

methodology to the one employed in this chapter with p(s)pGpp being produced by GDPβS, ATP and 

YjbM(Steinchen et al., 2015a). However, the modified nucleotide was purified using monoQ column 

chromatography where a salt gradient was used to gradually elute the compounds. Using solid phase 

Fmoc-peptide synthesis, a peptide chain was used in place of a PEG-linker, which was biotinylated 

before bromoacetylating the N-terminus with bromoacetic anhydride. This functionalised bromoacetyl 

linker was cleaved from the solid phase support and purified by RP-HPLC before reacting directly with 

p(s)pGpp to afford the desired capture compounds (Scheme 4). The simplicity of solid phase-peptide 

synthesis provides high yields despite the introduction of additional synthetic steps when comparing to 

using a commercially available linker such as PEG. Not only this but solid phase-peptidesynthesis  

presents the option of furnishing certain side chains with any functionalities required. However, the 

optimisation of the designed route (Scheme 2) would allow for an economically viable and efficient 

synthesis of a ppGpp-capture compound. 

 

 

 

 

 

 

 

 

Throughout this chapter we have described the purification of a novel ppGpp-protein capture compound 

(19) on a small scale, using a combination of methods from the literature and novel ideas.  Key areas 

of the synthetic route have been identified for optimisation such as: amide coupling agents in place of 

activating d-biotin with PFP; substituting the late stage Staudinger reduction with a catalytic 

hydrogenation; RP-HPLC purification of the bromoacetyl linker (18); and anion exchange purification 

(monoQ) of the final capture compound (19). In the following chapters, the binding selectivity of this 

novel compound is explored, prior to description of its use with lysates of the pathogen MRSA where a 

multitude of ppGpp binding partners implicated in the stringent response signalling network were 

identified. 

Scheme 4: Synthetic route used by Wang et al to reach a ppGpp photoaffinity capture 
compound. The route uses traditional solid phase peptide synthesis, and biotinylation before 
deprotection of the Lys(Alloc) region to yield a biotinylated amine linker attached to the solid support. 
The lysine portion of the linker is further elongated with diazirine furnished methionine and glycine 
before being bromoacetylated, cleaved from the support with TFA and coupled with p(s)pGpp to give 
the product. 
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Chapter 4 

Isolation of novel ppGpp protein-interactors 
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4.1. Introduction  

It is well known that the conformational flexibility of (p)ppGpp allows it to adopt both enclosed and 

elongated forms, with this flexibility being responsible for its ability to bind to numerous proteins across 

a wide range of cellular processes (Steinchen and Bange, 2016). It is because of the conformational 

flexibility , that mapping the (p)ppGpp signalling network is so difficult to achieve. Several attempts to 

further elucidate (p)ppGpp binding partners have been made with varying degrees of success. Several 

methodologies such as DRaCALA, and the newly introduced capture compound procedures have all 

been trialled, primarily in E. coli(Zhang et al., 2018, Wang et al., 2019a, Haas et al., 2022, Corrigan et 

al., 2016). The four interacting GTPases RsgA, RbgA, Era and HflX were isolated using the 

methodology DRaCALA in S. aureus by Corrigan et al (Corrigan et al., 2016). Zhang et al were then 

able to isolate around 12 novel interaction partners using this methodology, along with the 

aforementioned GTPases, adding further validity to this approach. However, their Kd values were 

determined solely by densitometry, and characterisation by biophysical methods was absent (Zhang et 

al., 2018).  

 

Capture compound approaches followed DRaCALA and were incredibly successful with ~50 putative 

targets being identified by Wang et al when utilising a chemo-enzymatic method to generate ppGpp 

analogs before furnishing with a UV activated cross linker. The interaction of ppGpp with, PurF, which 

is responsible for converting phosphoribosyl pyrophosphate (PRPP) to ribosylamine-5-phosphate and 

as such is important for purine nucleotide synthesis, was later characterised (Wang et al., 2019a). Haas 

et al also used capture compounds and mass spectrometry, identifying ~185 putative targets along with 

ApaH, the first non-nudix hydrolase that can hydrolyse pppGpp to pGpp (Haas et al., 2022). Capture 

compound approaches combined with mass spectrometry techniques appear to offer high throughput 

strategies for simultaneously identifying multiple protein interactors . Despite both previously designed 

capture compounds from Wang et al and Haas et al operating using covalent cross linkers, the sample 

preparation methodologies utilised in each study were vastly different, with Wang et al employing a 

SILAC approach and Haas et al choosing to design several chemical probes with various linker 

attachment sites. 

 

It is clear that despite the capability of capture compounds to identify ppGpp interacting proteins, more 

probing of the ppGpp interactome is required in order to enable a more complete understanding of this 

complex signalling network. The synthesis and purification of our capture compound was completed as 

described in Chapter 3. In this chapter, we describe the assessment of our capture compound’s 

selectivity using immuno-blotting techniques and the isolation of novel ppGpp interactors using the 

capture compound in pull-down assays with subsequent mass spectrometry inspired by the above 

methodologies. This work was performed to identify key S. aureus ppGpp interactors, before binding 

characterisation could be performed, furthering our understanding of how the response is mediated 

under different stress conditions in this organism. 
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4.2. Results 

4.2.1. Capture compound displays selectivity towards known ppGpp-binding partners  

In order to assess selectivity of the capture compound, its interactions with known ppGpp binders and 

a negative control were necessary. These were accomplished by interrogations of the ribosomal 

GTPases RsgA, RbgA, HflX and Era that had previously been purified in our lab by using pET28b:RA-

GTPase plasmids (Corrigan et al., 2016). These plasmids encode the desired proteins linked to N-

terminal hexa-histidine tags under T7 promoter control. The plasmids were introduced into the E. coli 

strain BL21 DE3, which contains the DE3 prophage responsible for producing the T7 polymerase when 

induced by IPTG, allowing for expression. The incorporation of the 6xHis-Tag allowed for purification 

by IMAC chromatography using a column packed with nickel-NTA-agarose resin. The integrities of the 

previously purified proteins that had been stored at -80 °C were re-assessed by running aliquots on a 

12% SDS-PAGE followed by Coomassie staining (Figure 4.2.1). The proteins exhibited high purity 

indicating no degradation, with the expected molecular weights of 36.1 kDa (RsgA), 35.7 kDa (RbgA), 

49.4 kDa (HflX) and 36.5 kDa (Era). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The next step was to adsorb the GTPases alongside controls onto polyvinyldifluoride (PVDF) 

membranes, to which proteins adhere through hydrophobic and dipole interactions (Xiang et al., 2021, 

Weiss, 2012, Tarlton and Knight, 1996). Non-specific binding to the proteins (10 μM) was blocked by 

incubating the membrane in BSA (5% w/v) solution. The blot was then incubated with 10 nM capture 

compound, followed by Streptavidin-HRP conjugate. The Streptavidin moiety was expected to bind 

readily to the biotin affinity handle and the HRP would then catalyse peroxide oxidation of luminol 

introduced when coating the membrane with ECL reagent. The luminescence produced was expected 

Figure 4.2.1: SDS-PAGE of the Ribosomal GTPases. Ribosomal GTPases: RsgA, RbgA, HflX and Era 

were normalised to  concentrations of 10 μM before loading alongside pre-stained blue protein standard. 

12% SDS-PAGE were electrophoresised at 200 V, for 45 min and stained using Coomassie Brilliant Blue 

stain as described in the materials and methods section 2.4.2.1 
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to be easily detected using an Imager. As expected, the MBP negative control exhibited no 

luminescence due to a lack of binding to the capture compound, the biotin “positive” control did not 

produce a signal due to its inability to adhere to the PVDF membrane, while all four GTPases bound to 

the ppGpp capture compound (Figure 4.2.1.1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

4.2.2. Development of a pulldown procedure  

4.2.2.1.  Lysate preparation 

Selectivity of the capture compound was established in section 4.2.1, so the development of an 

appropriate pull-down methodology was explored. In order to efficiently isolate ppGpp-binding proteins, 

a cell lysate in high enough concentration was essential. Examination of the literature that used capture 

compounds revealed common procedures based on Laventie et al. These procedures were adapted to 

prepare cytoplasmic and membrane fractions of S. aureus and experimental details are outlined in the 
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Figure 4.2.1.1: Capture compound exhibits selectivity to the ppGpp binding ribosomal 

GTPases. a) PVDF membrane imaged shortly after exposure to ECL reagent and hydrogen peroxide. 

The dark spots are the result of protein-capture compound complex bound to streptavidin-HRP 

oxidising luminol, which is indicative of protein binding. Note the absence of spots in the MBP negative 

control and the biotin positive control. Due to its charge, biotin was incapable of binding to the 

membrane on its own and so there is no signal while MBP does not display binding.  b) Relative 

intensities were plotted with statistical significance of each protein of interest being compared to MBP 

by one-way ANOVA. The relative intensities were calculated using imageJ densitometry. The 

experiments were performed in triplicate and p values are represented as follows: **, p < 0.01; ***, p 

< 0.001 
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Figure 4.2.2.2: Workflow of the capture compound pulldown and mass spectrometry analysis. 

1. Lysate generation was performed as described in section 2.4.3.1 using overnight cultures of the 

desired strain in TSB supplemented with spectinomycin when required. 2. Cytoplasmic proteins and 

membrane proteins were separated by ultracentrifugation. 3. Protein “capture” was performed using 

either M1 – Proteins were incubated with a pre-made magnetic streptavidin bead-capture compound 

complex; M2- Proteins were incubated with the capture compound allowing binding before incubation 

with streptavidin beads. 4. The isolated proteins were eluted from the beads and capture compound 

by heating and subjected to trypsin digestion before submission to mass spectrometry. 5. Mass 

spectra of fragmentation patterns were analysed to identify the protein and its abundance. 

methods section 2.4.3.1. We found several  crucial steps such as passing the cytoplasmic fractions 

over a desalting column to remove free nucleotides and solubilising the membrane fraction using DDM. 

The concentration of the cytoplasmic and membrane fractions were then determined by a colorimetric 

BioRad protein assay using BSA as a calibration standard . The literature had reported values of around 

10 mg/mL for use in pulldown assays, however, our values were consistently lower at ~1 mg/mL, 

perhaps due to differences in density across cultures as the doubling rate of E. coli (20 min) is larger 

than that of S. aureus (90 min). 

 

4.2.2.2. Trial pulldowns using lysates from cells expressing the histidine-tagged GTPase Era  

Once the method for generating lysates of sufficient concentration was established, the next step was 

to demonstrate a proof of concept, namely that the capture compound was capable of isolating ppGpp 

binding proteins from lysates before it was used in a tandem pulldown and mass spectrometry 

experiment (Figure 4.2.2.2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

To demonstrate capture in a complex mixture  we took advantage of two bacterial strains; a deletion 

mutant USA300 Δera pCN55iTET, which does not possess the GTPase Era, and USA300 Δera 

pCN55iTET-era-His, which is complemented with the His-tagged GTPase (Wood et al., 2019). The 

presence of an anhydrotetracycline (atet) inducible promoter allows for expression of His-tagged Era 

upon addition during exponential phase. The presence of the poly-histidine tag allows for protein 

detection using Western immunoblotting.  
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Using a procedure from (Laventie et al., 2017) and coupling buffer recipes for magnetic streptavidin 

beads provided by Invitrogen, a pulldown methodology was attempted with the following adaptations: 

The Invitrogen bead coupling buffer consisted of NaCl (1M), Tris (10 mM) and EDTA (1mM). EDTA is 

typically used to reduce the risk of protein degradation by metalloproteinases in a sample as it chelates 

to co-factors such as Mg2+ and Ca2+. However, it was removed from the coupling buffer as metal ions 

such as Mg2+ and Mn2+ have been identified as important co-factors for ppGpp binding by mediating its 

conformation (Steinchen and Bange, 2016). The capture compound functions in a non-covalent manner 

and the high salt concentrations (1 M) in the suggested coupling buffer would disrupt specific 

interactions leading to poor capture efficiency. As a result they were lowered to 230 mM and the lysate 

concentration was reduced to 3 mg/mL from 10 mg/mL. The binding capacity of streptavidin beads was 

calculated using information provided by the Invitrogen product manual, to guarantee that capture 

compound was always in excess, ensuring saturation of the bead surface (Equation 4.2.2.2).  

 

Equation 4.2.2.2: 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐵𝑒𝑎𝑑𝑠) = 200 𝑝𝑚𝑜𝑙 𝑜𝑓 𝑏𝑖𝑜𝑡𝑖𝑛 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑚𝑔 𝑜𝑓 𝑏𝑒𝑎𝑑⁄  
𝐵𝑒𝑎𝑑𝑠 (40 𝜇𝐿) = 𝐵𝑒𝑎𝑑𝑠 (0.4 𝑚𝑔) ∴ 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 80 𝑝𝑚𝑜𝑙 

𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 (2 𝑛𝑚𝑜𝑙) = 25𝑥 𝐸𝑥𝑐𝑒𝑠𝑠 
 
Initially, the capture compound was incubated with streptavidin beads for 30 min at room temperature 

before incubating with the lysate for an additional 30 mins (Figure 4.2.2.2.1) in line with the M1 method 

(Figure 4.2.2.2.). A negative control, termed “bead control” was introduced, this control  contained 

streptavidin beads   but did not contain capture compound. The control  was treated in an identical 

manner before mixing with lysates. Samples were then washed and any captured proteins were eluted 

from the beads by boiling (95 °C) in elution buffer containing SDS (5% w/v). The pulldown eluents were 

expected to contain the ppGpp-binding protein Era-His, where the presence of this diagnostic protein 

would allow us to determine the success of the M1 work-flow. In order to detect Era-His ; the eluents 

and samples of the lysates prior to the pulldown were analysed by SDS-PAGE and subsequent Western 

immunoblotting as described in materials and methods section 2.4.2.10. It was clear to see that before 

the pulldown procedure, Era-His was readily identifiable in the lysate as it would be one of  only a few 

luminescent bands (4.2.2.2.1a, Lane 1). As expected the Δera lysate exhibited a lack of the His-tagged 

protein. However,  the protein signal was also absent in the pulldown eluent of the strain capable of 

producing His-Era indicating the capture compound bead complex was not capable of isolating Era-His 

during the pulldown (Figure 4.2.2.2.1a, Lane 2-3). We also introduced an experiment which involved 

spiking wildtype lysates of JE2 with 100 ng of His-tagged-GTPases RsgA and HflX (Figure 5b). The 

addition of these proteins occurred just prior to performing the pulldown. The JE2 lysate exhibited no 

binding which was expected due to the lack of His-tags while the visible band at ~32 kDa in the eluent 

was attributed to RsgA and showed the capture compound was capable of isolating ppGpp binders 

from a complex mixture of proteins (Figure 4.2.2.2.1b, lane 2). 
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Upon reviewing the literature, it was established that capture compounds are often incubated for longer 

periods of time with the lysates before introduction of the beads (Laventie et al., 2017, Haas et al., 

2022). The rationale behind lysate incubation prior to the introduction of the beads  is a bead coated 

with multiple capture compounds is significantly more sterically hindered than a free molecule of capture 

compound, increasing the difficulty of protein capture. The free capture compound method (M2) was 

trialled alongside  the initial methodology (M1) with longer incubation times, so that comparisons could 

be directly drawn between the two. As before SDS-PAGE anlayses of the lysates and pulldown eluents 

were performed and this time, bands were first visualised using silver stain(Figure 4.2.2.2.2ab). Silver 

staining is considerably more sensitive than Coomassie staining with a lower detection limit of 0.1 ng 

Figure 4.2.2.2.1: Western blot of lysates prior to the pulldown and pulldown eluents. Cell 

lysates and pulldown eluents were resolved on a 12% SDS-PAGE 200 V, 400 mA, 45 mins before 

transferring to a PVDF membrane activated by methanol. The membrane was then blocked with 5% 

milk solution and human IgG to prevent binding of proteinA before adding the HRP-conjugated α-

His-antibody, washing with TBST and activating with ECL reagent and hydrogen peroxide a) Lane 1 

– Lysate from JE2Δera PCN55iTET Era-His, with a band present at 32 kDa representative of Era-

His and a non specific binder at ~24 kDa. Lane 2 – Pulldown eluent of the Era-His lysate, the absence 

of bands is attributable to the capture compound failing to isolate the His-tagged GTPase. Lane 3 – 

Lysate from LACΔera PCN55iTET which acted as the negative control. b) Lane 1 – Lysate from the 

wildtype JE2 control. Lane 2 – Pulldown eluent from the WT JE2 lysate spiked with 100 ng of RsgA-

His and HflX-His, the band present at 32 kDa is attributable to RsgA-His which was successfully 

isolated by the capture compound.  
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protein allowing for the detection of proteins in the pulldown eluent that was not previously 

possible(Kumar, 2018, Switzer et al., 1979).  

 
 

 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The greatest differences in silver stain intensities were seen with the M2 protocol, multiple bands were 

present in the pulldown experiments but not the bead control suggesting enrichment by the capture 

compound (Figure 4.2.2.2.2ab). In opposition to the literature, M1 seemed to show the best results by 

Western immunoblot. The blot included the bead control along with Era-His lysate (lane 1) and spiked 

lysate (lane 6) as additional controls. The isolation of RsgA-His and HflX-His from the spiked lysate 

pulldown (lane 8) again showed the capability of the capture compound to selectively enrich ppGpp 

binding proteins despite M2 displaying zero isolation of the proteins of interest (Figure 4.2.2.2.2c).The 

capture compound was designed to isolate  proteins that would otherwise be present in lower 

abundance in the bead control, therefore in tandem with the lysate preparation, procedure M2 was 

chosen for the pulldown experiments in stationary phase wildtype bacteria as it showed the greatest 

difference across bead control and capture experiments.  

Figure 4.2.2.2.2: Silver staining provides insight into the ability of the capture compound to 

capture specific proteins when compared to the bead control. a) Silver stain of lysates and 

pulldown eluent using M1 showed little difference in protein isolation except two bands in the spiked 

WT eluent (lane 8) and LAC Δera eluent (lane 4) when comparing to the bead control (lane 3). b) Silver 

stains of lysate and eluent using M2 with differences in protein isolation in comparison to the bead 

control (lane 3) highlighted in red. c) Western blot comparing the detection of his-tagged GTPases Era, 

HflX and RsgA across lysate and pulldown eluents using “capture” methodologies M1 and M2. Western 

blots were performed in triplicate. 
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4.2.3. Pulldown experiments  

The isolation of novel ppGpp interactors using capture compound methodologies has been performed 

using both E. coli and S. Typhimurium; with capture compounds of different structures and using both 

soluble and membrane fractions (Haas et al., 2022, Wang et al., 2019a). However, these studies have 

solely investigated stationary phase bacteria. While ppGpp levels are higher in stationary phase at 

around 700 μM, the alarmones are also present at basal levels in exponential phase cells 

(approximately 50 μM) (Hauryliuk and Atkinson, 2017). Therefore, it stands to reason that there could 

be a specific subset of proteins that are upregulated/more likely to interact with (p)ppGpp across both 

growth phases (Büke et al., 2022, Ferullo and Lovett, 2008). In addition , the effects stress may impose 

on the proteome and therefore the (p)ppGpp interactome has also not been investigated. Hence for our 

pulldown experiments, we obtained lysates from stationary and exponential phase cultures, along with 

lysates from strains that had been subjected to nutrient starvation. Here we chose to induce amino acid 

starvation by exposing exponential phase cells to the antibiotic mupirocin for 10 mins. In addition, we 

also isolated proteins from bacteria that had been internalised by macrophages, to ascertain if specific 

protein sets that interact with (p)ppGpp are upregulated in these environments.  

 

Lysates were prepared as for stationary phase cells, except the membrane and cytoplasmic fractions 

were recombined after desalting and solubilisation, in order to avoid the concentrations of the 

membrane fractions being too low for individual use in the pulldowns. Each type of lysate was subjected 

to  the same pulldown procedure as previously described in M2 of section 4.2.2 with four replicates and 

a bead control allowing for comparisons across data sets.  
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4.2.4. Mass spectrometry and statistical analysis 

The mass spectrometry experiments were performed as described in section 2.4.3.3 and the data were 

uploaded to Perseus software. Protein species were identified using the SAUSA_300 genome during 

the proteomics experiment and their relative abundances were reported by Label Free Quantification 

(LFQ), which is calculated by integrating under the Gaussian of the detected peptide ion peak (Mehta 

et al., 2020, Noor et al., 2019). The datasets were filtered to remove any repeats arising from reversed 

amino acid sequences and potential contaminations. The LFQ data were then Log(2) transformed to 

follow a normal distribution ensuring highly abundant and less abundant proteins are on the same scale. 

The datasets were then filtered for valid values, ensuring that a protein must be identified at least twice 

across three replicates, ultimately reducing the matrix size. The data were then normalised by 

subtracting the median LFQ value: due to the data being log2 transformed, subtraction between two 

logs is the same as dividing two non logs. Any not a number (NaN) values from these normalised data 

that arise due to the log of 0 being undefined, were then imputed using a normal distribution. 

Comparisons between the bead controls and capture experiments were drawn using students two 

sample t-test with a false discovery rate (FDR) of 0.05. With the FDRs of these datacompleted, the 

matrices were ordered by q-value: q-values are an analog of p-values and are defined as “the minimum 

false discovery rate at which an observed score is deemed significant” -essentially the q-value reports 

the proportion of significant features that are “false positives” (Storey and Tibshirani, 2003, Storey, 

2003). Volcano plots were generated using -log (p) values and the differences between the sample 

groups of bead control and capture experiment (Figure 4.2.4). 
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Figure 4.2.4a-d: Principal component analysis (PCA) of replicates across each capture 

experiment. Plots display the similarity across replicates of each pulldown experiment. The closer 

the grouping the greater the similarity. Bead control (blue), capture experiments (red). a) stationary 

phase, b) exponential phase, c) mupirocin stress, d) macrophage stress. e-h: Volcano plots 

displaying the significant differences between proteins isolated by the capture compound. 

The y-axis is plotted as -LogP for ease of viewing as higher probabilities are higher up the graph, 

while the transformation of probabilities simplifies the numbers as they are often orders of magnitude 

apart, the difference between capture experiment and control is represented Log2 (x-y) (x-axis). 

Proteins displayed past the right contour were significantly enriched by the capture compound to 

some capacity (red), compared toproteins  that were more present in the bead control (blue). Any 

proteins that are present on either side of the contours that are not highlighted exceeded the q-value 

threshold of 0.05 and were not investigated. e) stationary phase, f) exponential phase, g) mupirocin 

induced stress, h) internalisation by macrophage stress. 



111 
 

The proteomics data includes an incredibly vast array of measured variables, not all of which are helpful 

in deciphering patterns. In order to assess consistency across replicates principal component analysis 

(PCA) was performed. PCA essentially reduces the large number of variables into a smaller more 

manageable set of variables by linear combination. The new variables conserve the majority of 

information from the uncompressed variables, ultimately simplifying the data at the expense of 

accuracy. PCA plots indicated similarity across the capture experiments for each condition. This was 

expected as the capture compound should be capable of isolating similar proteins across different 

replicates, with the exception of exponential phase which exhibited a greater degree of variance (Figure 

4.2.4b). However, the streptavidin-conjugated dynabead controls showed more variation across their 

replicates, this was also expected as there was nothing capable of isolating specific proteins. The beads 

however, are slightly “sticky” due to streptavidin’s hydrophobic domains meaning some proteins adhere 

and are isolated more than once (Schwidop et al., 1990). Following PCA analysis, volcano plots were 

graphed, which contain truncation lines. Iff there is a small difference it is more likely that this is due to 

an error with a small sample size so the curved contours attempt to reflect this by having a more 

stringent p value cut off. The matrices were then ordered by q-value: q-values are an analog of p-values 

and are defined as “the minimum false discovery rate at which an observed score is deemed significant” 

- essentially the q-value reports the proportion of significant features that are “false leads” (Storey and 

Tibshirani, 2003, Storey, 2003). Each data point on the volcano plot represents a protein and those 

present beyond the top right contours were deemed significantly enriched by the capture compound.  

 

With significant proteins being determined, we examined each data set. Stationary phase experiments 

(Figure 4.2.4e) displayed the greatest number of significant proteins with 162 being enriched. Whilst 

exponential phase showed the presence of a protein past the right contour, the q-value was determined 

as 0 making it unreliable (Figure 4.2.4f). The mupirocin experiment showed no significantly enriched 

proteins. When considering the culture was exposed to stress during mid-exponential phase, the 

similarity to the exponential phase is not surprising. The macrophage-based experiments led to the 

enrichment of just one protein (Figure 4.2.4f), identified as ribosomal protein RpmA (L27), which is 

implicated in growth (Maguire et al., 2001). While data using the exponential phase and stressed lysates 

revealed little, the large collection of significantly enriched proteins present in the stationary phase data 

was of great interest. These were investigated further as stationary phase is when (p)ppGpp levels 

should be at their highest in the absence of stress (~700 μM in contrast to 50 μM in exponential phase). 

 

4.2.5. Bioinformatic characterisation of (p)ppGpp binding proteins isolated from stationary phase lysates 

Proteins from the mass spectrometry data were reported by gene locus and accession number (Table 

1, Appendix). We first compared their identities against hit-lists from previous capture compound studies 

that used E. coli and S. Typhimurium lysates. We found that 20 of the 162 proteins had been previously 

identified, including PurF the key ppGpp-binder identified in the initial ppGpp-capture compound study, 
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validating the method used for the identification of ppGpp binding proteins (Figure 4.2.5)  (Wang et al., 

2019a, Haas et al., 2022).  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

With a list of potential ppGpp interactors now established, the next step was to determine the respective 

pathways and roles of these 162 proteins. First, the list was subjected to analysis using the Kyoto 

encyclopaedia of genes and genomes (KEGG). KEGG utilises several different interaction 

classifications: pathways; brite; and modules -with pathways and brite being of most use to us. Overall 

KEGG can be defined as an ontology database that visually represents functional hierarchies of 

biologics, including molecules/proteins and cells, that allows for systematic analysis of gene functions 

and involvements of proteins in their respective pathways (Kanehisa and Goto, 2000).  Using KEGG, 

138 of the 162 proteins were successfully mapped to 20 different biological functions across the cell 

including: enzymes; peptidases; chaperones; transcription factors and ribosome biogenesis (Figure 

4.2.5.1a). KEGG mapper also allows the mapping of groups of proteins onto metabolic maps. Using 

KEGG mapper for our 162 proteins we highlighted numerous metabolic processes that could be 

regulated by (p)ppGpp in the cell (Figure 4.2.5.1b). 

Figure 4.2.5: Volcano plot demonstrating the capture compound’s ability to significantly 

enrich proteins from lysate and comparison to previously captured targets. a) Stationary phase 

pulldown analysis showing 162 significantly enriched proteins. Significance threshold was set to an 

FDR of 0.05 using a students two sample t-test. Previously identified proteins by capture compound 

and DRaCALA methodologies have been colour coded. Red:(Wang et al., 2019a), Blue: (Zhang et 

al., 2018, Haas et al., 2022), Green: (Haas et al., 2022, Wang et al., 2019a), Orange: Two or more 

studies. b) Venn diagrams demonstrating overlap of our captured proteins with previous capture 

compound studies. Blue: our stationary phase hits; red: (Haas et al., 2022); pink: (Wang et al., 

2019a). 
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Although 162 of these proteins were deemed significantly enriched by the capture compound and others 

considered significantly absent by statistical analysis, binding of the enriched proteins to ppGpp must 

be confirmed by biophysical methods and their interactions thoroughly characterised. Around half of all 

the proteins identified were allocated as enzymes involved in metabolic pathways, however, there was 

an extensive range of cellular processes identified during KEGG mapping, all of which had the potential 

to reveal novel binding partners. Hence, in the next chapter we describe the use of a high throughput 

differential radial capillary action of ligand assay (DRaCALA) using a previously constructed open 

reading frame (ORFeome) protein expression library containing expression vectors for the majority of 

proteins in S. aureus COL, to further investigate these potential ppGpp interactors.  

 
 

Figure 4.2.5.1: KEGG mapping reveals protein hits that span numerous cellular processes. a) 

KEGG pathway mapping of the potential hits and their respective pathways within the cell, showing the 

extensive range of functionality ppGpp posseses. Green: pathways involving enriched proteins. Red: 

pathways involving  proteins more present in the bead control. b) Summary of the proteins mapped to 

cellular processes by KEGG. 
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4.3. Discussion  

In this chapter we aimed to optimise a pulldown procedure for the isolation of ppGpp binding proteins. 

We implemented two procedures M1 and M2 before deciding on M1 and using lysates from strains 

grown to various growth phases and stress conditions, with the hope of particular subsets of proteins 

being upregulated, potentially allowing us to identify novel ppGpp interactors in previously unexplored 

processes. These pulldown-enriched proteins were then submitted for tandem mass spectrometry and 

statistical analysis of the proteomics data obtained was performed using a stringent FDR cut off. We 

then began the process of identifying the proteins by gene locus, while drawing comparisons to previous 

ppGpp capture compound studies. This led us to the discovery that 12.3% of our significantly enriched 

proteins had previously been captured adding validity to our protein-capture approach. With the protein 

identities established, we then began categorising the proteins by their cellular functions, providing us 

with an insight into what processes were being targeted by ppGpp, with the majority being involved in 

metabolism. This list of proteins and their respective functions is to be investigated further in the next 

chapter in order to characterise and confirm any potential interactions with ppGpp.  

 

When performing pulldown procedures there were several considerations to be taken into account, 

some of which could be improved. Firstly, high lysate concentrations increase the likelihood of the 

capture compound enriching proteins of a lower abundance throughout the sample. Therefore, using 

lysate concentrations of 3 mg/mL compared to the 10 mg/mL used by Laventie et al may have led to 

isolation of a smaller range of proteins. To counteract this, both membrane and cytoplasmic fractions 

were re-combined and passed through a 3 kDa MWCO spin column, after solubilising with DDM and 

desalting. However, the presence of the detergent DDM when passing the lysates through the 

concentrator could lead to an unknown increase in detergent concentration, meaning DDM micelle (70 

kDa) concentrations increase and aggregation can occur, potentially resulting in protein degradation 

(Strop and Brunger, 2005). The increased concentration of DDM had the capacity to unexpectedly alter 

our results via misidentification of protein fragments, however, the problem was rectified in the latter 

pulldowns with exponential phase and stress conditions by adding DDM after passing through a 

concentrator. 

 

KEGG mapping revealed that the majority of proteins were involved in metabolism (Figure 4.2.5.1b). 

This was not surprising as previous studies have revealed (p)ppGpp binding partners in both the de 

novo and salvage purine synthesis pathways across multiple species such as S. aureus, B. subtilis and 

E. coli. These include the aforementioned PurF, the GMP kinase Gmk, the GMP synthase GuaA, the 

IMP dehydrogenase GuaB and the hypoxanthine phosphoribosyltransferase HprT (Wang et al., 2019, 

Hochstadt-Ozer and Cashel, 1972, Kriel et al., 2012, Anderson et al., 2019, Liu et al., 2015). Numerous 

uncharacterised proteins were enriched, alongside ~30 proteins involved in amino acid biosynthesis 

and ribosomal processes. This finding is also unsurprising as it is known that the previously 

characterised ribosomal GTPases are (p)ppGpp interaction partners, and that the CodY transcription 
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factor plays a role in mediating amino acid biosynthesis through fluctuating (p)ppGpp and GTP levels 

(Geiger et al., 2010, Geiger et al., 2012). There were, however, some more interesting processes 

identified such as  previously uncharacterised pathways involved in nucleotide metabolism and even 

virulence factors. (p)ppGpp has been shown to be important for pathogenicity in S. aureus, with a 

synthetase-off, hydrolase-on mutant of Rel showing decreased virulence in a kidney infection mouse 

model, while deletion of codY restored virulence (Geiger et al., 2010). High level vancomycin resistance 

was also seen in a clinical isolate of MRSA, along with increased expression of the toxic phenol soluble 

modulins, increased lysis of neutrophils, increased intracellular survival and adherence to endothelial 

cells in vitro (Li et al., 2020). Despite (p)ppGpp’s  apparent links with virulence, a definitive ppGpp-

protein binder, directly involved with these processes remains undiscovered.  

 

The lack of overlap between our results and Haas et al and Wang et al could be explained by several 

reasons. Haas et al used an extensive range of ppGpp capture compounds in order to probe the 

structure activity relationship with the binders, while we only used one capture compound. Secondly, 

the lack of a covalent cross-linker may have led to the loss of some binding proteins during the washing 

steps of our pulldowns. Finally, neither of these capture compound studies were investigating S. aureus. 

It is likely that expression of certain proteins differs across species making it difficult to capture the same 

proteins in significant abundances. Even when comparing significantly enriched proteins between Haas 

et al and Wang et al, only 10 proteins were common between the two. When comparing overlapping 

proteins with our study, we managed to isolate the key binder of the Wang et al study – PurF, as well 

as elongation factor-Ts, elongation factor-P and the heat shock proteins GroS, GrpE from Haas et al. 

The remaining proteins shared between the studies were all involved in some sort of metabolism (Table 

2-4, Appendix). 

 

Despite the two possible pulldown methodologies (M1 and M2) differing only slightly, there was a large 

impact on the proteins that were isolated by the capture compound across these two procedures as 

seen in the silver stains and western blots (Figure 4.2.2.2.2). M1 involved coating streptavidin beads 

with the capture compound before incubating with the treated lysates, while M2 involved free capture 

compound interacting with proteins by its p(s)pGpp moiety before the addition of streptavidin magnetic 

dynabeads, which would capture the compound by its biotin-affinity handle. M2 was chosen in 

preference to the initial methodology as it lacked the steric hindrance associated with a bead-compound 

complex. As a result, capture was improved and analysis by silver stain showed a greater difference in 

protein banding patterns when comparing to the bead control. Coomassie staining was not suitable for 

analysis due to the low concentration of the pulldown eluents and, as a result, silver staining was 

implemented due to its increased sensitivity, allowing detection as low as 0.1 ng protein per band. 

However, silver staining has drawbacks, mainly the formation of silver mirrors during the development 

step and an intense background if the process is not terminated quickly enough, this is most visible in 

the lanes containing lysate (Figure 4.2.2.2.2ab, Lane 2 and 6). Cytoplasmic fractions contain many free 
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nucleotides such as ppGpp, may interfere in the assay by blocking binding sites of the capture 

compound in a direct or allosteric manner. Nucleotides were removed using a PD10 column. Membrane 

proteins are often incorporated into lipid bi-layers and possess poor solubility as a result addition of a 

surfactant such as DDM aids solubility. 

 

With proteins now isolated by pulldown experiments there were two options for proteomic analysis: 

shotgun proteomics also referred to as bottom-up proteomics - where proteins undergo proteolysis to 

yield peptides which are further fragmented; or top-down proteomics – where intact proteins are ionised 

and later fragmented (Yates, 2015). We utilised shotgun proteomics due to its ability to identify proteins 

from complex mixtures, while also avoiding some of the limitations associated with top-down methods 

such protein ionisation and fragmentation in the gas phase (Zhang et al., 2013). Before proteomic 

analysis can take place, the samples must be efficiently cleaned and prepared for mass spectrometric 

analysis. There are several methods that can be used when preparing samples for proteomics, which 

range from gel based, to solution or filter based. The samples we submitted where prepared by S-trap 

proteomics previously described in section 2.4.3.3, this method is an improvement on most current 

methods due to shorter centrifugation times and a greater ability for generating detectable peptide 

sequences which improves output (Haile Mariam et al., 2018, Ludwig et al., 2018). 

 

When analysing proteomics data, the software generates theoretical peptide fragments based on the 

S. aureus proteome provided, which are then scored against the experimentally observed fragments, 

searching for a match so that the protein responsible is determined. However, when performing 

experiments such as the pulldown using lysates of bacteria isolated from infected macrophages, there 

is the possibility of  carry over proteins belonging to white blood cells present in the sample that cannot 

be linked to the provided proteome. Therefore, the algorithm will attempt to match the in silico generated 

fragments to all of the available fragments regardless of their origin. As a result the false discovery rate 

increases, making it more difficult to identify significant hits. During the normalisation process, we 

utilised the median average, to identify  our 162 proteins from stationary phase lysates. However during 

trypsin digestion a standard is sometimes added in known concentration that can then be used to 

normalise all of the LFQ data allowing for more accurate estimates of abundance. This is something 

that could be trialled in future experiments.  

 

The only experiment to yield a significantly enriched protein besides stationary phase was the 

macrophage pulldown with the aforementioned ribosomal protein RpmA. Highly conserved in most 

bacterial species, RpmA has been shown to play a key role in tRNA substrate stabilisation through 

cross linking with the 3' end of A and P site tRNAs, with deletion mutants in E. coli leading to a lack of 

tRNA cross linking and growth defects (Maguire et al., 2001, Wower et al., 1998). In S. aureus and B. 

subtilis, RpmA has an extended N-terminal domain that protrudes directly into the peptidyl transferase 

centre interfering with tRNA stabilisation by occluding key residues, however, it is readily cleaved by 
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another protein Prp with both being essential for survival (Wall et al., 2015, Spilman et al., 2012). It is 

currently unclear what the role of this N-terminal extension is and why the bacteria do not simply express 

the shortened version of the protein present in most other bacteria such as E. coli. However, it is 

postulated that the peptide released upon cleavage may act as a regulatory switch or environmental 

sensor involved in regulating ribosome assembly, with overexpression of the peptide leading to a small 

decrease in growth rate (Wall et al., 2015). A ppGpp binding protein that limits cell growth during stress 

is not unusual and has been seen in the form of the aforementioned translational GTPases in section 

4.1. However, RelA is known to complex to the 50S ribosomal subunit during stress while also binding 

(p)ppGpp, therefore RpmA may have been enriched as a result of it complexing to Rel (Richter et al., 

1975, Ramagopal and Davis, 1974). 

 

The lack of significantly enriched proteins across 3 of 4 experiment types could be explained by low 

protein abundance. In macrophage experiments, bacteria are exposed to donor macrophages and 

internalised within 6 hours, after this time period extra-cellular bacteria are washed away and 

internalised bacteria are eventually “rescued” by selectively lysing the macrophages with saponin. 

Ultimately the pellets we used for lysis contain mainly cellular debris from the macrophages and 

internalised bacteria, of which there is a significantly lower number when comparing to other pulldown 

experiments. Although the lysates from exponential and mupirocin experiments were passed through 

a spin concentrator, some ppGpp binders would be at undetectable levels. This is due to ppGpp halting 

growth, meaning some proteins-binders would be expressed less during exponential phase, with the 

exception of translation factors. Despite efforts to minimise loss of proteins at low abundance, the use 

of lower lysate concentrations (3 mg/mL), as expected, led to some protein-binders being lost during 

the pulldown procedure and sample preparation (Feist and Hummon, 2015). 

 

Although Laub et al had great success in the original ppGpp capture compound paper using a SILAC 

approach described in section 4.1. SILAC systems can be difficult to design as they requires a high 

degree of isotopically labelled atom incorporation with low labelling success shifting the ratio in favour 

of unlabelled protein making identification difficult (Zhang and Neubert, 2009, Zhang et al., 2014, Elias 

et al., 2005). Some methods have been described which attempt to resolve this by measuring isotopic 

label incorporation for individual protein, however this is not very cost effective and also time consuming 

(Spellman et al., 2008). In order to be able to effectively generate a ratio of heavy/light atoms SILAC 

also requires proteins to be isolated in two independent analyses (Zhang et al., 2014).  In contrast to 

this, with an effective experimental design SILAC can be simple to implement and identification of 

protein interactors can be simple due to the known difference in heavy/light peptides (Zhang and 

Neubert, 2009). It is also possible to use samples directly after lysis so that minimal variables are 

affected by sample preparation. Furthermore, around 50 putative ppGpp targets were identified using 

this methodology, however, we simply did not have the resources to generate isotopically labelled 

media or time to generate an effective media for SILAC (Wang et al., 2019a). The most recent capture 
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compound by Haas et al did not use a SILAC approach but made use of a covalent capture-compound 

and included a competition control during their pulldown procedures (Haas et al., 2022). This control 

included a 1000-fold excess of (p)ppGpp in comparison to the bead control and capture experiments in 

order to outcompete their covalent capture compound and reduce the number of false positives. This 

inspired us to include our own competition control with 100-fold excess of ppGpp alongside the bead 

and capture experiments, however, the differences in proteomics results between the competition and 

capture experiment were negligible, perhaps due to a lower concentration of competitive nucleotides 

and so were not included in this analysis. 

 

Overall, we were able to demonstrate the ability of our non-covalent capture compound to selectively 

isolate known ppGpp binders through interactions with the translational GTPases, before developing 

our own pulldown procedure based on previous methodologies and the use of shotgun proteomics to 

circumvent the use of SILAC. The key difference to previous approaches such as Laventie et al  , Haas 

et al and Wang et al was our wash method, which contained a significantly lower concentration of salt 

to prevent the disruption of specific interactions. Several growth and stress conditions were then 

investigated using this procedure with varying degrees of success, with the unstressed stationary phase 

experiment being the most successful, isolating 162 proteins for further investigation by binding 

characterisation methods which we explore in the following chapter.
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Chapter 5: 

Characterisation of novel-ppGpp interacting proteins 
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5.1. Introduction  

There are a variety of techniques that can be used to investigate protein binding interactions with small 

ligands. These techniques include isothermal calorimetry, microscale thermophoresis (MST), NMR 

assays and differential radial capillary action of ligand assay (DRaCALA) (Roelofs et al., 2011, Duff et 

al., 2011, Shortridge et al., 2008). DRaCALA operates on the ability of nitrocellulose to immbolise 

proteins at the point of application while free ligands annulate outwards from the application point due 

to the bulk movement of the solvent by capillary action (Fig 1.6.1).  

 

This technique has been used to great success and is incredibly useful for high throughput screening 

of potential protein interactors, as it does not require protein purification, with whole cell lysates being 

sufficient as long as the protein is over expressed to a sufficient level. When used in a 96-well plate 

format, it allows for large scale screening of protein over-expression libraries, but it can also be used 

with purified recombinant protein for a more accurate determination of binding affinities(Orr and Lee, 

2017). DRaCALA has revealed numerous novel interaction partners across several species, such as 

Bacillus anthracis, E. coli, and more relevant to us, S. aureus by Corrigan et al, identifying the tight 

binding translational GTPases: RsgA (Kd = 2.2 μM);  RbgA (Kd = 2.9 μM); HflX (Kd = 3.4 μM); Era (Kd = 

4.2 μM)(Corrigan et al., 2016, Bennison et al., 2021, Zhang et al., 2018). 

 

In this chapter, we describe the use of a high throughput DRaCALA methodology previously 

implemented by Corrigan et al to identify ppGpp binding targets from a hit list established by the 

pulldown tandem mass spectrometry experiments performed in Chapter 4. We then used several 

biophysical and chemical techniques such as NMR and in vitro reaction assays to confirm binding, 

along with an MST trial to determine a binding affinity for our putative targets. 
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5.2. Results  

5.2.1. Protein over-expression using a pre-established ORFeome library 

The 162 significant hits identified in the stationary phase dataset needed to be filtered prior to focusing 

on a small number of potential interactors to further characterise. In order to reduce the size of the hit 

list we followed one criterion, namely, that the proteins should be involved in processes previously 

implicated in the stringent response or be important for staphylococcal growth or virulence - this led to 

us shortlisting ~60 proteins of interest. To screen for binding to all 60 proteins, we made use of a 

previously constructed ORFeome protein over-expression library that was available in the lab. This 

library contains 2,343 open reading frames (ORFs), which cover 85.5% of the genes, of S. aureus strain 

COL in plasmids fused to an N-terminal 6x-His-tag in an E. coli expression strain. The His-tags allow 

for later purification if required. The E. coli strain, T7IQ, encodes the T7-RNAP within the lac operon on 

the chromosome and two plasmids: LacIQ encoding the lacI repressor, which prevents transcription of 

a portion of the lac operon, and pVL791 encoding the protein of interest under T7 RNAP promoter 

control (Figure 5.2.1). Once in early exponential phase, the introduction of IPTG inhibits the function of 

LacI, which subsequently allows for the expression of the T7-RNAP that is capable of inducing protein 

production of the desired protein.  

 

 

 

 

 

 

 

 

 

 

 

 

Our 60 chosen strains from the library were grown in 96 well deep plates and expression of the protein-

His fusions were induced. Cultures were pelleted and lysed, before being analysed by SDS-PAGE to 

confirm the expression of the desired proteins (Figure 5.2.1.1). The majority of the proteins (39/60, 

65%) were expressed to a visible level, along with a positive control in the form of the known ppGpp-

binder RsgA. Several cultures did not grow on the first induction attempt, possibly due to toxic 

expression or poor inoculation. Irrespective of the expression success rate, all 60 of the whole-cell 

lysates were screened using DRaCALA with [α-32P]-ppGpp.  

Figure 5.2.1: T7IQ allows for the expression of the desired His-tagged proteins in the 
presence of IPTG. The pVL791 plasmid encodes the his-tagged protein under tight IPTG-inducible 
control of the T7 promoter which allows for protein expression to be induced when desired. 
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Figure 5.2.1.1: SDS-PAGE to assess protein expression from the ORFeome library. a-d) Proteins in increasing size order (listed below name in 
kDa) with exception of proteins in red which did not grow successfully the first time. Cultures were grown to an OD600 of 0.3-0.5 at 37 °C before the 
addition of IPTG (1 mM) to induce protein expression and incubated (30 °C, O/N). Cells were lysed in the presence of PMSF (1 mM), DNase (2 mg/mL), 
lysozyme (50 mg/mL) and subjected to 3x freeze thaw cycles (-80 °C, 20 mins). Lysates were then run on 12% SDS-PAGE (400 mA, 200 V, 45 mins) 
and stained with Coomassie. 
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5.2.2. Synthesis of [α-32P]-ppGpp using the bifunctional ppGpp synthetase RelSeq 

To begin the screening process with DRaCALA, the synthesis of our ligand [α-32P]-ppGpp was required. 

Making use of an RSH-homolog from the bacterium Streptococcus equisimilis termed Relseq, it was 

possible to catalyse the formation of 32P-pppGpp by addition of a pyro-phosphate from ATP to the 3'- 

position of α-32P-GTP via SN2 chemistry (Figure 5.2.2a).  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

This reaction proceeded as expected, forming the pre-cursor nucleotide [α-32P]-pppGpp in good yield 

with 89% conversion as seen by TLC (Figure 5.2.2b). The higher negative charge of [α-32P]-pppGpp 

leads to a greater retention factor on a TLC, allowing for it to be easily distinguished from the [α-32P]-

GTP starting material. The desired [α-32P]-ppGpp was then formed by cleavage using the guanosine 

pentaphosphate 5′-phosphohydrolase A (GppA) to give the product in nearly 100% yield as seen by the 

complete absence of pppGpp on TLC (Figure 5.2.2c). GppA is heavily involved in the metabolism of 

pppGpp to ppGpp and was first identified with gpp mutants in E. coli having increased pppGpp 

accumulation and reduced ppGpp accumulation in their lysates (Somerville and Ahmed, 1979, Hara 

and Sy, 1983). It also exhibits high specificity for pppGpp even in the presence of other nucleotides in 

Figure 5.2.2: Relseq catalysed formation of pppGpp and subsequent cleavage by GppA to ppGpp 
is monitored by TLC. a) The 3'-hydroxy group of GTP attacks the 5'-β-phosphate of ATP to yield AMP 
and [α-32P]-pppGpp. The [α-32P]-pppGpp is then cleaved by guanosine pentaphosphate 5′-
phosphohydrolase A (GppA) to give inorganic phosphate and the desired radiolabelled [α-32P]-ppGpp. 
b) TLC of Relseq reaction mixture showing the formation of [α-32P]-pppGpp (bottom) from [α-32P]-GTP. 
c) TLC showing the formation of the desired [α-32P]-ppGpp nucleotide (Lane 2) from [α-32P]-pppGpp 
(Lane 3) in almost 100% yield catalysed by GppA. TLCs were run on PEI cellulose TLC with a mobile 
phase of 1.5 M KH2PO4 (pH 3.6). Images were obtained by exposure to an IP-plate and visualised 
using a Typhoon FLA7000 Phosphoimager. Conversions were determined using pixel densitometry. 
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5-fold excess, making it suitable for the production of [α-32P]-ppGpp that was used in our DRaCALA 

experiments (Somerville and Ahmed, 1979).  

 

5.2.3. High throughput radio-labelled DRaCALA with whole cell lysates 

 The [α-32P]-ppGpp, was mixed with whole-cell lysates of the expression strains grown using the 

ORFeome library and dotted onto nitrocellulose membranes to perform DRaCALA (Figure 5.2.3a). 

From the spots produced the fraction of ppGpp bound (Fb) to each protein was then calculated by 

determining the area and intensity of each spot by pixel densitometry (Equation 5.2.3) (Roelofs et al., 

2011). 

 

Equation 5.2.3:   𝐹𝑏 =
 (𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐼𝑛𝑛𝑒𝑟− 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑇𝑜𝑡𝑎𝑙
 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 = 𝐴𝑟𝑒𝑎𝑖𝑛𝑛𝑒𝑟 ×  
 (𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑇𝑜𝑡𝑎𝑙 −  𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐼𝑛𝑛𝑒𝑟)

 (𝐴𝑟𝑒𝑎𝑇𝑜𝑡𝑎𝑙 − 𝐴𝑟𝑒𝑎𝑖𝑛𝑛𝑒𝑟)

 

∴ 𝐹𝑏 =  
 (𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐼𝑛𝑛𝑒𝑟 −  [𝐴𝑟𝑒𝑎𝑖𝑛𝑛𝑒𝑟 ×  

(𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑇𝑜𝑡𝑎𝑙 −  𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝐼𝑛𝑛𝑒𝑟)
(𝐴𝑟𝑒𝑎𝑇𝑜𝑡𝑎𝑙 − 𝐴𝑟𝑒𝑎𝑖𝑛𝑛𝑒𝑟)

]

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑇𝑜𝑡𝑎𝑙

 

 

A positive (pVL791-rsgA) and a negative control (empty vector) were also included in each assay 

(Figure 5.2.3a). It stands to reason that the positive control RsgA (+ve) displayed the greatest intensity 

signal and the negative control T7IQ pVL791 displayed almost no binding to 32P-ppGpp. Whole cell 

lysates contain every protein in the cell at the time of lysis, hence the slight background level of ppGpp 

binding in almost all of the expression lysates, with the exception of 6 strains that were absent from the 

analysis due to failed growth (Figure 5.2.3a, red cross). When analysing each spot, it was important to 

ensure the measurement areas were larger than the actual dot to account for the “edge effect”, where 

evaporation during annulation leads to areas of higher concentration and greater intensity (Roelofs et 

al., 2011). The data from across the replicates were analysed and any spots deemed to be deformed 

were removed from the analysis, before averaging and organising by percentage binding with respect 

to the RsgA positive control (Figure 5.2.3b).  
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5.2.4. Rationale for choosing group 1 proteins for further characterisation 

From the above analysis, six proteins were chosen to be investigated further; PrsA; PerR; KatA; VraR; 

RpoY and RpoE. PrsA was chosen as it had the highest similarity between replicates and showed 

strong binding compared to the positive control RsgA. It is a chaperone implicated in cell wall stress, 

and antimicrobial tolerance. Upregulation of PrsA expression occurs upon cell wall stress that is 

detected by the vancomycin resistance associated regulatory two-component system (VraRS). The 

protein also mediates oxacillin resistance, with deletion altering resistance levels in three different 

MRSA strain backgrounds. PrsA also plays a role in host immune evasion with a recent study 

demonstrating the immunoglobulin-binding protein A requires PrsA for secretion and stabilisation in S. 

aureus (Lin et al., 2024). 

Figure 5.2.3: Whole cell lysate high throughput DRaCALA with [α-32P]-ppGpp. a) DRaCALA of 
60/162  proteins using whole cell lysates and [α-32P]-ppGpp (1.6 nM). The outer dot circle is due to free 
ligand annulating outwards while the inner circle is due to proteins binding to the radiolabelled ppGpp. 
b) The DRaCALA spots were subject to pixel densitometry so that the fraction of ppGpp bound could 
be calculated, these values were then transformed into percentage binding with respect to the positive 
control (RsgA). Two technical replicates (grey = technical 1, black = technical 2). Proteins chosen to be 
investigated = orange. Positive and negative controls  = blue. Threshold of the negative control = red 
hashed line. 
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PerR also displayed good binding with respect to the positive control and is an enzyme implicated in 

staphylococcal virulence. Previous studies have found PerR controls transcription of genes involved in 

producing oxidative stress proteins, such as alkylhydroperoxide, bacteriofierritin, thioredoxin B and 

KatA, and studies in the Corrigan lab link the stringent response to survival in the presence of reactive 

oxygen species (Choudhury et al., 2023). PerR may mediate expression of these genes by acting as a 

peroxide sensor, with additional peroxide leading to induction of the majority of the perR regulon except 

for itself and the ferric uptake regulator fur (Horsburgh et al., 2001). KatA, as the sole catalase in S. 

aureus, is important for survival in a murine skin abscess infection model, while it does not affect 

pathogenicity. PerR however is required for virulence with significantly smaller lesions forming in the 

inactivated perR gene strain (Horsburgh et al., 2001).  This is important as when internalised by a 

macrophage, the primary stress the bacteria experiences will be exposure to reactive oxygen species. 

PerR has also been identified as a transcriptional regulator of the pore forming leukocidin LukAB, as 

during infection of human polymorphonuclear neutrophils, upregulation of PerR leads to increased 

cytotoxicity (Savin et al., 2024). This phenotype is also present with exposure to neat H2O2, suggesting 

PerR detects reactive oxygen species produced by host immune cells and upregulates production of 

LukAB as a result, heavily implicating it in virulence (Savin et al., 2024). 

 

KatA was chosen for further characterisation as it is intrinsically linked with PerR. KatA is responsible 

for detoxifying H2O2 levels of up to 100 mM, while this may not be experienced upon internalisation by 

macrophages or intracellularly, with H2O2 levels being ~2 μM to 1-100 nM respectively (Sies and Jones, 

2020, Imlay, 2019, Lyublinskaya and Antunes, 2019). S. aureus is a coloniser of the nares, with 

peroxide levels reaching millimolar levels in this environment. This is, in part, due to competing bacteria 

such as Streptococcus pneumoniae, which use their lactate and pyruvate oxidases to produce 

millimolar levels of H2O2 (Lisher John et al., 2017, Liu et al., 2015a). With this in mind, Cosgrove et al 

saw a significant decrease in nasal colonisation of cotton rats when comparing inactive katA mutants 

to wildtype (Cosgrove et al., 2007b, Horsburgh et al., 2001). KatA has also been implicated in lowering 

external peroxide levels and as a result of this, levels of reactive oxygen species such as HOCl also 

decrease due to myeloperoxidases having less substrate. It is also induced upon macrophage 

internalisation and deemed essential for survival in this instance (Das et al., 2008). 

 

As mentioned previously when discussing PrsA, the VraRS-two component system is involved in 

relaying information about cell wall stress. Cell wall-targeting antibiotics are known to induce expression 

of the (p)ppGpp synthetases RelP and RelQ (Gratani and Wolz), linking cell wall stress and the stringent 

response. Therefore it seemed sensible to investigate one of its constituents proteins, VraR. 

Antibacterials that target cell wall peptidoglycan synthesis such as β-lactams and vancomycin trigger 

the activation of this two-component system, which then co-ordinates expression of a multitude of genes 

involved in exposure to cell wall inhibitors including those involved in the biosynthesis of peptidoglycan, 

heavily implicating it in antimicrobial tolerance (Kuroda et al., 2000, Fan et al., 2007).  
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The final two proteins chosen to be investigated were the RNAP subunit RpoE (δ) and the small 

accessory subunit RpoY (ε), despite the former barely clearing the threshold of the negative control 

(Weiss et al., 2014, Weiss and Shaw, 2015). As mentioned in Chapter 1, ppGpp is reported to not bind 

directly to RNAP in the Firmicutes as it does in E. coli. However, when these ppGpp interaction studies 

were performed, they utilised core RNAP from Bacillus subtilis, which lacked these accessory subunits 

(Krasny and Gourse 2004). The possibility therefore remains that (p)ppGpp could interact with the 

RNAP from the Firmicutes, but only with distinct regions of the polymerase.  

 

5.2.5. IMAC purification of potential group 1 ppGpp interactors  

When purifying a recombinant protein, it is possible that it may co-purify with the ligand (p)ppGpp, which 

may mask observable binding to our 32P-ppGpp. In order to avoid a loss of signal when performing 

DRaCALA, the expression vectors were introduced into a (p)ppGpp0 E. coli strain - MG1655 ΔrelA 

ΔspoT pTARA. This strain contains the pTARA plasmid with the T7 polymerase under the control of an 

arabinose-inducible promoter, allowing for expression of our genes from the T7 promoter in pVL791. It 

also has a deletion of the two E. coli (p)ppGpp synthetases RelA and SpoT. The expression between 

the original T7IQ strains with IPTG inducible promoters and the new MG1655 ΔrelA ΔspoT strains were 

then compared by SDS-PAGE alongside controls (Figure 5.2.5).  

 

 

 

 

 

 

 

 

 

 

Figure 5.2.5: Protein expression of T7IQ strains compared to MG1655 ΔRSH strains. Small scale 
protein inductions of the IPTG (1 mM) inducible T7IQ expression strains compared to the arabinose 
(10 mM) inducible MG ΔRSH expression strains showing the efficiency of the former. Induction 
conditions of 30 °C for 1 hr were adhered to for all strains and  lysates were normalised to an OD600 
of 1 before running a 12% SDS-PAGE (400 mA, 200 V, 45 mins) and staining with Coomassie. 
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By comparing the two expression systems it was established that T7IQ would be more efficient in terms 

of protein production. With the correct expression system established, a small-scale induction was 

performed to ensure that the desired proteins were present in each lysate (Figure 5.2.5.1a), before 

purifying via IMAC chromatography – previously described in section 2.4.2.4 A typical IMAC 

chromatogram allows for visualisation of the lysate being loaded onto the column along with elution of 

the desired His-tagged protein from the nickel column. As the concentration of imidazole increases the 

protein can be seen to elute with its concentration gradually increasing (Figure 5.2.5.1b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The appropriate fractions were then pooled, followed by dialysis to remove imidazole, as not only can 

this cause solubility and activity issues with prolonged exposure, due to its amphoteric nature when 

preparing samples for SDS-PAGE, the boiling step can cause acid-labile bonds to hydrolyse (Bornhorst 

and Falke, 2000, Hamilton et al., 2003). Pooled fractions were then passed through a protein 

Figure 5.2.5.1:  Proteins were expressed and purified by IMAC chromatography to allow for 
DRaCALA with recombinant protein. a) Small scale protein expression. b) A typical IMAC purification 
trace (PerR). UV trace = red. Concentration of imidazole = blue. c) Protein purity assessment with 
relevant fractions. d) Solubility test of PrsA, VraR, RpoY alongside control strain with their soluble and 
insoluble fractions. Relevant bands marked with a red asterisk. e) DRaCALA with recombinant protein 
and [α-32P]-ppGpp, showing binding to the positive control RsgA.  
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concentrator (3 kDa) and their concentrations determined by a BioRad assay before analysing by 15% 

SDS-PAGE (Figure 5.2.5.1c). Despite expression being visible in the original lysates, some fractions 

contained little to no protein, as in the cases of KatA and PrsA. One explanation for this was that some 

of the protein was being lost in the insoluble fraction. In order to assess this, solubility was investigated 

by collecting the pellet after lysis and running it on SDS-PAGE alongside the respective lysate, revealing 

that both VraR and RpoY were trapped in the insoluble fraction (Figure 5.2.5.1d). Despite this, proteins 

that were successfully purified were subject to DRaCALA with adjusted concentrations to 10 μM, 

unfortunately no binding to 32P-ppGpp was observable (Figure 5.2.5.1e). 

 

5.2.6. Rationale for choosing group 2 proteins for further characterisation 

No binding of 32P-ppGpp was observed to the 4 purified proteins tested above. Therefore, we decided 

to select 7 random other proteins from our list of 60 for further investigation: Ac2460, Adk, MvaD, LysA 

UreE, HxlB and Ohr. We repeated the DRaCALA assay using whole cell lysates from protein over-

expression strains (Figure 5.2.6). Overall these proteins displayed lower binding with respect to the 

positive control than the initial six, however we decided to characterise them further.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Acetyltransferase 2460 was chosen as it displayed a very strong signal in relation to the positive control 

RsgA. It is a hypothetical protein in terms of structure, predicted to function as an acetyltransferase. 

Other acetyltransferases, such as YfiQ in E. coli, have been found to acetylate the cAMP-CRP regulon 

in a ppGpp-dependent manner. The cAMP-CRP regulon controls transcription of energy related genes 

such as the lac operon(Ro et al., 2021). CRP is readily acetylated by acetyl-phosphate and its ability to 

Figure 5.2.6:  Comparison of percentage binding with respect to RsgA between both groups 
of proteins. The number of hits close to the threshold of the negative control for group 2 was closer 
than group 1. However, their identification in a previous genome wide DRaCALA screen along with 
their involvement in stress processes and metabolism highlighted them as interesting proteins. Group 
1 is coloured grey. Group 2 is highlighted in orange with both negative (MBP) and positive (RsgA) 
controls highlighted in blue. 
 

A
c2

46
0

posi
tiv

e

prs
A

ad
k

per
R

rp
oY

ka
tA

m
va

D
ly

sA
ure

E
hxl

B
rp

oE

neg
at

iv
e

vr
aR O

hr

0

50

100

150

Protein

%
 B

in
d

in
g

 o
f 

p
p

G
p

p
 t

o
 p

ro
te

in

c
o

m
p

a
re

d
 t

o
 t

h
e
 +

v
e



130 
 

bind to DNA is influenced by its acetylation state. When considering ppGpp controls acetyl phosphate 

levels, this makes it an attractive target (Davis et al., 2018, Fernández-Coll and Cashel, 2018) 

 

MvaD is involved in the essential mevalonate (MVA) pathway and is responsible for decarboxylating 

and dehydrating phosphorylated MVA phosphate to isopentenyl pyrophosphate (IPP) and its isomer 

dimethylallyl pyrophosphate (DMAPP) (Reichert et al., 2018, Bloch et al., 1959). These two molecules 

are precursors to isoprenoids, incredibly important molecules involved in aerobic respiration, cell wall 

synthesis, membrane stabilisation, protein translation and even gene transcription (Holstein and Hohl, 

2004). One study utilising transcriptomics by Balibar et al, suggests that that S. aureus is capable of 

monitoring isoprenoid precursors and redistributing energy spent on certain pathways to ensure growth 

and survival. Strains with inactive proteins from earlier steps in the MVA pathway such as MvaA and 

MvaS could be rescued by the addition of MVA while, genes under expressing the mvaK1-mvaD-mvaK2 

operon were not able to be rescued by this addition, implying MvaD it is essential for a normal growth 

rate (Balibar et al., 2009). 

 

LysA is involved in amino acid biosynthesis and catalyses the decarboxylation of the acetyl 

diaminopimelate to L-lysine and is responsible for the synthesis of the peptidoglycan cell-wall (Wiltshire 

and Foster, 2001). 

 

Urease is a metalloenzyme that is integral in dealing with stress induced by acidic environments as it 

hydrolyses urea into carbon dioxide and ammonia, where the latter is then readily protonated, reducing 

the concentration of H+ ions, raising the pH as a result (Cotter and Hill, 2003, Mobley et al., 1995). 90% 

of S. aureus strains possess urease, which is encoded by the gene cluster ureABCEFGD, with the main 

subunits being ureA, ureB and ureC while ureE, ureF, ureG and ureD encode accessory proteins 

(Murchan et al., 2004). These genes have been found to have increased transcription in biofilm growth, 

with ureE most likely acting as a building block for metallo-centre assembly (Resch et al., 2005).  

 

HxlB is involved in the glycolysis pathway where it acts as a 6-phospho 3-hexuloisomerase converting 

between fructose 6-phosphate and d-arabino-hex-3-ulose-6-phosphate. With its role, HxlB is involved 

in gluconeogenesis and was found to be upregulated in planktonic cells when compared to biofilm cells 

in S. epidermidis (Martínez-García et al., 2021).  

 

Ohr aids bacteria in dealing with oxidative stress and is involved in the previously mentioned PerR 

regulon. In a study with a msaABCR S. aureus deletion mutant, the ohr transcript was downregulated 

with increased susceptibility to organic peroxide stress (Pandey et al., 2019). An inducible expression 

plasmid of ohr was then transformed into this deletion mutant, with overexpression causing increased  

resistance when compared to wildtype (Pandey et al., 2019). Another study has shown it is important 

for increased survival inside macrophages (Saikolappan et al., 2015). 
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The adenylate kinase Adk is responsible for catalysing the transfer of a terminal phosphate group 

between ATP and AMP in a reversible manner, it is therefore heavily involved in the purine synthesis 

pathway. (p)ppGpp is synthesised form ATP and GTP/GDP meaning Adk plays a key role in both 

mediating ppGpp levels by limiting an essential substrate and cellular energy levels (Dzeja and Terzic, 

2009).  

 

5.2.7. IMAC purification of potential group 2 ppGpp interactors 

Inducible strains of this new list of protein interactors were grown using the ORFeome library and the 

level of expression assessed (Figure 5.2.7a). All the strains were sufficiently expressing the desired 

proteins, with the exception of Adk, which was not included in this gel. They were then purified using 

IMAC chromatography as seen in the example purification of Adk (Figure 5.2.7b). The appropriate 

fractions were combined, and the proteins concentrated in a spin concentrator (3 kDa) where they are 

retained in the reservoir before measuring the concentration by BCA assay. The protein purity was then 

assessed by SDS-PAGE. The protein concentrations were : Ohr (570 μM), Ac2460 (477μM), Adk (257 

μM), MvaD (223 μM), HxlB (89 μM), and LysA (26 μM), UreE (31 μM),h was mostly impure (Figure 

5.2.7c). Proteins were then utilised in a DRaCALA experiment, where diluted samples (10 μM) were 

spotted alongside concentrated samples for each protein in triplicate. Again, the only protein to display 

binding was the positive control RsgA (Figure 5.2.7d). 

 

 

 

 

 

 

 

Figure 5.2.7: Recombinant protein DRaCALA with the new hit list. a) Small scale protein 
expression. b)  Fractions of Adk during purification by IMAC chromatography alongside lysate (left). c) 
Protein purity after purification. d) DRaCALA was performed with diluted proteins (10 μM) to minimise 
interactions with impurities and concentrated samples in case the proteins were too dilute. Only the 
positive control RsgA displayed binding. Performed in technical triplicate. 
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All of the purified proteins appeared to be promising ppGpp-interacting candidates by whole cell lysate 

DRaCALAs when comparing to a known binder (Figure 5.2.3), and the incorporation of magnesium into 

the buffer to act as a co-factor had been accounted for. Upon reviewing the study performed by Wang 

et al, it was noted that a lot of their identified hits had high μM Kd values, much weaker than other 

binders previously characterised in our lab, such as the GTPases (Table 5.2.7). 

 

Table 5.2.7: Summary of known ppGpp binding partners and their Kd values 

 *Red = Identified by Wang et al 

 

 

It is known that there is a large concentration range of (p)ppGpp in the cell, going from 50 μM in 

exponential phase to 1-2 mM during stress, and as highlighted by Steinchen et al, different cellular 

targets bind (p)ppGpp with vastly different affinities. This interaction modality, presumably, leads to an 

inhibition hierarchy, with different cellular processes inhibited at different stress levels. This inhibition 

hierarchy made us reassess the application of the DRaCALA method for the identification of low Kd 

interacting proteins. It is likely that we are missing binding to our tested proteins when performing 

Protein Function Kd (μM) 

Gsk Inosine guanosine kinase 0.4 ± 0.07 

PurF 
Glutamine 

amidophosphoribosyltransferase 
1.6 

SpeC Ornithine decarboxylase 1.6 ± 0.05 

RsgA Ribosomal GTPase 2.2 ± 0.2 

GdhA Glutamate dehydrogenase 2.8 ± 0.04 

Rbga Ribosomal GTPase 2.9 ± 0.4 

Gpt 
Xanthine-guanine 

phosphoribosyltransferase 
3.2 ± 0.05 

HflX Ribosomal GTPase 3.4 ± 0.4 

Era Ribosomal GTPase 4.2 ± 0.6 

Hpt 
Hypoxanthine 

phosphoribosyltransferase 
32 ± 4 

Upp 
Uracil 

phosphoribosyltransferase 
47 ± 3 

GpmA Phosphoglycerate mutase 52 ± 3 

PurA Adenylsuccinoate synthetase 61 ± 4 

Cmk Cytidylate kinase 79 ± 1 

FolC Dihydrofolate synthase 130 ± 3 

Icd Isocitrate dehydrogenase 132 ± 5 

Gnd 
6-phosphogluconate 

dehydrogenase 
175 ± 3 

Pgk phosphoglycerate kinase 493 ± 30 

Mpl 
UDP-MurNAc0L-Ala-γ-D-Glu-

meso-DAP ligase 
752 ± 46 
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DRaCALA, as there is simply not enough 32P-ppGpp (ca 20 nM) to saturate the binding site of weaker 

interactors. This left us searching for a new way of confirming ppGpp binding targets with several 

available methods.  

 

5.2.8. 31P NMR can be used to detect ppGpp binding proteins. 

Before determining Kds for every protein purified to date, which would be very labour intensive, we 

filtered out any definite non-binding proteins using NMR. No phosphates would be present in the 

proteins, while ppGpp has a distinct NMR trace due to its characteristic four phosphates. Therefore, if 

ppGpp were mixed with a potential binder a change in chemical shift could arise due to the shielding of 

the nuclei being altered or a change in intensity could occur due to binding. Firstly, this proof of concept 

was established using the known ppGpp binding protein Era, which binds with a Kd of 4.2 μM and a 

negative control in the form of MBP (Figure 5.2.8). 

 

The presence of the ppGpp binding protein Era completely abolishes the signals produced by the 

phosphates of ppGpp. This can be explained by the tumbling rate of molecules in solution. Small 

molecules such as ppGpp tumble rapidly and as a result the decay of the NMR signal occurs much 

slower, whereas large molecules have a slower tumbling rate this results in a rapid signal decay, making 

Figure 5.2.8:  The signals produced by the phosphates of ppGpp in 31P NMR are abolished by 
the GTPase Era. a)  31P NMR trace of ppGpp with peaks numbered (167 μM). b) 31P NMR trace of 
ppGpp in the presence of a non-binding protein MBP (45 μM) showing no difference (ppGpp:MBP, 
4:1). c) 31P NMR trace of ppGpp in the presence of the known binding protein Era (86 μM) showing 
the absence of peaks (ppGpp:Era, 2:1). d) Table showing the chemical shift (ppm) and integration 
values of each peak across a-b and how they are almost identical due to a lack of binding. 
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it difficult to distinguish signal from noise. Therefore, when ppGpp binds to Era in solution it will form a 

larger complex, with a larger tumbling time and signal is lost. As such, signal loss is a direct confirmation 

of binding and we can therefore conclude that Era is binding to ppGpp. In contrast, MBP did not shift 

the ppGpp signal at all, with virtually no difference in integration value or chemical shift.  

 

Therefore, this methodology was used to aid in filtering our hit list by first investigating the binding of 

proteins of high purity - HxlB, Adk, Ac2460, Ohr, and MvaD. The remaining proteins were put aside to 

be further purified by size exclusion chromatography. MgCl2 (10 mM) was included in the buffer to 

ensure that if these proteins were weak binders the necessary co-factor was present to facilitate binding, 

however, this changed the appearance of peaks 1-2 for ppGpp, perhaps due to chelation (Figure 

5.2.8.1a). 
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Using this 31P NMR technique, four of these five proteins were highlighted as potential binders, with 

visible differences being established between the ppGpp standards and ppGpp mixed with the proteins 

of interest (Figure 5.2.8.1b-g). Adk did not present a noticeable difference - a higher concentration of 

protein may have produced a change in signal. HxlB was initially used in a protein:ppGpp (1:2) ratio 

and a slight decrease in signal was observed (Figure 5.2.8.1c). The concentration was later altered to 

an equal ratio where the signal decreased further (Figure 5.2.8.1d), supporting the notion of HxlB being 

a ppGpp-binder. Ac2460, Ohr and MvaD all decreased the signal of their respective standard when in 

a 1:1 ratio, hinting towards a degree of ppGpp binding. It was noted, however, that most of these 

proteins must bind with a lower affinity than Era, in line with the lack of obvious binding observed when 

using DRaCALA. 

 

In order to characterise this binding, we would need to determine a Kd value. Characteristion is possible 

using NMR techniques in a titration series, however, there were several reasons this method was not 

suitable: The amount of protein required, the length of each run lasting four hours alongside 

spectrometer time being precious. All in all this did not fit with the number of protein interactions we 

were aiming to elucidate. We also were not aiming to characterise binding at the molecular level, as it 

was not appropriate at this point in the project. However, once  appropriate hits were identified it would 

be interesting to revisit this technique and perform a titration to characterise the exact interactions 

occurring in binding i.e. which protein residues are involved in binding.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.8.1:  31P NMR allows for the identification of four putative ppGpp binding proteins. a) 
A P31 NMR trace of ppGpp for calibration in the presence of magnesium with the merging of two peaks 
~-6 ppm b) ppGpp mixed in a 1:1 ratio with Adk. No change in peak integration or chemical shift 

occurred. c-d) ppGpp mixed with HxlB in a 1:1 and 2:1 ratio respectively. There was a progressive 
decrease in integration of both sets of peaks at ~-6ppm and  ~-10.5 ppm when the concentration of 

HxlB was increased. e-f) In the presence of Ac2460, Ohr and MvaD there was a reduction in signal of 
ppGpp, suggesting binding towards the proteins. Concentration of ppGpp (167 μM) and magnesium 
(10 mM). For more details see section 2.4.4.4 of materials and methods. 
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5.2.9. Investigating ppGpp binding to HxlB using microscale thermophoresis  

In order to reduce the amount of sample used, we proceeded with microscale thermophoresis (MST) 

as the method for determining a Kd value. This technique has several advantages over other commonly 

used approaches such as isothermal calorimetry or thermashift assays, namely the reduced amount of 

protein required.  

 

Thermophoresis can be described as the movement of particles in the presence of a temperature 

gradient. During MST, fluorescently labelled protein is mixed with ligand in a capillary before using an 

IR-laser to induce a microscopic temperature gradient, emanating outwards from the centre (Figure 

5.2.9). This gradient causes fluorescently labelled proteins present on the higher temperature side of 

the gradient (at the centre) to experience more collisions with higher energy molecules, thus they move 

down the temperature gradient towards the outer edges until a steady state distribution is reached 

(Wang et al., 2012b). Outwards movement is determined by measuring the homogenous fluorescence 

distribution inside the capillary before heating and after. However, temperature related intensity 

changes also occur, where the intensity of the fluorophore is altered by temperature gradient; 

conformational changes or proximity of ligands (Baaske et al., 2010).  When the fluorescently labelled 

protein is bound to a ligand it travels through the solution slower, so there is a smaller decrease in 

relative fluorescence. Protein ligand binding is determined by a sigmoidal binding curve obtained by 

serially diluting the binding substrate and plotting the fluorescence against the ligand concentration.  

The dissociation constant (Kd) can then be calculated by applying the law of mass action, which states 

that reaction rate between proteins and ligand is proportional to the product of the concentration of the 

reactants (Guldberg and Waage, 1964). 

 

 

 

 

 

 

 

Figure 5.2.9: Schematic of microscale thermophoresis (MST) including an example trace. MST 
relies on the induction of a temperature gradient by an infrared. This gradient originates at the centre 
of the capillary that contains a mixture of fluorescently tagged target (protein) and ligand. Causing 
the fluorescently tagged molecules to travel down this gradient, and such,  a decrease in relative 
fluorescence at the centre of the capillary. The gradient soon dissipates  eventually returning 
molecules to a homogenous distribution upon cooling. Fluorescently tagged molecules bound to 
ligands (red) will travel away from this hotspot slower than unbound molecules (green), causing a 
smaller decrease in fluorescence. Upon repeating with serial dilutions of the ligand with the binding 
affinity of the ligand eventually being determined. 
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HxlB provided the largest change in signal when assessing binding by NMR spectroscopy and so it was 

chosen to be further investigated by MST. The incorporation of a fluorescent tag was required, as the 

synthesis of a plasmid capable of expressing the desired His-HxlB protein with an added fluorescent 

tag like green fluorescent protein (GFP) was not time efficient and the GFP fluorophore could have 

affected binding. We made use of the monolith His-tag labelling kit RED-Tris-NTA 2nd generation dye, 

which exhibits high affinity binding to 6xHis-tags. Before we could probe the binding of ppGpp to HxlB, 

we needed to assess the binding of the monolith dye to the His-tag of HxlB (Figure 5.2.9.1).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

Figure 5.2.9.1: MST traces alongside binding curves between HxlB and monolith-red his-tag 
dye. The monolith dye has high affinity for 6xHis-tags allowing for the fluorescence change occurring 
during MST to be determined for HxlB. a-b) After a 30 minute incubation the calculated Kd (198 nM) 
for the binding of HxlB to the dye was too low for use in determining the binding affinity of HxlB to 
ppGpp. c-d) A longer incubation time was used which almost halved the Kd (108 nM). e-f) In order to 
further decrease the Kd the starting concentration of the protein was increased to avoid null points at 
the bottom of the sigmoidal curve allowing for a more accurate Kd to be determined (5.66 nM). 
Fluorescence wavelengths λExcitation = 650 nm, λEmission = 670 nm. Experiments performed in technical 

triplicate. 
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The procedure was performed as described in section 2.4.5.3 by mixing HxlB with the dye and 

incubating the protein for 30 mins. However the Kd obtained was too weak, ifor use with the dye  (Figure 

5.2.9.1a-b). In order to improve the Kd , the incubation time was increased to 3 hrs, which dramatically 

increased the Kd value towards an acceptable range (Figure 5.2.9.1c-d). Despite the improvement in 

Kd, the sigmoidal curve did not display saturation along with a lot of null points ranging from 1-10 M to 1-

8 M. A more accurate value was soon determined by increasing the concentration of protein present in 

the first tube of the dilution series from 2 μM to 32 μM, with the intention of leaving around three points 

at the lower plateau, allowing us to establish the correct method for use with ppGpp (Figure 5.2.9.1e-

f).  

 

Following the optimisation of dye attachment, the dye (100 nM) was adhered to the protein (200 nM) 

and spun to remove aggregates leaving a 50 nM solution. The dye-protein complex  was mixed with 

serial dilutions of ppGpp starting at 1 μM (Figure 5.2.9.2a-b). There was a complete absence of binding 

using these concentrations. In an attempt to remedy this absence, the concentration of HxlB to dye was 

adjusted to 32 μM, ensuring that HxlB was nearly saturated, however, this adjustment did not improve 

the degree of binding (Figure 5.2.9.2c-d).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.9.2: MST traces and binding curves of the interaction between HxlB and ppGpp. a-b) 
The initial concentrations of HxlB (50 nM) and ppGpp (1 μM) showed no observable interaction. c-d) 
To remedy this, the concentration of HxlB was increased to 32 μM in an attempt to maximise binding 
to the dye. The increased HxlB concentration made little change, this was attributed to a lack of Mg2+ 
ions in the buffer which were present in the 31P NMR binding experiments. 
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The conclusion from the MST experiment  was that HxlB may be a weak ppGpp binder and as a result 

it likely requires Mg2+ as a cofactor, as Mg2+  was present when binding was observed by 31P NMR. 

However, Mg2+ was not able to be readily induced into the buffer system used in these experiments 

(PBS-T) due to solubility issues causing precipitates. To avoid solubility issues , proteins were dialysed 

into a HEPES buffer system containing Mg2+  and NP-40 as a replacement detergent for TWEEN-20 

(Khavrutskii et al., 2013). The new buffer system provided poor dye-labelling efficiency even when 

increasing concentration of the dye to 50 nM, the Kd stayed at too high of a level. Regardless, binding 

of HxlB to ppGpp was investigated, which unsurprisingly did not produce a sigmoidal curve, indicating 

that the buffer system needed optimisation. Optimisation would be time consuming, and dye-reagent 

was limited, and so was not continued. The dissociation constant of HxlB was later determined by 

another member of the laboratory by isothermal calorimetry (ITC) and yielded a Kd of 25.3 μM. 
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5.2.10. In vitro assessment of HxlB activity in the presence of ppGpp   

Fructose-6-phosphate (F6P) is a glycolytic pathway intermediate that is readily phosphorylated to 

fructose 1,6-biphosphate (Figure 5.2.10a), which undergoes a series of chemical transformations to 

eventually produce pyruvate, feeding into the tricarboxylic acid (TCA) cycle. F6P is also linked to the 

non-oxidative pentose phosphate pathway where it is isomerised by HxlB in order to produce d-arabino-

hex-3-ulose-6-phosphate, which is later transformed into more useful pentose precursors for nucleotide 

synthesis (Figure 5.2.10.1). In order to investigate the effect ppGpp has on the enzymatic activity of 

HxlB and its metabolites, we utilised an assay from Merck that is capable of linking F6P levels to 

fluorescence. Using the provided F6P stock, a standard curve was plotted using F6P sample 

concentrations of 0.1 - 0.6 nmol alongside a blank and  fluorescence intensity (λexcitation = 535/ λemission = 

587 nm). The rationale behind this was to utilise the linear regression of the plot to determine the slope. 

F6P was then incubated with HxlB in a 1:10 ratio, with assay buffer as a negative control. HxlB was 

also incubated with ppGpp and F6P, to determine if ppGpp can inhibit the enzymatic reaction (Figure 

5.2.10b). After 10 mins the relative fluorescence intensity was recorded and converted to nmol of 

fructose by using the previously made standard curve and rearranging y = mx+c to solve for x using the 

linear portion of the curve. If HxlB was inhibited by ppGpp, the concentration of F6P should be a similar 

level to the no-HxlB negative control. This was the case, however there was not a significant difference 

by one way ANOVA comparison between the sample containing HxlB and the ppGpp sample or 

negative control, indicating that the assay needs to be optimised. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.10: HxlB catalyses the isomerisation of fructose 6-phosphate to d-arabino-hex-3-
ulose-6-phosphate but is not significantly inhibited by ppGpp. a) Reaction scheme of the 
isomerisation catalysed by HxlB. b) Summary of the fructose-6-phosphate assay with a slight 
difference in nmol of fructose between HxlB and HxlB in the presence of ppGpp. Difference was not 
significant by way of an unpaired parametric t-test with a p-value threshold of 0.05.  
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5.3. Discussion  

In this chapter, we attempted to characterise the binding of ppGpp to a number of potential interacting 

proteins. Firstly we used DRaCALA with whole cell lysates that contained over expressed proteins of 

interest as DRaCALA had been greatly successful in previous interaction studies such as Corrigan et 

al and Zhang et al. The DRaCALA methodology successfully indicated several proteins were capable 

of binding to ppGpp, prompting us to select candidates for purification. Purification originally began with 

group of six proteins RpoY, RpoE, PerR, VraR, PrsA and KatA which were purified and used in a 

recombinant protein DRaCALA experiment which yielded no successful binders. However, there were 

several proteins that were not successfully purified using the IMAC methodology meaning they were 

absent from ppGpp interaction experiments. To effectively purify some of these proteins (PrsA, VraR, 

RpoE and RpoY) we decided to introduce an MBP-tag with the aim of improving solubility, while fusing 

an MBP-tag to PrsA could provide a different avenue for purification with the potential of using amylose 

resin (Riggs, 2000). The attachment of an MBP-tag was only successful for RpoY, forming RpoY-MBP 

with a linker that was susceptible to cleavage by thrombin after purification. This cleavage was 

successful. There was a large difference in size between free MBP and the desired MBP-free RpoY 

meaning size exclusion would have been suitable for isolating RpoY, however, this was not performed 

due to time pressures. VraR and RpoE were later purified using nickel resin chromatography and gravity 

filtration followed by passage over a PD-10 desalting column to remove imidazole before concentrating. 

PrsA was cleaned up slightly using a MonoQ column, which is an anion exchange column that uses a 

salt gradient to elute the protein of interest, before effectively purifying using nickel-NTA resin and 

phosphate buffered imidazole. These proteins were of sufficient purity to assess binding to ppGpp but 

this was not performed due to time constraints. 

 

Due to the lack of success in the group 1 proteins we decided to investigate a second set of proteins 

termed group 2 comprising, HxlB, Adk, LysA, UreE, MvaD, Ohr. Purification of these proteins by IMAC 

allowed for recombinant DRaCALA, which again led to no proteins displaying a significant signal, this 

was attributed to the low amount [α-32P]-ppGpp (1.6 nM) not being sufficient for the detection of weak 

binding proteins.   

 

While DRaCALA was not sensitive enough to determine binding for our proteins, 31P NMR helped to 

filter our hit list and was essential for identifying four putative ppGpp binding proteins (HxlB, Ohr, MvaD 

and Ac2460). Upon grouping these four proteins alongside our other purified proteins: VraR, PrsA, 

RpoY and RpoE, we thought it would be interesting to investigate their binding further using silico 

methods to identify likely ppGpp binding sites along with key residues. With this information, mutant 

proteins could be expressed that alter residues deemed important for binding. These variant proteins 

could then be used to compare the difference in ppGpp interactions compared to wildtype protein, 

allowing for the identification of key interacting residues. These in silico techniques are currently 
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underway for HxlB using a predicted protein structure as there are currently no crystal structures 

available.  

 

With P31 NMR identifying potential binders, MST seemed a promising technique that allowed for the 

use of small quantities of protein, however, there are teething issues associated with this technique. 

The inclusion of Mg2+ seems essential for aiding binding of ppGpp to weak protein binders, which is not 

possible in the PBS-T buffer suggested for use by Monolith, while the dye had poor affinity to HxlB in 

the alternative buffer system we trialled. Wienken et al states that “the affinity of biomolecules are highly 

dependent on the surrounding matrix” meaning that there can be decreases in affinity caused by 

interactions with the buffer system due to viscosity or ionic strength of other components (Wienken et 

al., 2010). Meaning the buffer system required optimisation, along with other details of the method, for 

example increasing MST power, or laser intensity to increase the signal, however, these changes can 

also increase noise and at high intensities dissociation of the dye from the 6xHis-tag occurs (Wienken 

et al., 2010). To circumvent issues associated with MST when attempting to characterise other proteins 

of interest,  the temperature or media used for protein expression could be optimised to improve the 

yield of protein. A higher yield of protein allow for more definitive methods such as isothermal 

calorimetry to be used, as ITC was successful for determining a Kd for ppGpp to HxlB. It would also be 

worth choosing and assessing some other proteins from the initial significant protein list in the same 

manner. 

 

S. aureus is capable of surviving acidic conditions and readily colonises the host’s skin (pH ~4.7) but 

is killed rapidly at pH 2 (Lambers et al., 2006). Adaptations that allow survival in these acidic 

environments are typically caused by the induction of sodA via the sigB pathway. As sodA mutants 

exhibit acid sensitivity, implying acid stress eventually leads to oxidative stress (Clements and Foster, 

1999, Cotter and Hill, 2003). Therefore, it is imperative that S. aureus has systems in place that allow 

it to survive in acidic environments high in reactive oxygen species such as the ones encountered when 

internalised by neutrophils. The fact that PerR, KatA and Ohr were all pulled down by the capture 

compound suggests that the likelihood of ppGpp binding to proteins involved in the oxidative stress 

response is high. This is corroborated by the observation that Ohr displayed some binding by slightly 

reducing the ppGpp signals via NMR. 

 

The current F6P assay displayed a slight difference when comparing HxlB and its function to HxlB in 

the presence of ppGpp, however the difference was not significant, potentially due to the assay buffer, 

temperature, incubation time or even the ratio of protein to nucleotide. The inhibition of HxlB by ppGpp 

may prevent the formation of intermediates in the pentose phosphate pathway such as ribulose-6-

phosphate potentially limiting purine nucleotide synthesis and GTP synthesis as a result. In order to 

gain a more complete understanding of how ppGpp affects glycolysisoptimisation of the F6P assay 

alongside metabolomics examining the abundance of certain glycolytic metabolites is currently 
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underway. The identification of HxlB as a ppGpp binding protein is a great success for this capture 

compound approach as there has not previously been an enzyme identified in the glycolysis pathway 

that has been suggested to have a role in the stringent response. By reanalysing our 162 hits, we 

subsequently noticed that 19 of these, including HxlB, are involved in key metabolic pathways, including 

glycolysis, the pentose phosphate pathway and purine metabolism (Figure 5.3). These data provide 

exciting new insights into the possible role (p)ppGpp has in regulating central metabolism, which we 

aim to confirm with our metabolomic assays in the near future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: A summary of a trifecta central carbon metabolism pathways; glycolysis, pentose 
phosphate pathway and purine nucleotide synthesis.Proteins deemed statistically significant by 
the pull-down assay, are highlighted in red, indicating that a large number of ppGpp binding proteins 
are likely involved in metabolism. The main protein of interest in this study - HxlB is highlighted in 
yellow. While other proteins of note such as PurF previously identified by Wang et al and GpmA in 
both the former and Haas et al. 
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Overall, this chapter described the identification of a novel-ppGpp binding partner HxlB. This protein is 

involved in glycolysis, a pathway that has not previously been associated with the stringent response. 

The identification of this protein along with several other putative targets involved in various processes 

linked to stress, confirms that our capture compound methodology described over the past three 

chapters is efficient for the isolation of previously unrecognised ppGpp-interactors.
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Chapter 6 

Development of a ppGpp quantification assay using an enzyme linked 

immunosorbent assay (ELISA) and the fluorescent chemo-sensor PyDPA 
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6.1. Introduction  

Bacteria are consistently exposed to stressors from their external environment including nutrient 

starvation/reactive oxygen species and antibiotics. As a result of this bacteria are capable of fine tuning 

certain cellular processes to provide more favourable survival conditions through the use of (p)ppGpp.  

Levels of (p)ppGpp are strictly regulated at around 10-100 μM to allow for optimal growth and 

homeostasis while basal levels are more difficult to determine with some estimates at 10-90 pmol/OD 

(Zborníková et al., 2019, Varik et al., 2017, Steinchen et al., 2020). It has previously been shown that 

wild-type and (p)ppGpp0 strains of Actinobacillus pleuropneumoniae have different transcription 

profiles, with basal levels of (p)ppGpp regulating the transcription of genes involved in de novo synthesis 

of purine nucleotides (Li et al., 2020). In (p)ppGpp0 B. subtilis, GTP levels are elevated, this leads to 

the dysregulation of the GTP-dependent transcriptional repressor CodY. When levels of GTP are high, 

CodY is activated and prevents the transcription of genes involved in the biosynthesis of branched 

chain amino acids (Steinchen et al., 2020, Kriel et al., 2012, Kriel et al., 2014, Molle et al., 2003). In a 

similar manner, (p)ppGpp0 S. aureus also suffer detrimental effects demonstrated by its inability to 

survive in minimal media. This is most likely explained by the shared GTP-binding motif present in CodY 

between both strains (Pohl et al., 2009, Petranovic et al., 2004). Therefore, despite low concentrations, 

basal levels of (p)ppGpp are important for cell survival and stress tolerance (Salzer and Wolz, 2023). 

This is further exemplified by (p)ppGpp null strains of E. coli that are incapable of growing in minimal 

media due to their amino acid auxotrophic phenotype (Potrykus et al., 2011, Salzer and Wolz, 2023).  

 

Under serious stress, (p)ppGpp levels are capable of exceeding 1 mM within seconds of the stressor 

being detected, this large concentration range allows for the mediation of multiple cellular processes 

including: transcription, translation, ribosome biogenesis DNA damage and carbon metabolism, 

allowing the stringent response to prioritise processes required for survival instead of acting as an all 

or nothing switch (Steinchen et al., 2020, Irving et al., 2020).  

 

Gaining an insight into the intricacies of the SR under certain (p)ppGpp concentrations is therefore a 

critical point into understanding this stress response further. While several methodologies exist for 

probing (p)ppGpp levels they are often costly, laborious, and require a specialist skillset. As such, a 

simple, inexpensive and safe methodology for the quantification of (p)ppGpp remains elusive. In this 

chapter we describe the use of a highly versatile and sensitive enzyme-linked immunosorbent assay 

(ELISA) technique, as well as a fluorescent chemo-sensor-based approach to detect (p)ppGpp levels 

in cell lysates. 
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6.2.  Results 

6.2.1. Enzyme linked immunosorbent assay (ELISA)  

Since their development in 1972 enzyme linked immunosorbent assays (ELISAs) have been 

implemented to quantify substrate levels in solution(Engvall and Perlmann, 1972). There are several 

variants of these assays: direct, indirect, sandwich and competition, however, they all function under 

the same premise: the biomolecule of interest (antigen) is coated to an immobilised surface and a 

“reporter” antibody is added (enzyme-antibody conjugate). Upon incubating the new complex with the 

enzyme specific substrate, a measurable read out occurs in the form of fluorescence or a shift in 

absorbance range allowing for quantification (Alhajj et al., 2024).  

 

As a result, ELISA methodologies have been used to measure levels of various nucleotides such as c-

di-AMP that are plagued by the same quantification issues associated with (p)ppGpp. With the 

identification and purification of the novel pneumococcal c-di-AMP binding protein CabP and the 

commercial production of biotin labelled c-di-AMP, a competitive ELISA methodology was developed 

(Underwood et al., 2014, Bai et al., 2013, Bai et al., 2014). The assay functions as described above in 

a 96-well plate, with the key change being incubation of the antigen (CabP) with both c-di-AMP and 

biotin-c-di-AMP. Streptavidin-HRP (horse radish peroxidase) is then added, followed by the addition of 

a reactive substrate to provide a measurable signal. This high throughput methodology is competitive, 

with an inverse relationship between signal intensity and the amount of c-di-AMP present in lysates as 

it outcompetes the biotinylated nucleotide analog. With a sensitivity range as low as ~10 nM this 

procedure is suitable for analysis of cell lysates (Underwood et al., 2014). 

 

6.2.2. Development of an ELISA for quantification of ppGpp 

Using the same principles described above, we set out to develop our own competitive ELISA (Figure 

6.2.2). Here, the previously described biotin-ppGpp capture compound (19) would function in a manner 

analogous to biotin-c-di-AMP and would compete with native ppGpp for binding to a purified 

recombinant protein. If bound, the biotin-ppGpp could be detecting using streptavidin-HRP along with 

3,3′,5,5′-Tetramethylbenzidine (TMB) acting as the measurable chromogenic substrate. TMB is readily 

oxidised by HRP with the addition of one electron, shifting its absorbance to the blue range (λAbsorbance = 

288 nm → λAbsorbance = 370 nm). The addition of a further electron by oxidising with sulphuric acid leads 

to a yellow coloured di-cation that absorbs at λAbsorbance = 450 nm, a distinct enough absorption to be 

measured (Zhang et al., 2020, Josephy, 1985). 
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When exploring proteins to coat the well of the 96 well plates, the GTPase HflX was chosen as it has a 

low micromolar binding affinity with a Kd of 3.4 ± 0.4 μM for ppGpp (Bennison et al., 2021). A dose 

response curve was firstly established using serial dilutions of capture compound to gauge the binding 

of the capture compound to HflX in comparison to a bovine serum albumin (BSA) control (Figure 

6.2.2.1a). Here, we observed increased binding of biotin-ppGpp to HflX as the ligand concentration 

increased, while no binding to BSA occurred. However, the results which displayed a large amount of 

variability. The sensitivity limit was deemed to be around 50 nM, which in principle is suitable for 

detection, however, the amount of capture compound required (25 pmol) per run was not feasible when 

Figure 6.2.2: Summary of the designed ELISA: 1. The wells are coated with the binding protein and 
BSA is used to block any on-specific binding sites 2. The protein is incubated with the capture compound 
allowing for binding (biotin-ppGpp) 3. After washing away unbound capture compound addition of 
Streptavidin-HRP leads to the formation of the biotin-streptavidin-complex 4. Upon its addition, TMB is 
readily oxidised by streptavidin-HRP through the addition of one electron, forming its blue charge 
transfer complex (λAbsorbance = 370 nm). Further oxidation occurs through the addition of sulphuric acid 
when the assay is complete, forms a yellow di-cation (λAbsorbance = 450 nm) that is used for 
measurements. 
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considering the amount we had available (290 nmol), so a concentration just above the sensitivity limit 

was chosen (64 nM). Equal concentrations of nucleotides were then used in competition assays to 

determine whether the binding could be blocked firstly by unlabelled ppGpp, and secondly by 

structurally similar nucleotides. However, no significant differences in binding occurred when tested by 

one-way ANOVA  compared to no competition (Figure 6.2.2.1b). 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

 

With low sensitivity meaning that large amounts of capture compound would need to be used, and with 

ppGpp not able to compete at these concentrations, this method was deemed not suitable for 

quantification of ppGpp in cell lysates. Therefore, a far more selective and sensitive methodology was 

explored.   

 

6.2.3. Fluorescent chemo-sensors allow specific analyte recognition  

Compounds that are comprised of a binding site and fluorophore that interact upon exposure to analytes 

are referred to as fluorescent chemo-sensors (Czarnik, 1994, Wu et al., 2017). Analytes can range from 

proteins, cations and anions to radical species, with the fluorescent chemo-sensors operating through 

several photophysical mechanisms, including: chelation induced enhanced fluorescence that relies on 

an organic photon receptor with a high excited state energy transferring energy to populate the excited 

state of a nearby metal centre, which fluoresces upon de-excitation (Wu et al., 2017); intermolecular 

charge transfer in which electron delocalisation or charge interactions in π-π stacking systems alter 

optoelectronic properties (Jagtap et al., 2012, Lu et al., 2022); or photoinduced electron transfer that 

functions on the basis of a weakly electronically coupled receptor and fluorophore ensuring their 

Figure 6.2.2.1: Assessment of sensitivity and selectivity of the capture compound.3a: Dose 
response curve plotted using serial dilutions of 250 nM capture compound with a consistent amount 
of HflX (10 ug/mL) coating each well. 3b: Selectivity assay performed with capture compound (250 
nM) by itself and in competition with structurally similar nucleotides: GMP, GDP, GTP, ppGpp, ATP all 
in a 100 fold excess (25 μM). One-way ANOVA performed by multiple pairwise comparison with 
respect to the no competition control showed no significant difference.  
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individual properties are maintained. The molecule is designed so that upon excitation the receptor has 

enough energy to transfer an electron to the fluorophore. When this occurs the excited state energy is 

larger than the sum of the oxidation and reduction potentials of both components. Upon binding of the 

analyte/substrate to the receptor the oxidation potential  increases ensuring photoinduced electron 

transfer fails and fluorescence remains (Daly et al., 2015, Wu et al., 2017). Aggregation induced 

emission (AEI) is another emission mechanism that can be explained by preventing energy release 

through the restriction of movement. A hydrophobic molecule that is able to rotate freely and vibrate 

can be forced to aggregate by increasing the amount of water present in solution. This leads to the 

restriction of bond movements by steric hinderance and as a result a pathway for de-excitation to occur 

is removed, forcing the excitons to decay in a radiative manner (Kwok et al., 2015).  

 

There is a plethora of structural options available when designing fluorescent chemo-sensors, however, 

previous research has reported great success when utilising the bis-Zn-dipicolylamine (DPA) moiety. 

This receptor has shown great selectivity towards pyrophosphate binding groups making it inherently 

useful for nucleotide detection (Lee et al., 2003, Lee et al., 2004). X-ray structures show the mode of 

action of DPA relies on oxygen atoms from inorganic phosphates binding to the di-nuclear zinc complex 

by connecting the two metal ions forming either penta-coordinated or hexa-coordinated Zn2+ ions in a 

1:2 ratio (Lee et al., 2003, Kim et al., 2009).  

 

A method for quantifying ppGpp arose from  research investigating ppGpp quantification in the form of 

the fluorescent chemo-sensor PyDPA consisting of a pyrene (Py) moiety connected to DPA (Figure 

6.2.3). PyDPA was first synthesised in 2005 and its synthetic route optimised in 2019 (Rhee et al., 2008, 

Cho et al., 2005, Conti et al., 2019). PyDPA displays a high sensitivity and selectivity towards ppGpp 

over other aqueous anions over a broad pH range and functions by intermolecular charge transfer when 

π-π stacking occurs between the pyrene moieties providing a distinctive excimer emission (λEmission = 

470 nm) (Cho et al., 2005). 
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Both the selectivity and sensitivity of DPA compounds have already been established, so we set out to 

synthesise PyDPA for use in measuring ppGpp concentrations in both wildtype MRSA under stress 

conditions, as well as synthetase deletion mutants that are available in the lab. Providing insight into 

the synthetases responsible for ppGpp production under a given stress such as nutrient starvation or 

reactive oxygen species. 

 

6.2.4. Synthesis of the fluorescent chemo-sensor PyDPA 

The synthesis of PyDPA  was previously reported in a linear fashion over six steps with a poor overall 

yield of 9% (Rhee et al., 2008). A new route designed to synthesise the compound was published in 

2019. Despite the incorporation of 2 additional steps, this convergent route significantly improved the 

overall yield up to 67% (Conti et al., 2019).  As a result, this method was used as the backbone for the 

synthesis of our own PyDPA.

Figure 6.2.3: ppGpp chelates the Zn2+ ions present in PyDPA providing a 2:1 stoichiometry. The 
distinct excimer emission (λEmission = 470 nm) caused by π-π stacking of the pyrene moieties only occurs 
in the presence of ppGpp.  
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Scheme 5: Synthetic route implemented to reach the chemo-sensor PyDPA in eight steps. This convergent synthesis significantly 
improved the overall yield of PyDPA by changing the order of the coupling and bromination steps, while also utilising intricate coupling chemistry 
along with previously unused microwave conditions (Conti et al., 2019, Steinchen et al., 2020). Compounds are numbered in the order in which 
they appear. 
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6.2.4.1. Copper free Sonogashira-Hagihara cross coupling between an aryl halide (20) and propargyl 

alcohol 

The basis of PyDPA is the pyrene moiety responsible for producing the fluorescence when π-π stacking 

occurs. Pyrene is a hydrophobic relatively unreactive structure, however the incorporation of a halide 

opens up the possibility of palladium cross-coupling chemistry (Devendar et al., 2018). The 

Sonogashira-Hagihara coupling is a method of forming carbon-carbon bonds between aryl/vinyl halides 

(sp2 hybridised) and terminal alkynes (sp-hybridised) under mild conditions using palladium (0) and a 

copper (I) co-catalyst in the presence of an amine (Mohajer et al., 2021, Sonogashira, 2002, 

Sonogashira et al., 1975). Sonogahsira reactions tolerate a wide range of ligands under various 

conditions, thus they are used in the synthesis of natural products, pharmaceuticals and complex 

heterocycles. The use of copper-free Sonogoshiras has also been investigated with good success 

under both organic solvent and aqueous conditions, with the former methodology being used in the 

synthesis of PyDPA (Figure 6.2.4.1) (Vo and Elofsson, 2017).  

 
 
 
 
 
 
 
 
 
 
 

 
 
The reaction is designed to be simple with separation of the desired product by silica chromatography 

being the only purification step due to the larger difference in polarity between propargyl alcohol and 

the product (21). Two attempts were made on both a small scale (1 g) and large scale (3 g) with different 

purification systems being trialled. The small-scale attempt followed the literature using Hexane:EtOAc 

(92:8 →40:60), while the latter attempt used shallower stepwise gradient elution which gave excellent 

separation (Conti et al., 2019). Both reactions attempts were successful in generating pure product as 

a yellow waxy solid with modest yields of 66% and 54%, respectively. 

 
 
 

Figure 6.2.4.1: Copper free Sonogoshira coupling of 1-bromo-pyrene with propargyl alcohol. 
Tetrakis palladium triphenylphosphine was used as the catalyst along with n-butylamine and the 
terminal alkyne in large excess to ensure reaction progression. 
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6.2.4.2. Reduction of an aryl-hydroxyalkyne (21) to an alcohol (22) by palladium catalysed 

hydrogenation 

Reduction of alkynes to alkanes is limited to only a few reagents due to the strength of the reducing 

agent required. Hydrogenations using palladium or platinum are often used, alternatively nickel alloyed 

with aluminium can be employed as reduction catalysts in the form of Raney-nickel (Liu et al., 2024). 

We chose the Pd-catalysed hydrogenation procedure  (Figure 6.2.4.2) as it is often associated with 

quantitative yields and high purity, while also avoiding the flammability risks as Raney-nickel 

hydrogenation catalysts. 

 
 
 
 
 
 
 
 
 
 

 

Hydrogenation of 21 was repeated on two different scales (500 mg and 1500 mg). Upon completion the 

purification involved filtering off the solid catalyst using celite to provide the product (22) as a yellow 

powder in high purity and almost quantitative yields in the second attempt, 93% and 99.8% respectively, 

allowing continuation of the synthesis.  

 

6.2.4.3. Bromination of a primary alcohol (22) to an alkyl-halide (23) 

Activating the α-carbon by substituting alcohols with alkyl halides is common practice as it allows for 

new functionalities to be explored, this is typically performed by substituting an alcohol group with a 

chlorine, bromine or iodine atom. The previous syntheses of PyDPA activate this position with bromine, 

for which there are several methodologies available: Phosphorus tribromide (PBr3) is a widely used 

method for bromination and is even used in the latter stages of this synthesis. In this instance the 

primary alcohol is activated by the phosphorus and displaces a bromide anion. The now electrophilic 

α-carbon undergoes SN2 substitution with the bromide ion displacing the phospho-ester (PBr2OH) as a 

good leaving group (Romero et al., 2015). Other options include hydrobromic acid (HBr) and hydrogen 

peroxide (H2O2) in ether or the use of carbon tetrabromide (CBr4) and PPh3 (Schmucker et al., 2013, 

Shin et al., 2020). Conti et al use  33% HBr in acetic acid under microwave radiation to ensure universal 

heating and no temperature gradients in solution. The alcohol is activated as it is protonated by acetic 

acid, allowing for the bromide ion to displace the +OH2 cation (Figure 6.2.4.3). 

Figure 6.2.4.2: Hydrogenation of aryl-alkyne (21) to alcohol (22). Palladium adsorbed on carbon 
was used as the catalyst for this reaction to yield alcohol( 22). The dispersal of the palladium increases 
surface area and reaction rate as a result. 
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As in the previous hydrogenation reaction, the synthesis was performed on both a small (450 mg) and 

large scale (1500 mg) with no purification required after a basic work-up with 50% NaHCO3. The product 

was obtained as a viscous brown oil in modest to good yields of 67% and 88%, respectively. With the 

synthesis of the aromatic building block (23) being complete, the synthesis of the second building block 

(25) was now required.  

 

6.2.4.4. Reduction of dimethyl 5-hydroxyisophthalate (24) to 3,5,-dihydroxymethyl phenol (25) 

Reductions of carbonyl compounds typically require mild to strong reducing agents, for example sodium 

borohydride is commonly used to reduce aldehydes and ketones to alcohols by acting as a source of 

hydride ions  (Imamoto, 1991). However, when reducing acids, and esters to alcohols significantly 

stronger reducing agents are required. Lithium borohydride is the logical next step as its solubility in 

ethers allow reactions that are not possible with NaBH4 to take place, while also being milder than 

extreme reducing agents such as LiAlH4 (Nystrom et al., 1949). However, upon inspection of the 

literature it was not capable of reducing the required phthalate (24) Figure 6.2.4.4) unless bound to 

wang-resin (Dahan and Portnoy, 2003). In an attempt to avoid using LiAlH4, several procedures (Figure 

6.2.4.4) were trialled which utilised the aforementioned milder reducing agents.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2.4.3: Bromination of alcohol (22) to form alkyl bromide (23). Relatively harsh conditions 
using 33% HBr and AcOH produce the brominated product as the sole product. 

Figure 6.2.4.4: Reduction of phthalate (24) to triol (25) via several methodologies: (i) NaBH4, 
CaCl2, THF, unsuccessful (ii) LiBH4, THF, reflux, formed side product (iii) LiAlH4, THF, reflux, low yield 
17% (iv) LiAlH4, H2SO4, THF, high yield 74%. 
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The first attempted synthesis (Figure 6.2.4.4i) made use of calcium borohydride (Ca(BH4)2)) a stronger 

reducing agent than the usually employed NaBH4. NaBH4 was used in the presence of calcium chloride 

(CaCl2) to generate the Ca(BH4)2 in situ and generate NaCl as a by product which precipitated out of 

the ethanol solution due to poor solubility (Pinho and Macedo, 2005, Matsui et al., 1956). However, this 

procedure did notreduce any of the starting material after 24 h, evidenced by lack or product formation 

on TLC.  

 

An excess of LiBH4 was then trialled in THF to encourage reaction progression,  with heating under 

vigorous reflux (Figure 6.2.4.4ii). Despite the relatively harsh conditions and a reaction time of 48 hrs 

the desired triol 25 was not formed with reduction of only one ester occurring, evidenced by the [M-H] 

adduct observed in mass spectrometry m/z 181.050.  

 

With the options of alternative reducing agents exhausted, the conditions for (ii) were repeated but with 

LiAlH4 in place of LiBH4 (Figure 6.2.4.4iii) as per the literature (Rhee et al., 2008). These incredibly 

harsh conditions led to the formation of the product and upon reaction completion, water was added to 

both quench any unreacted LiAlH4 and protonate the resultant RO- ions. This formed a white precipitate 

of aluminium hydroxide (Al(OH)3) and lithium hydroxide (LiOH), the biphasic mixture was then passed 

through MgSO4 to both dry the solution and filter the insoluble Al(OH)3. The dry organic phase was then 

concentrated under reduced pressure and the crude product was purified by silica chromatography 

(DCM:MeOH,1:0→0:1) to provide the product as a colourless oil in poor yield (16%). 

 

To improve the yield of this reaction, a key change was made in (iv) that involved swapping the water 

quench with 10% H2SO4, this would be much more violent due to the increased acidity, however, it 

would ensure protonation so that any product in its alkoxide form was not lost in the aqueous layer 

(Ronde et al., 2009). The solvent and aqueous layer were evaporated  and the residue redissolving in 

a small amount d of water. The pH of the solution was assessed using universal indicator paper to 

confirm acidic conditions. The aqueous layer was then extracted with ethyl acetate and the organics 

dried (MgSO4), before removing the solvent and purifying by silica chromatography to remove any 

mono-reduced side products, giving the pure product as a colourless oil with a significantly improved 

yield of 74%.  

 

6.2.4.5 Microwave assisted Williamson ether synthesis of an alkyl-bromide (23) with a triol (25) 

With the generation of both building blocks of PyDPA, they were linked together using a Williamson 

ether synthesis (Figure 6.2.4.5) (Conti et al., 2019). As described in chapter 3 the alcohol was 

deprotonated, then alkylated forming an ether and a halide salt.   
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In this reaction a Finkelstein like halide exchange occurs between the alkyl-bromide (KBr) and 

potassium iodide (KI) forming KBr and an alkyl-iodide. This alkyl-iodide is more reactive due to the 

smaller difference in electronegativity between the iodine atom and the α-carbon, the iodine atom is 

more readily displaced by an ion carrying a full negative charge i.e. an alkoxide. In this reaction the 

alkoxide is formed using potassium carbonate as the base for a regioselective deprotonation as the pKa 

of its conjugate acid is 10.25, making it suitable for the deprotonation of phenols (pKa ~10) not primary 

alcohols (pKa ~16). The microwave conditions allow for universal heating, while also aligning the dipoles 

of the triol and pyrenes delocalised aromatic systems to favour the phenolic oxygen in a regioselective 

manner. Using a microwave reactor, the reactions were heated to reflux under an inert atmosphere. 

Monitoring by TLC was difficult with the formation of numerous spots and streaking. To counteract this 

streaking, 1% TEA was added to the mobile phase allowing for better separation between impurities. 

Product identification was possible due to polarity difference with the starting materials and the pyrene 

moiety absorbing at long-wave ultraviolet (λAbsorbance = 355 nm). After redissolving the crude material in 

EtOAc and performing an aqueous work-up, purification by flash column chromatography would 

typically be performed. However, when loading the column the crude product was insoluble in EtOAc, 

possibly due to a change in crystal structure. After numerous solubility tests the crude material was 

found to dissolve in dioxane. A column was then performed using a non-polar mobile phase 

(Hexane:EtOAc, 90:10) to regain the product now solubilised  at the cost of co-elution with impurities. 

Flash column chromatography (DCM:MeOH:TEA, 95:4:1) was then performed on the impure but 

solubilised product using an incredibly shallow gradient, providing excellent separation, with the pure 

product being isolated as a colourless oil in poor yield (13%).  

 

 

 

Figure 6.2.4.5: Reaction of alkyl bromide (23) and triol (25) under microwave conditions. 
Microwave conditions and the use of K2CO3 promote selectivity of the phenolic oxygen of (25) ensuring 
no side products are formed with the primary alcohols. 
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6.2.4.6. Bromination of a diol (26) with phosphorus tribromide  

The next step in the synthesis of PyDPA was to activate the benzyl positions of diol (26) by bromination 

so that they can later be substituted with dipicolylamine. A bromination was previously performed in this 

synthesis boasting yields ~70% (Section 6.2.4.3), so it would seem sensible to repeat this procedure, 

however, due to the presence of the strong acid (HBr) and stability of the phenol group it is possible 

that an elimination of the ether group could take place reforming the starting materials of the previous 

step (Whitehead et al., 1951) (Figure 6.2.4.6).  

 
 
 
 
 
 
 
 
 
 

 

To avoid this potential elimination, the literature favoured PBr3 was used (Figure 6.2.4.6.1). The 

potential of forming impurities in this reaction was minimal with the mono-substituted side product being 

the only real concern. 

 
 
 
 
 
 
 
 
 
 
 
 

Despite using excess PBr3 to ensure di-substitution, progression was slow. This could be attributed to 

the large reaction volume (50 mL) guided by the original literature. To increase the reaction rate, another 

2 equivalents of PBr3 were added. The compounds UV absorption decreased from the level it was 

exhibiting in previous steps, however, due to the hydrophobicity and associated low polarity it was easily 

identified on a silica TLC. After 24 hrs, methanol was added to quench any unreacted PBr3 and the 

mixture was washed with saturated brine before drying (MgSO4). The crude compound was then dry 

Figure 6.2.4.6.1: Activation of benzylic carbons using PBr3 yields a di-bromo ether. Substitution 
of the primary alcohols with bromine activates 27 allowing for further substitutions in the next step. 

Figure 6.2.4.6: Mechanism of ether elimination in the presence of a strong acid. Strong acids such 
as: HBr and HI are capable of cleaving ether bonds by promoting the formation of a stable leaving 
group through protonation.  
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loaded with celite and purified by flash column chromatography (hexane:DCM, 1:2)  providing pure 

product as a white solid in high yield (64%). 

 

6.2.4.7. Dipicolylamine furnishes the benzylic positions of alkyl di-bromide (27)  

In order to introduce sensitivity towards ppGpp the compound must be furnished with dipicolylamine, 

this allows subsequent chelation to zinc, a key interaction required for ppGpp binding (Figure 6.2.4.7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
This bromide displacement reaction functions in the same manner as the microwave assisted 

Williamson ether synthesis (section 6.2.4.5) with the exception of microwave radiation, which is not 

required, and K2CO3, which now deprotonates the quaternary amine cation (Conti et al., 2019, Rhee et 

al., 2008). Conti et al also  substituted MeCN for another polar aprotic solvent DMF, this is commonly 

used for SN2 reactions due to its ability to solvate and stabilise the cation (Sherwood et al., 2024). After 

24 hrs the reaction was complete, DMF was removed and the remaining material partitioned into water 

and EtOAc before drying (Na2SO4). Due to the introduction of the incredibly polar DPA groups, the 

compound did not move on silica without a highly polar mobile phase, so flash chromatography 

(DCM:MeOH:TEA, 90:9:1 → 60:39:1) with a very shallow multi-step gradient was employed to isolate 

pure unchelated PyDPA as a slightly yellow oil in moderate yield (61%). 

 

 

 

 

 

Figure 6.2.4.7: Attachment of the phosphate sensitive dipicolylamine (DPA) moiety by 
nucleophilic substitution. Formation of the more reactive alkyl-iodides, allows for an immediate 
reaction with DPA.  
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6.2.4.8. Chelation of unchelated PyDPA (28) to zinc ions forms the functional fluorescent chemo-sensor 

PyDPA 

The formation of functional PyDPA occurs through the chelation of two zinc atoms to the DPA units 

attached to the benzylic carbons (Figure 6.2.4.8). This step involved dissolving 28 in MeCN and adding 

a slight excess of zinc perchlorate hexahydrate before leaving to stir for 6 hours (Rhee et al., 2008, 

Conti et al., 2019). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
After the allocated time the MeCN was removed under reduced pressure and the residue dried on a 

high-vacuum line to provide pure functional PyDPA in quantitative yield (218 mg, 0.184 mmol, 100%). 

 

6.2.5. PyDPA offers a range of sensitivity while maintaining ppGpp selectivity  

Once the synthesis of PyDPA was completed, it was dissolved in DMSO and used to measure 

fluorescence (λExcited = 355nm, λMeasured= 485 nm) with a range of ppGpp concentrations. Starting from 

1 mM, a serial dilution of ppGpp was made to 0.48 nM while keeping a constant concentration of PyDPA 

(20 μM). The assay was successful in determining a sensitivity range with the relative fluorescence 

signal peaking at 7.81 μM (Figure 6.2.5). This can be explained by the stoichiometry required for 

fluorescence to take place: when ppGpp complexes two units of PyDPA, π-π stacking of the pyrenyl 

moieties occurs, producing a significant shift in the ratio of its excimer emission intensity compared to 

monomer emission intensity allowing detection (Rhee et al., 2008, Lee et al., 2004). However, when 

this ratio is not achieved, fluorescence is not possible. As a result, PyDPA should always be in excess 

of ppGpp to gain precise readings. 

 

Figure 6.2.4.8: Chelation of Zinc activates PyDPA to ppGpp binding. The chelation of Zn2+ ions 
allows for ppGpp binding and subsequent pyrenyl interactions 
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With a defined sensitivity range of PyDPA established, its specificity towards ppGpp was assessed 

using a selectivity assay with structurally similar nucleotides (Figure 6.2.5.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.5: Assessment of the fluorescence response of PyDPA as a function of ppGpp 
concentration. The sensitivity range of PyDPA is ~100 μM. For accurate readings titrations with 
PyDPA should be performed to ensure the chemo-sensor is in excess. 
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To assess selectivity, nucleotide (14 μM) and PyDPA (40 μM) stocks were prepared according to the 

literature before mixing thoroughly in a 1:1 ratio and measuring fluorescence (λExcited = 355nm, λMeasured= 

485 nm) (Conti et al., 2019). It is clear that binding to PyDPA relies on the presence of both 3'- and 5'-

phosphates, with nucleotides possessing one set of bis-phosphates such as ADP and GDP producing 

no signal (Figure 6.2.5.1). The penta-phosphate pppGpp did produce signal, albeit significantly weaker 

than its tetra-phosphate signalling partner. The capture compound was also included in this assay to 

gauge the effect of a linker attached to the phosphates, which was significant and to be expected. 

Overall, the data here confirm the synthesis of the selective fluorescent chemo-sensor PyDPA for use 

in future biological experiments. 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 6.2.5.1: PyDPA fluoresces in the presence of (p)ppGpp in a selective manner. Relative 
fluorescence of various nucleotides (7 μM) mixed with PyDPA (20 μM). There is a statistically significant 
difference in relative fluoresences values when comparing structurally similar nucleotides to ppGpp by 
one-way ANOVA. 
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6.3. Discussion  

With the aim of generating a method for quantifying ppGpp, the development of a selective ELISA was 

attempted to no avail (Section 6.2.2.), however, it was completed by synthesis of the chemo-sensor 

PyDPA. This compound could now be used to determine ppGpp levels in both wildtype MRSA and 

deletion mutants of the (p)ppGpp synthetases to help establish what synthetase is responsible for 

dealing with a given stress. In work that I plan to complete post thesis submission, alongside growth 

curves, I will use the chemo-sensor to monitor ppGpp production and identify the concentration at which 

growth is inhibited by half in strains that will then be subjected to metabolomics, complementing the 

work in chapter 5. 

 

Currently, there are no ELISA methods for determining ppGpp concentrations but great success with 

c-di-AMP had been reported, so the development of an ELISA method was attempted first (Underwood 

et al., 2014). As previously mentioned, there are variations of ELISA methodologies such as direct, 

indirect, and sandwich, all of which have their advantages/disadvantages. Direct ELISAs use one 

antibody and as a result are quicker due to the decreased number of steps, however, there are a limited 

number of primary conjugated antibodies available. Indirect ELISAs utilise primary antibodies, which 

have numerous epitopes and secondary antibodies that can bind to these epitopes enhancing the 

signal. The use of two different antibodies allows for the measurement of signals by different methods 

such as colorimetric or chemiluminescence at the expense of introducing an extra labelling step, while 

also introducing the potential for cross-reactivity giving a false signal. Our attempt at an ELISA is an 

example of a sandwich-ELISA, as the protein HflX was coated to the cell before the addition of the 

capture compound (antigen) and subsequent addition of streptavidin-HRP and TMB. Sandwich ELISAs 

are highly specific as two antibodies are used for capture and detection of the antigen. Despite this, our 

methodology lacked sensitivity in comparison to the ci-di-AMP ELISA which required only 1.5 nM of 

biotin-ci-di-AMP for a signal and carried large variation across numerous replicates. This was originally 

attributed to the ether chain of the capture compound not being long enough and interfering with binding. 

However, this could not have been the case as the capture compound had previously been used in a 

dot-blot where it displayed binding to HflX. An alternative method that could be developed would not 

directly measure ppGpp levels in a sample but would measure the levels of GTP, which is a key 

component in the synthesis of (p)ppGpp. This could be done using commercially available biotin-GTP 

and another protein that displays GTP binding, such as HprT, in place of HflX as this displays GTPase 

activity (Kriel et al., 2012, Polkinghorne et al., 2008, Anderson et al., 2019). However, this method would 

be indirect and possibly tricky to set up. 

 

With regards to PyDPA, the synthesis has already been optimised with almost no places for 

improvements to be made (Conti et al., 2019). The overall yield for this synthesis was low at 1.7% over 

eight steps, however, this could be attributed to the poor yield associated with the microwave assisted 

Williamson ether synthesis (section 6.2.4.5). In this reaction, the microwave reactor failed meaning 
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stirring did not occur, with many of the reaction components being insoluble in the solvent. 

Sedimentation of the salts and poor mixing occurred as a result, potentially hindering reaction 

progression. Besides the inability to repeat the reaction  due time constraints, alternative brominating 

agents in the form of a α,α-Dibromo-β-dicarbonyl compounds could be explored  for the latter stage 

bromination. Such alternatives  involve a modified Appel reaction where triphenyl phosphine is kept 

constant but the toxic/corrosive PBr3 is replaced by α,α-dibromoacetoacetate (Appel, 1975, Cui et al., 

2014). Producing the desired alkyl/benzyl bromide in almost quantitative yield with ethyl acetoacetate 

as a safe by-product (Appel, 1975, Cui et al., 2014). In place of LiAlH4 another reducing agent such as 

di-isobutyl aluminium (DIBAL) could have been trialled for the reduction of phthalate (24) if there were 

no solubility issues (Galatsis, 2001). Typically, DIBAL reductions are performed at -78 °C (dry ice and 

acetone bath) to decrease the reaction rate and favour the formation of a stable hemiacetal co-ordinated 

to aluminium that cannot undergo a second reduction due to the absence of a π-bond. Upon mild acidic 

work up, this intermediate collapses to yield an aldehyde and aluminium ether. However, by running 

the reaction at room temperature and keeping the DIBAL in slight excess it is possible to form the 

desired alcohol, this would avoid the use of LiAlH4 and allow the use of a slightly milder reducing agent 

(Mascitti, 2012). 

 

Upon synthesis we were able to demonstrate the selectivity of PyDPA and the concentration range in 

which it functions using a buffer system. Its use in S. aureus cell lysates will provide an insight into 

(p)ppGpp levels, however, it is unable to differentiate between ppGpp and pppGpp (Figure 6.2.5.1). It 

may also display affinity towards other analytes such as cAMP albeit by a different fluorescence 

mechanism, while structural analogs of the compound display affinity to NADP (Oh and Hong, 2013, 

Rhee et al., 2010). In order to assess the likelihood of these analytes interfering, it would be imperative 

to run a competition assay with PyDPA in the presence of these phosphates with negative and positive 

controls. 

 

Despite the need to perform a competition assay with NADP and cAMP, the simplicity of using PyDPA 

cannot be overstated. It is simply mixed with sample in excess before measuring fluorescence of the 

excimer (λExcimer= 475 nm) and can be performed in a 96 well plate for high-throughput experiments 

while also possessing excellent sensitivity that depends on the molar ratio with the target nucleotide. 

The ability to implement PyDPA in a high throughput system will be incredibly useful when contrasting 

levels of ppGpp between mutants to determine the importance of a given synthetase under stress or 

when examining what stressors induce ppGpp synthesis.  

 

As stated previously, other methods for quantifying ppGpp do exist but they are all associated with their 

own drawbacks. Radiolabelling in both assay and TLC form, involves working with a radioactive isotope 

increasing risk towards the user’s health. Distinguishing ppGpp between inorganic phosphates and 

ppApp is also difficult regardless of whether one dimensional or two-dimensional chromatography is 
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used (Gallant et al., 1972, HAMAGISHI et al., 1980). A modern high throughput radiolabelling procedure 

in E. coli has been developed. This uses microtiter plates and TLC to provide almost real time insight 

into ppGpp levels but still faces the same issues mentioned above (Fernández-Coll and Cashel, 2019). 

The method is also not very applicable to many other bacterial species as it uses MOPS media and 

does not tolerate other media very well. Due to amino acid auxotrophy, S. aureus cannot grow on MOPS 

meaning that another method is required for ppGpp quantification in our target bacterium (Mashburn et 

al., 2005, Fernández-Coll and Cashel, 2019). 

 

HPLC methods have drastically improved with the incorporation of mass spectrometry instruments and 

their resolution however, they lack the opportunity for high throughput and operation often requires 

specialist training, while the expense of the equipment also limits its use. Nanoclusters provide an 

interesting on/off fluorescence measurement of ppGpp levels and are promising with the potential of 

tuning for emission purposes, simplicity of preparation and compatibility within a biological system (Xu 

and Suslick, 2010). The production of europium quantum dots allows for rapid indication of ppGpp levels 

and with a detection range of 23 μM, this is low enough to determine both basal and adaptational ppGpp 

levels (Rong et al., 2020, Varik et al., 2017). The synthesis of the quantum dots is complete within 2-3 

days and with the presence of a UV lamp, ppGpp levels can be recorded with a mobile phone allowing 

for rapid quantification upon synthesis. However, they are not selective, often displaying binding 

towards GTP, GDP and GMP, limiting their use. 

 

Another method that can be used to provide insight into ppGpp levels involves the gene fusion of stress 

relevant promoters such as rpoS with GFP for real time monitoring of stress levels (Funabashi et al., 

2002). However these methods do not provide information on ppGpp levels directly, just the physical 

status of the cell and whether interactors of ppGpp are activated or inhibited (Nemecek et al., 2006, 

Funabashi et al., 2002, Fernández-Coll and Cashel, 2019). For a direct measure of an analyte a 

fluorescent biosensor would be needed, which was beyond the scope of this work. 

 

The methods described above all offer unique insights into the stress levels of bacteria whether  through 

real time fluorescence or densitometry of radiolabelled TLCs to quantify ppGpp. However, each method 

requires a lot of attention, expensive equipment or specialist training making them difficult to access 

and utilise for most laboratories. PyDPA is not exempt from this with its synthesis requiring traditional 

laborious chemical methodologies but even when prepared in low yields, only a small amount would be 

required per run making it incredibly useful for a long period of time if stored correctly. PyDPA will be 

used to quantify ppGpp levels during different phases of growth for both wildtype JE2 and deletion 

mutants in both stressed and unstressed conditions, allowing for the relationship between synthetases 

and specific stressors to be deciphered. These growth curves may also allow us to determine a 

(p)ppGpp concentration at which the growth rate is halved, providing an excellent basis for assessing 

a change in HxlB metabolites such as F6P to further elucidate the elaborate signalling network.
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Chapter 7: Discussion
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7.1. Final discussion  

The SR is an almost ubiquitous response in prokaryotes to external stresses such as nutrient starvation, 

antibiotic exposure or reactive oxygen species. The response affects multiple facets of normal cellular 

processes such as transcription, ribosomal assembly, translation and virulence (Geiger et al., 2012, 

Majerczyk et al., 2008, Pohl et al., 2009, Corrigan et al., 2016, Srivatsan and Wang, 2008). However, 

many of the mechanisms of action with regard to the SR remain undetermined due to the large array of 

targets (p)ppGpp acts upon (appendix tables 5-7). The conformational flexibility of the phosphate 

moieties and their ability to adopt enclosed or elongated conformations, allows us to rationalise the 

plethora of binding partners available to these alarmones (figure 1.5.1.) (Steinchen and Bange, 2016). 

Additionally, the mechanisms of interference across the transcriptome also differ across bacterial 

species, for example in E. coli the direct binding of (p)ppGpp to two distinct binding sites on the RNAP-

DksA complex leads to an alteration of the transcriptional profile of  ~750 genes including rrn (Geiger 

et al., 2010, Potrykus and Cashel, 2008, Kästle et al., 2015, Handke et al., 2008). In S. aureus despite 

the end result being the same, the effect of (p)ppGpp is indirect as it does not bind to the RNAP. Instead 

it modulates the concentration of other nucleotide pools such as GTP. Reductions in GTP levels allow 

for the derepression of the CodY regulon, enabling the transcription of 143 genes involved in virulence 

and amino acid biosynthesis (figure 1.5.3b) (Majerczyk et al., 2008, Handke et al., 2008). Due to these 

regulatory mechanisms, the SR is ultimately linked to an increase in survival by rapid transition to a 

slow growth phenotype leading to a decrease in metabolic activities. As these “dormant cells” have not 

undergone any genetic mutations, they promote antibiotic tolerance, implicating the SR in persister cell 

formation and repeat infections as a result (Hobby et al., 1942, Wood et al., 2013, Amato et al., 2013, 

Korch et al., 2003). The importance of antibiotic resistance and tolerant S. aureus strains cannot be 

overstated, as they result in extensive pressures on the community and healthcare systems, as 

evidenced in 2003 when up to 400,000 inpatients in the US had S. aureus-related infections. The 

inpatients alone resulted in an economic burden of around $14.5 billion and an additional $12.5 billion 

for those requiring surgical intervention (Noskin et al., 2007). The prevalence of MRSA in health care 

was also noted to have risen in 2008 due to newly discovered virulence factors that contributed to 

necrotising, frequently lethal, pneumonia along with a variety of other potentially fatal infections in 

otherwise healthy individuals, making MRSA responsible for more deaths than HIV infection in that year 

(Noskin et al., 2007, Boucher and Corey, 2008, Rasigade and Vandenesch, 2014). 

 

For these reasons it is important that the intricate (p)ppGpp signalling network of the SR is further 

characterised through the probing of (p)ppGpp interactions with potential binders. In this study we 

synthesised a ppGpp capture compound capable of isolating novel (p)ppGpp effectors from MRSA 

lysates in order to assist the mapping of this complicated stress response.  

 

The initial capture compound design was influenced in part by the primary capture compound paper for 

(p)ppGpp by Wang et al who utilised a cocktail of capture compounds consisting of a biotin affinity 
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handle, a variable length peptide linker attached to either the 3'- and 5'- phosphates, a diazirine cross-

linker and a thiolated ppGpp mimic termed p(s)pGpp. Our compound consisted of three key pieces - a 

biotin affinity handle and a variable length linker in the form of polyethylene glycol attached to p(s)pGpp 

(Chapter 3, scheme 1). The 5'-β-phosphate of ppGpp was chosen as the attachment point for the linker 

as not many nucleotides have a bis-phosphate attached to the 3'-position, which we believed could also 

be involved in the ability of (p)ppGpp to bind to so many targets. The guanine base was dismissed as 

an attachment point, as when viewing (p)ppGpp in complex with different effectors the guanine base 

seems to direct binding through aromatic interactions meaning structural hinderance may have 

interfered with binding (Steinchen et al., 2015a). Shortly after the synthesis of our capture compound, 

Haas et al released a study where they synthesised a small library of (p)ppGpp capture compounds 

with structural variations including the linker attachment point at the guanine base and 3'- and 5'- β-

phosphates (Figure 1.6.2.2). Based on the number of significant hits they obtained for each compound, 

it was found that linker attachment to the 5'-β-phosphate yielded the highest number of potential 

interacting proteins, vindicating our decision.  

 

In contrast to Haas et al and Wang et al, our capture compound was designed to function in a non-

covalent manner relying purely on specific interactions to potential interactors instead of using a photo-

activated cross-linker. This was used to investigate the SR in S. aureus. Organic synthesis of the 

compound began by generating the linker and affinity handle first and although several synthetic routes 

were initially proposed, the route we eventually settled on consisted of simple substitution and coupling 

chemistry (Chapter 3, scheme 1). However, the yields were unsatisfactory in key steps such as the late-

stage Staudinger synthesis (36%) and bromoacetylation (11%), significantly impacting the amount of 

material available for input into the final coupling reaction with the enzymatically generated p(s)pGpp. 

Although there was enough material available for our needs, the synthesis could be improved by 

employing different reactions such as hydrogenations in place of the Staudinger reactions or click 

reactions to bypass both the Staudinger and bromoactylation steps in one pot, while also introducing a 

chromophore for reaction monitoring during chromatography. Optimising the HPLC purification 

conditions of p(s)pGpp and the capture compound by modifying the gradients and using newer 

equipment would also dramatically increase the yield. The simplicity of being able to replace the TEG 

in our capture compound with other PEG variants in the first step, also allows for (p)ppGpp interactions 

to be probed further. While the development of a pppGpp capture compound could have been explored 

this would have been difficult as it was previously discovered by another member of the laboratory that 

GDPβs was not tolerated as a substrate by the long-RSH Rel. Although the SAS RelP and RelQ were 

more versatile in their substrate acceptance they preferentially synthesise ppGpp, as a result this 

direction was not pursued. Therefore, despite its drawbacks in yield, a backbone synthetic route leading 

to a novel non-covalent (p)ppGpp capture compound was established.  
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With our capture compound displaying binding to the (p)ppGpp target GTPases; RsgA, RbgA, HflX and 

Era identified by Corrigan et al, we set about developing a pulldown methodology (Figure 4.2.2.1). This 

methodology drew inspiration from previous studies such as Laventie et al for identifying c-di-GMP 

binding proteins, and ultimately led to a streamlined approach for using the compound to assess 

(p)ppGpp binding in lysates from different growth phases and stress conditions. Wang et al also 

implemented a SILAC methodology using a lysine and arginine auxotrophic strain of E. coli AT713 

(figure 1.6.2.1). While this approach would have provided further insight into the signalling network, due 

to both a lack of resources and the lack of S. aureus auxotrophic behaviour, we were not able to 

generate our own SILAC minimal media and implement this in an S. aureus background. Nevertheless, 

upon obtaining the results from our pulldown methodology we had isolated around 160 potential 

(p)ppGpp binding targets in stationary phase MRSA lysates, including 20 proteins previously identified 

using capture compound approaches (appendix table 1-4) (Haas et al., Wang et al., 2019a). Using 

KEGG mapping we were able to determine these proteins were involved in multiple cellular processes 

including: RNAP assembly; TCS involved in cell wall stress; adaptation to ROS; and carbon 

metabolism. The lack of targets identified in the remaining pulldown experiments with: exponential 

phase lysates; mupirocin stressed lysates and lysates obtained post macrophage internalisation could 

be explained by (p)ppGpp levels being naturally higher in stationary phase than exponential phase. As 

the cell does not require inhibition of processes involved in growth during proliferation and as supply 

essentially meets demand there are fewer (p)ppGpp targets available for binding during this growth 

phase. The pulldowns using bacteria internalised by macrophages had a significantly lower number of 

S. aureus cells available for lysis, while the protein concentration determined before the pulldown was 

likely not accurate due to the remnants of macrophage proteins. The significance values were also 

heavily altered due to the lack of a proteome attributed to the primary human macrophages, to avoid 

this a standardised cell line could be used. 

 

A lower number of significant hits from these additional pulldown experiments led to us focusing our 

efforts on the stationary phase dataset. After expression of the proteins of interest using the ORFeome 

library, we assessed binding to ppGpp using DRaCALA with whole cell lysates to narrow down our 

search radius. DRaCALA had previously been used to a high degree of success by Zhang et al 

(appendix table 5) and Corrigan et al identifying the ribosomal GTPases. However, upon purification of 

promising hits we utilised, the DRaCALA technique with recombinant protein and discovered it was not 

useful for the identification of weak binders with high micromolar binding affinities. Two separate groups 

of proteins were investigated in this manner and every protein we tested except the positive control of 

RsgA did not provide a positive result. To avoid working our way through the remaining ~140 proteins, 

we sought out a new method for sensing ppGpp binding and settled on 31P NMR. This was incredibly 

successful and allowed for the detection of a reduction in the phosphate signals across four potential 

ppGpp binding proteins from our Group 2 potential binders (figure 5.2.2.2). In the future, it would be 

worth expressing more protein and investigating these interactions further to determine exactly which 
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phosphates were involved in binding. In addition to confirming binding interactions of proteins in group 

2, purifying some of the proteins from Group 1 to assess their binding by NMR methods before later 

determining a Kd using ITC would be beneficial and limit the protein required for initial testing with 40-

100 μM being sufficient in our NMR studies. Although MST was a promising technique to trial due to its 

low protein concentration requirement, it was ultimately unsuccessful for determining a Kd due to poor 

binding of the dye to the 6xHis-tag. Optimisation of the buffer conditions may improve this but until then, 

the use of ITC will be sufficient as demonstrated by another member of the lab when determining a Kd 

for HxlB (25.3μM). 

 

The role of (p)ppGpp binding proteins in central metabolism and nucleotide synthesis has already been 

demonstrated by PurF, Gmk and HprT. So the identification of the isomerase HxlB as an interaction 

partner is interesting as its main product, D-arabino-hex-3-ulose 6-phosphate, is a linking product 

between glycolysis and the pentose phosphate pathway. This product is readily transformed into 

ribulose-5-phosphate, the precursor to R5P and ultimately PRPP, directly affecting the synthesis of 

purine nucleotides to ensure GTP pools stay depleted under stress. Our fructose 6-phosphate assays 

aimed to investigate whether (p)ppGpp acts as an inhibitor of HxlB (figure 5.2.4.1). While these assay 

noted a trend towards inhibition, significance was not reached. Therefore, optimisation of the F6P assay 

by modifying temperature or protein-ligand ratios may help us better characterise the interaction 

between HxlB and (p)ppGpp. The binding between HxlB and (p)ppGppremains important, as if 

(p)ppGpp acts as an inhibitor of HxlB preventing purine nucleotide synthesis through a lack of d-arabino-

hex-3-ulose 6-phosphate, then it stands to reason that F6P concentrations will increase. As a result, 

the concentration of each intermediate following F6P will increase ultimately leading to an increase in 

pyruvate concentration. Pyruvate is a key player in gluconeogenesis and the production of amino acids, 

potentially implicating HxlB in the starvation response (figure 5.3).  When considering HxlB was 

identified in stationary phase where bacteria are enduring nutrient poor conditions, this is exciting.  

 

In order to further investigate the role of HxlB in the stringent response we are working in collaboration 

with the University of Nebraska Medical Centre where we will make use of their state-of- the-art 

metabolomics facilities to quantify glycolytic metabolites along with other metabolites linked to HxlB. 

Metabolomics will be done in both true nutrient starved conditions and stationary phase in order to 

determine the effect HxlB has on maintaining the SR through its interaction with (p)ppGpp. 

 

The synthesis of the selective fluorescent chemo-sensor PyDPA also addresses a separate aim of the 

project, which was to be able to selectively and accurately quantify (p)ppGpp levels (figure 6.2.5.1 and 

6.2.5.2). Having access to this complex allows us to probe (p)ppGpp levels under various stress 

conditions and across various synthetase mutants furthering our understanding of which synthetases 

are responsible for (p)ppGpp production under a given stress. 
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Overall, in this study we aimed to design a synthetic route for a non-covalent capture compound capable 

of isolating novel ppGpp interaction partners in S. aureus. This was completed, providing us with some 

insight into the stringent response signalling network and its effect on various processes. Although 

characterisation of some proteins still remains, they are heavily involved in important cellular processes 

such as the foldase PrsA being involved in β-lactam resistance by influencing PBP2a levels(Jousselin 

et al., 2015). Other proteins involved in metabolism such as the positive binders MvaD and Ac2460 

identified by 31P NMR are also worth characterising. It is widely known that the SR has an effect on 

virulence, so proteins involved in dealing with the host immune system and antibiotic resistance such 

as PerR, Ohr, KatA and VraR respectively are all interesting targets that should have their binding to 

(p)ppGpp validated. The staphylococcal RNAP subunits RpoE and RpoY pose an interesting prospect, 

as if their binding to (p)ppGpp can be confirmed this may suggest an entirely new regulatory mechanism 

for transcription across Bacillota with the formation of the RNAP complex being inhibited by allosteric 

binding instead of (p)ppGpp binding directly to the RNAP. The role of (p)ppGpp in purine nucleotide 

synthesis has previously been shown by Wang et al, with PurF being directly inhibited by the alarmones. 

Therefore, the identification of the 3-hexulose-6-phosphate HxlB as a binder of (p)ppGpp suggests an 

interesting mechanism for modulating carbon metabolism. The number of putative hits we have 

identified, along with the definitive hit HxlB, underlines the potential capture compounds have for the 

mapping of cellular signalling networks when compared to other approaches such as DRaCALA. 

However, capture compound approaches for other signalling nucleotides such as GTP or NADPH may 

be significantly messier due to the increased number of binding partners and shared binding modes, 

necessitating a greater number of controls and more stringent criteria for determining significant hits.  

 

In conclusion, the role of HxlB in the SR is currently being investigated further in a collaboration with 

the University of Nebraska Medical Centre, where we will use metabolomics to quantify glycolytic 

metabolites in the absence and induction of the SR. All in all, we believe this work can hopefully be 

used to aid in the mapping and understanding of the (p)ppGpp signalling network, which may eventually 

lead to the potential development of novel therapeutics. 
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Supplementary information 

2-[2-[2-[2- (4-methylphenyl)sulfonyloxyethoxy]ethoxy]ethoxy]ethyl 4-methylbenzenesulfonate (11) 

1H NMR analysis  
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HRMS (ESI+) 
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1,11-diazido -3,6,9-trioxaundecane (12) 

1H NMR analysis  
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HRMS (ESI+) 
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Infrared Spectrum 
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1-azido-3,6,9-trioxaundecan-11-amine hydrochloride (13) 

1H NMR analysis 
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HRMS (ESI+) 
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Pentafluorophenyl 5-[(3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl]pentanoate (14) 

1H NMR analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



180 
 

19F NMR analysis 
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HRMS (ESI+) 
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N-[2-[2-[2- (2-Azidoethoxy)ethoxy]ethoxy]ethyl]hexahydro-2-oxo- (3aS,4S,6aR)- 1H-thieno[3,4-d ]imidazole-4-pentanamide (15) 

1H NMR analysis 
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HRMS (ESI+) 
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1H-Thieno[3,4-d]imidazole-4-pentanamide, N-[2-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]ethyl]hexahydro-2-oxo-,(3aS,4S,6aR) (16) 

1H NMR analysis 
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HRMS (ESI+) 
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H-Thieno[3,4-d]imidazole-4-pentanamide, N-(14-bromo-13-oxo-3,6,9-trioxa-12-azatetradec-1-yl)hexahydro-2-oxo-,(3aS,4S,6aR) (17) 

1H NMR analysis 
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LCMS (ESI+) 
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 ([(2R,3S,4R,5R)-5-(2-amino-6-oxo-1H-purin-9-yl)-4-hydroxy-2-[[hydroxy(phosphonooxy)phosphoryl]oxymethyl]oxolan-3-yl] phosphono 

thiophosphate) p(s)pGpp (18) 

31P NMR analysis 
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HRMS (ESI-) 
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Guanosine 3'-diphosphate-5'-phosphoryl-phosphorylthio-11-amido-3,6,9-trioxaundecan-1-biotin (Capture compound 19) 

HPLC trace in HFIP buffer 
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HRMS (ESI-) 
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3-Pyren-1-yl-prop-2-yn-1-ol (21) 

1H NMR analysis 
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3- (pyren-1-yl)propan-1-ol (22) 

1H NMR analysis  
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1- (3-bromopropyl)pyrene (23) 
1H NMR analysis 

 

 



195 
 

3,5-Bis-(hydroxymethyl)phenol (25) 

1H NMR analysis 
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 (5-[3-(pyren-1-yl)propoxy]-1,3-phenylene)dimethanol (26) 

1H NMR analysis 
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 (5-[3-(pyren-1-yl)propoxy]-1,3-phenylene)dibromide (27) 

1H NMR analysis 
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5-[3-(1-Pyrenyl)propoxy]-N1,N1,N3,N3-tetrakis(2-pyridinylmethyl)-1,3-benzenedimethanamine (28) 

1H NMR analysis 
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PyDPA (29) 

1H NMR analysis 
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