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Abstract

Antibiotics revolutionised healthcare in the 20" century, reducing the
prevalence of many infectious diseases that had been a burden for humankind
throughout its history. Many of the antibiotics discovered during the last century
were natural products isolated from bacteria found in soil. Eventually, not only
did bacteria resistant to these antibiotics begin to emerge, but it became clear
that natural product screening was offering diminishing returns as they were
often rediscovering known compounds. The lack of success of target-based
approaches and screening large small molecule libraries has cast the spotlight
once again on screening natural products for novel antibacterial drugs.
Unfortunately, this screening requires methods far more efficient than those
currently available. One solution to this is to use whole-cell biosensors to
indicate the presence of antibiotics. However, many of the biosensors in the

literature are not specific enough for high-throughput screening.

The O’Neill lab produced three biosensors for detecting cell wall biosynthesis
inhibitors (CBls). In this thesis, one of these biosensors was used to screen a
library of nearly 4,000 compounds. Only the 46 CBIs in this library induced the
biosensor, demonstrating its high level of specificity. This biosensor was
subsequently engineered to include resistance genes, generating a novel CBI
biosensor that was simultaneously capable of dereplicating some classes of
CBls.

Most natural product antibiotics used in the clinic inhibit steps in bacterial cell
wall or protein biosynthesis, and so biosensors capable of detecting protein
biosynthesis inhibitors (PBIs), for example, would also be useful. With this aim,
a transcriptional signature was obtained for Staphylococcus aureus exposed to
a sub-inhibitory concentration of two PBIls to identify promoters suitable for
inclusion in a PBI biosensor. Unfortunately, the three PBI biosensors generated
were not specific for PBls. However, the results obtained highlight the

difficulties in generating PBI biosensors suitable for high-throughput screening.



Table of Contents

Acknowledgements .........cccoiiiiicecciiiirr s s e e iii
ADSTFACY ... e s iv
Table of Contents.........ccoveiecicc s v
List Of TabIeS.......ceeieeeiiiiieeee s s ix
List Of FIQUIES ... e Xi
AbBDreviations ... Xiv
Chapter 1 Introduction ... e 1
1.1 The rise of antibacterial resistance.............cccccvviiiiiiiii s 1
1.2 The antibacterial mode of action of antibiotics..............cccceeeiiiieiens 2
1.3 Early 20" century antibiotics — the sulfa drugs and penicillin............ 3
1.4 Waksman platform and the ‘Golden Age’ of antibiotic discovery...... 5
1.5 Semi-synthetic antibiotics derived from natural product scaffolds ....6
1.6 Issues regarding target-based antibacterial drug discovery ........... 10
1.7 Renewed interest in screening natural products to find novel
ANEIDIOLICS .o 13

1.8 The potential of using whole-cell biosensors for screening natural

0] oo 11 o £ 70PN 15

1.9 Project @aims.....coooiiiiii e 22
Chapter 2 Materials and Methods............coooiiiimcccccccre e 26
2.1 Bacterial strains, fungal strains and plasmids............ccccccevivveinnnnn. 26
2.2 Antibiotics and chemicals .........ccccoeeeiiiiieiii e 29
2.3 Culture conditions and bacteriological media ................cccceeveieeenen. 30
2.3.1 Antibiotic susceptibility determinations................cccccuviieeienn 32

2.4 Molecular biology teChNIQUES .........cceeeiiiiiiiiiiieeee e 32
2.4.1 Extraction of plasmid DNA ..., 32

2.4.2 Extraction of genomic DNA ... 32

2.4.3 Determination of DNA concentration...........ccccoeeeeeeeeiiiiiinnnnn, 33

2.4.4 Ethanol concentration of DNA..........cccooiiiiiiiiiiiieee 33

245 PCR product purification (PCR clean up).......ccccccoeeeevvvivennnns 33

2.4.6 Preparation of chemically competent E. coli ......................... 33

2.4.7 Chemical transformation into E. COli...............ccooevveiiirnnnnnnee. 34

2.4.8 Preparation and electroporation of S. aureus........................ 34

249 Polymerase chain reaction..........cccccccooiiiiiiiiiiiiiiiiieeeee 35



Vi

2.4.10 Colony PCR ...t 35
2.4.11 Agarose gel electrophoresis........ccccveeveeiiiniiiiiinceeee 36
2.4.12 Extraction of DNA from agarose gel............ccccociiiiiiiiininnnn. 36
2.4.13 Restriction digests........ccoooiiiiiiii i, 36
2.4.14 Ligation reactions .............eeeeeieiiiiiiiieeiieies e 36
2415 Gibson assembly reactions ..........ccccccoveiiiiiiiiiiiiiieeeee 37
2.5 Generation of the bIOSEeNSOrs .........ccevvviiiiiiiiiiiii e 37
251 Creation of the Pmurz-lacZ(derep) biosensor...............ccuue..... 37
252 Creation of the Pinc-lacZ, Porro-lacZ and Pozszs-lacZ
DIOSENSOrS.. ..o 38

2.5.3 Creation of RN4220(GC1) and RN4220(GC2)........ccccevvuvnnen. 38
2.6 Creating transcriptional profiles .........ccccceieiiiiii i 39
2.6.1 Growth of bacteria exposed to concentrations of antibiotics
causing 25% growth inhibition..............ccoo i 39

2.6.2 RNA extraCtion ..........couuiuiiiiiiieeeee e 40
2.6.3 RNA SEQUENCING ...cceiiiiiiii et 40
2.7 BIOSENSOr @SSAYS ....uuuuuuirrniieiiiieiiaaeeaiaaaaaaaaaaaaaaaasssnbeeeereeeeeeeeaaeas 41
2.7.1  Agar assay validation ...........ccccccoiiiiiii 41
2.7.2 Natural product agar assays .........cccceeeeeeiieeiiiiieeeeiicie e, 41
2.7.3 Full scale MUG @SSAY ......c.ceueiiiiiiiiiiiiiiiiieeieeeeeeeeee e 41
2.7.4 96-well plate scale MUG assay..........cocoeeeviiiiiiiiiniiiiiieeeeeen 42
2.7.5 B-glo @SSAY.....cccoiiiiiiieiie e 42
2.8 Data analysSiS........cooiiiiiiiiiiiie e 43
2.8.1  Standard DNA SeqUENCING........ccoieiiiiiiiiiiiiiiiiiiie e 43
2.8.2 MUG assay analySiS .......cccceeeeeeeeeeiiiiiieiieiiiiieeee e eeeeeeeanens 43
2.8.3 B-glo @ssay @nalySiS.........cueeeiiiiiiiiiiiiiii e 43
284  RNA-SEQ coeiiiiiiiiiiie et 44
2.8.5  SATMD ..o 44

Chapter 3 Using whole-cell biosensors to detect antibiotics in high-
throughput screening assays and from natural product producing

LYo =10 1 =7 1 1 S 45
1 T BN 1 1 {0 Yo [UTe7 1o o VPR 46
3.1.1  The structure and function of the bacterial cell wall............... 46

3.1.2 The origin and mechanism of action of cell wall biosynthesis
INNIDITOIS ... e 48

3.1.3 Generation of the three CBI biosensors used in this study ...55
3.2 RESUIS .o 57



Vii

3.2.1 Completing the validation of the Pgra-lacZ, Popps-lacZ and

Pmurz-1aCZ DIOSENSOIS......cvviiiiiiiiiieee e 57

3.2.2 Testing compounds from the literature using the Pmurz-lacZ
DIOSENSON ... 65

3.2.2.1 Testing rhodomyrtone.............ccoooiiiiiiiiiiiiiiiee e 65
3.2.2.2 Testing clomiphene ...t 66
3.2.3 Validating the 96-well plate scale MUG assay ...................... 68
3.2.4 High throughput screen of the NIH Clinical Collection using
the 96-well plate scale MUG assay .........cccccoeeeeeieiiiiiiiinnene 69

3.2.5 High throughput screen of the NIH Clinical Collection, the
Microsource Spectrum and the Tocris Totalscreen collections

using the B-glo assay ... 72

3.2.6  Providing further validation of the Pmuz-lacZ biosensor in the
B-glo assay by investigating its ability to detect PAINSs.......... 77

3.2.7 Screening natural product extracts in a 96-well plate format.78
3.2.8 Developing the agar-based assay......c......ccovvveeiiiiiieiennn, 82
3.2.8.1 Rationale for the agar based assays .........cccccccceeeeeeennn. 82
3.2.8.2 Validation using antibacterial test compounds............... 82
3.2.8.3 Dual DIOSENSOIS......ccoiiiiieiieiieieeiee e 85

3.2.8.4 Validation of agar assay to detect antibacterial
compounds directly from their producing organisms .....89

TR T B IE=To U E=1<] o] TP 93

Chapter 4 Tackling the issue of dereplication — using growth media
supplementation and resistance genes in the Pmurz-lacZ biosensor

to eliminate known antibiotics ............ccccmiiimiii s 100
4.1 INrOAUCTION. ... 101
4.2 RESUIS .o 104

4.2.1 Using D-alanine to suppress the induction of the Pmuz-lacZ
biosensor by D-cycloserine ... 104

4.2.1.1 Rationale for supplementation of the growth media.....104
4.2.1.2 ldentifying the best D-alanine concentration to use.....104
4.2.2 Design and generation of the Pmuz-lacZ(derep) biosensor .107
4.2.2.1 Overview of the Gibson assembly strategy.................. 108
4.2.2.2 Generation of the Pmurz-lacZ(derep) biosensor ............ 110

4.2.2.3 Optimising the conditions for the B-glo assay with the
Pmurz-lacZ(derep) biosensor.............cccoeeeciiiiieineene, 112

4.2.3 Using the Pmurz-lacZ(derep) biosensor with one of the NIH
[Drary plates..........eeeeeeiiiiii e 114



viii
4.2.4 Finalising the conditions and testing the Pmuz-lacZ(derep)
biosensor with the D-alanine supplementation.................... 116
4.3 DiSCUSSION ...ttt e e e e e e e eeeaanaes 119

Chapter 5 Towards the generation of whole-cell biosensors for the
detection and dereplication of protein biosynthesis inhibitors ..122

5.1 INtrOAUCHION.....eeii e 124
5.1.1 Bacterial protein biosynthesis and antibiotics that inhibit this

o] 0 Tel =T TP 124

5.1.2 Dereplication of protein biosynthesis inhibitors ................... 132

5.1.3 Rationale for the resistance genes used in the dereplication

(o7 ] 0 1= 1t [o £ P 134

5.2 RESUIS oo 138
521 RNA-seqdata.....cccccooiiiiiiiiiiiiieee e 138

5.2.2 Design and generation of the PBI biosensors ..................... 145

5.2.3 Testing the PBI biosensors using the B-glo assay .............. 145

5.2.4 Design of resistance constructs ..............ccccevviiciiieee. 150

5.2.5 Generation of resistance constructs............c.ccovvviiiiiiiinnnnn. 153

CTRC T B T E< Yo 1S Lo o SR 155
531 RNA-seqdata.....cccccooiiiiiiiiie e 155

5.3.2 Generation of PBI biosensors ..........cccccooeeviviiiiiiiiceeenn 159

5.3.3 Testing the PBI biosensors using the B-glo assay .............. 160

5.3.4 Generation of resistance constructs............cccccuvveieevinennn.n. 163
Chapter 6 General discussion, conclusions and future work.............. 165
LR =T =T 4 173
Chapter 7 AppendiCes ......ccceieeeuccieiiiiisee e e s ee s seesnes s ssse s s e s e e e e e e e nnnnnnnns 195
7.1 AppendiX A — PriMErsS......ooooiiiiiiiiiiieee e 195
7.2 Appendix B — MUG assay NIH screen...........coooovviiiiiiiinieeeeeene, 197

7.3 Appendix C — 3-glo assay screen of the NIH, Microsource Spectrum
and ToCriS lIDraries ........uuueuiiiii e 200



List of Tables
Table name Page
Table 2.1 Plasmids used in this study. 26
Table 2.2 Bacterial strains used in this study. 27
Table 2.3 Fungal strains used in this study. 28
Table 2.4 Growth conditions for the bacterial and fungal strains used 31
in this study.
Table 3.1 Validation of the Pgua-lacZ, Popps-lacZ and Pmurz-lacZ 59
biosensors.
Table 3.2 Results of the MUG assay miniaturisation validation. 69
Table 3.3 Results of the B-glo assay comparing two possible ratios 73
of reagent to challenged culture.
Table 3.4 Compounds that were not CBIls or antibiotics and that 76
induced the Pmurz-lacZ biosensor in the B-glo assay.
Table 3.5 B-gal activity ratios for pan-assay interference compounds 78
(PAINSs) using the Pmurz-lacZ biosensor in the -glo assay.
Table 3.6 A comparison of the limits of detection for agar-based 88
assay and the full scale MUG assay for the Popps-lacZ, Pmurz-lacZ
and Z1 biosensors.
Table 3.7 The bacterial or fungal strains used in the agar-based 91
assay and the antibacterial compounds they produce.
Table 4.1 MIC values of D-cycloserine with the Pmurz-lacZ biosensor 105
in the presence of increasing concentrations of D-alanine.
Table 4.2 MIC values for the MZABG6 transformation colonies with 111
penicillin, bacitracin, fosfomycin and vancomycin, compared with the
MIC values for SH1000.
Table 4.3 MIC values for penicillin with the Pmuz-lacZ(derep) 113
biosensor induced by different ATc concentrations.
Table 4.4 MIC values for penicillin, fosfomycin, bacitracin and 114
vancomycin with the Pmuz-lacZ(derep) biosensor using 0.01, 0.05
and 0.1 uM ATc.
Table 5.1 The class, biosynthetic process affected and the year of 125
discovery for representative natural product antibiotics for each
class.
Table 5.2 The average genes reads, fold changes in expression and 144
the general functions of the protein encoded by those genes (if
known) of the 7 candidate genes.
Table 5.3 MIC values to determine which Gibson construct 1 154

colonies displayed the correct phenotype.




Table name Page
Table 5.4 MIC values to determine which Gibson construct 2 154
colonies displayed the correct phenotype.

Table 5.5 Further MICs for GC2.3 (RN4220(GC2)) 154
Table 7.1 List of primers used in this study. 195

Table 7.2 B-gal activity ratios for the NIH Clinical Collection 197
screened with the Pmurz-lacZ biosensor using the MUG assay.

Table 7.3 B-gal activity ratios for the NIH Clinical Collection, the 200
Microsource Spectrum library and the Tocris Totalscreen library
screened with the Pmurz-lacZ biosensor using the 3-glo assay.




Xi

List of Figures

Figure name Page
Figure 1.1 Examples of compounds in the cephalosporin class. 7
Figure 1.2 Examples of compounds in the quinolone class. 10
Figure 1.3 The general structure of the key genetic elements of a 15
whole-cell biosensor/reporter.

Figure 3.1 Cross sections of the structure of Gram-positive bacteria 47
and Gram-negative bacteria.

Figure 3.2 The mechanism of action of fosfomycin. 49
Figure 3.3 The interaction between vancomycin and the 50
pentapeptide side chain.

Figure 3.4 The mechanism of action of penicillin. 53
Figure 3.5 An overview of the peptidoglycan biosynthetic pathway 54
and an indication of the targets of various CBls.

Figure 3.6 The reaction of B-galactosidase with MUG to produce the 58
fluorescent product, 4-MU.

Figure 3.7 B-gal activity ratio for remaining validation compounds 64
with the Pgia-lacZ, Popps-lacZ and Pmurz-lacZ biosensors in the full

scale MUG assay.

Figure 3.8 B-gal activity ratios for rhodomyrtone, flucloxacillin and 66
tetracycline using the full scale MUG assay.

Figure 3.9 Overview of the Und-P biosynthesis pathway. 67
Figure 3.10 B-gal activity ratios for clomiphene, vancomycin and 68
tetracycline using the full scale MUG assay.

Figure 3.11 B-gal activity ratio for the antibiotics in the NIH Clinical 71
Collection screened using the MUG assay.

Figure 3.12 The reaction that takes place in the $-glo assay when 72
the B-glo reagent is added.

Figure 3.13 The distribution of CBIs and non-CBI antibiotics in the 74
NIH, Spectrum and Tocris compound libraries.

Figure 3.14 3-gal activity ratios for antibacterial compounds in the 75
NIH Clinical Collection, the Microsource Spectrum collection, and

the Tocris Totalscreen collection screened using the $-glo assay.

Figure 3.15 B-gal activity ratios for the NCI Open Repository extracts 81
screened using the B-glo assay.

Figure 3.16 The reaction of B-galactosidase with X-gal to produce a 82
product that forms a blue precipitate.

Figure 3.17 An agar based assay at the validation stage. 83




Xii

Figure name Page
Figure 3.18 Limits of detection in the agar-based assay using the 84
Popps-lacZ biosensor (A, B and C) and the Pmuz-lacZ biosensor (D).

Figure 3.19 Positive controls with the S-Gal substrate. 85
Figure 3.20 A comparison of the agar based assay with A) the Pgja- 86
lacZ single biosensor, B) the Pnurz-lacZ single biosensor and C) the

Z0 dual biosensor.

Figure 3.21 A comparison of the agar based assay with A) the Popps- 86
lacZ single biosensor, B) the Pnurz-lacZ single biosensor and C) the

Z1 dual biosensor.

Figure 3.22 The flucloxacillin dilution series plates. 87
Figure 3.23 A schematic of the strategy for the natural product 90
assays.

Figure 3.24 A Penicillium plate produced using the method 90
illustrated in Figure 3.23.

Figure 3.25 Plugs of natural product producers inserted into Pmurz- 92
lacZ biosensor lawns.

Figure 3.26 Further plugs of natural product producers inserted into 93
Pmurz-lacZ biosensor lawns.

Figure 4.1 An overview of the steps in peptidoglycan biosynthesis 104
that are inhibited by the antibiotic D-cycloserine.

Figure 4.2 B-gal activity ratios of the Pmurz-lacZ biosensor with 106
various D-alanine and D-cycloserine concentrations.

Figure 4.3 B-gal activity ratios for the Pmurz-lacZ biosensor with and 107
without D-alanine supplementation.

Figure 4.4 The construction strategy for the pZAB plasmid. 108
Figure 4.5 Diagrams of the relevant sites on the pRAB11 vector. 109
Figure 4.6 B-gal activity ratios of the best three candidate P murz- 112
lacZ(derep) biosensors.

Figure 4.7 The B-gal activity ratios for the Pmurz-lacZ(derep) 114
biosensor with penicillin (10 uM), fosfomycin (10 yM), bacitracin (1 x

MIC) and vancomycin (10 uM) with 0.01, 0.05 and 0.1 uM ATc.

Figure 4.8 B-gal activity ratios for the NIH Clinical Collection 1974 115
plate with the Pmurz-lacZ biosensor and the Pmurz-lacZ(derep)

biosensor.

Figure 4.9 A comparison of the B-gal activity ratios of both 117
biosensors with D-alanine supplementation combined with various
concentrations of ATc.

Figure 4.10 B-gal activity ratios of test compounds for both 118

biosensors using 0.15 uM ATc both with and without D-alanine
supplementation.




Xiii

Figure name Page
Figure 5.1 The distribution of the mode of action of natural product- 124
derived antibiotic classes.

Figure 5.2 The bacterial translation process. 127
Figure 5.3 Positions of aminoglycoside modification. 135
Figure 5.4 Distribution of the natural product-derived antibiotic 138
classes theoretically dereplicated by the resistance genes in the

Gibson constructs.

Figure 5.5 Agarose gel of RNA samples. 139
Figure 5.6 Quality analysis of the extracted RNA. 140
Figure 5.7 Summary of the stages in choosing the candidate genes 141
for the PBI biosensors from the processed RNA-seq data.

Figure 5.8 B-gal activity ratios for the Pinxrc-lacZ biosensor. 147
Figure 5.9 B-gal activity ratios for the Po1910-lacZ biosensor. 148
Figure 5.10 B-gal activity ratios for the Po2425-lacZ biosensor. 149
Figure 5.11 Ratio of drug-free luminescence:blank well 150
luminescence for RN4220 and the three PBI biosensors.

Figure 5.12 The design of the synthetic pieces of the two PBI 152
Gibson constructs.

Figure 5.13 The strategy for detecting the correct orientation of the 160
insert using blunt-end cloning after digesting the insert and the

vector with only Smal.

Figure 6.1 Outline of how a biosensor system based on o- 169

complementarity could work.




4-MU
AAC
Amp
ANT
APH
ARP
alr
ATc
bp
CBI
Cm
DAP
DdlI
DFC
DHPS
DMAPP
DMSO
DSMz

EDGE
EDTA
EF-G
EF-Tu
EGCG
Em
ESKAPE

FDA
FPP

GIcNAc

Xiv

Abbreviations

4-methylumbelliferone
aminoglycoside acetyltransferase
ampicillin

aminoglycoside nucleotidyl transferase
aminoglycoside phosphotransferase
antibiotic resistance platform
Alanine racemase
anhydrotetracycline

base pair

cell wall biosynthesis inhibitor
chloramphenicol

diaminopimelate

D-ala-D-ala ligase

drug-free control

Dihydropteroate synthase
dimethylallyl diphosphate
Dimethylsulfoxide

Deutsche Sammlung von Mikroorganismen und Zellkulturen

GmbH

Empirical analysis of Digital Gene Expression
ethylenediaminetetraacetic acid

elongation factor G

elongation factor Tu

epigallocatechin gallate

erythromycin

Enterococcus faecium, Staphylococcus aureus, Klebsiella

pneumoniae, Acinetobacter  baumanii,
aeruginosa, and Enterobacter species

US Food and Drug Administration
farnesyl diphosphate

grams

unit gravity sedimentation

N-Acetylglucosamine

Pseudomonas



XV

GTP guanosine triphosphate
h hours
HGT horizontal gene transfer

HR-LCMS High Resolution Liquid Chromatography Mass Spectrometry

HTS high-throughput screen

IPP isopentenyl diphosphate

IPTG isopropyl B-D-1-thiogalactopyranoside

kb kilo base pair

L litre

LBA Luria Bertani Agar

LBB Luria Bertani Broth

m metre

M molar

MCS multiple cloning site

MDR multi-drug-resistant

MHA Mueller Hinton Agar

MHB Mueller Hinton Broth

MIC minimum inhibitory concentration

MOA mode of action

MRSA methicillin-resistant Staphylococcus aureus
MUG 4-methylumbelliferyl B-D-galactopyranoside
MurNAc N-Acetylmuramic acid

NCI National Cancer Institute

oD Optical density

PBI protein biosynthesis inhibitor

PBP Penicillin binding protein

PBS phosphate buffered saline

PCR polymerase chain reaction

PEP phosphoenolpyruvate

qRT-PCR quantitative reverse transcription polymerase chain reaction
RBS ribosome binding site

RT room temperature

S Svedberg unit

SATMD Staphylococcus aureus Transcriptome Meta-Database
S-gal 3,4-Cyclohexeneoesculetin-p-D-galactopyranoside

SNRI serotonin—norepinephrine reuptake inhibitors



SSRI
Tet
TSA
TSB
ubDP
Und-P
UppP
UppS
VRE
X-gal
Z0l
B-gal

XVi

serotonin-specific reuptake inhibitors
tetracycline

Tryptone Soya Agar

Tryptone Soya Broth

uridine diphosphate

undecaprenyl phosphate

undecaprenyl diphosphate phosphatase
undecaprenyl diphosphate synthase
vancomycin-resistant enterococci
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
zone of inhibition

B-galactosidase



Chapter 1 Introduction

1.1 The rise of antibacterial resistance

Antibiotics have revolutionised healthcare in the 20t century, increasing the
average life expectancy by around 30 years in developed countries (Finch et
al., 2010). An example of just how important the introduction of antibiotics has
been is the reduction in mortality associated with Staphylococcus aureus
bacteremia (SAB); in the pre-antibiotic era, this was >80%, and antibiotics
reduced this figure to approximately 20% by 2004 (van Hal et al., 2012). In
addition to treating established infections, antibiotics are extensively used to
prevent recurrent systemic infections and postoperative infections, which is
particularly important when a patient is immunosuppressed in order to accept a
new organ during transplantation or during cancer chemotherapy (Enzler et al.,
2011; Nichols, 2001).

Unfortunately, there has been a dearth of new antibiotics since the 1970s,
alongside rapidly increasing levels of infection caused by antibiotic resistant
bacteria. Failure to develop novel drugs to treat infections caused by these
resistant bacterial strains could ultimately return associated mortality rates to
levels last seen a century ago and render simple medical procedures too risky
to perform (Davies and Davies, 2010; Davis, 2013; Norrby et al., 2009). Current
annual casualties associated with antibiotic resistance are 700,000 worldwide;
without new antibiotics this figure is predicted to rise to 10 million by 2050,
which would cost ~$100 trillion in lost GDP (O’Neill, 2016).

The origin of antibacterial resistance is the fact that bacteria evolved in an
environment rich in small bioactive molecules, including peptides and
antibiotics produced by other microbes competing for survival. Many bacteria
found in the environment therefore have intrinsic resistance before they are
exposed to antibiotics in hospital settings (Wright, 2010). Resistance can arise
in one of two ways. The selection of bacteria in which a random mutation
results in a gene that confers resistance to whichever compound is exerting the
selection pressure is referred to as endogenous resistance (Silver, 2011).

Alternatively, horizontal gene transfer (HGT) can transfer entire genes from



2

environmental organisms to human pathogens via transformation, transduction
or conjugation, and this is termed exogenous resistance (Davies and Davies,
2010; Silver, 2011). A topical example of this is the recent widely reported
emergence of exogenous resistance to colistin, a drug of last resort for the
treatment of infections caused by Gram-negative bacteria (Liu et al., 2015).
Prior to this, resistance to colistin had occurred due to chromosomal mutation,
which often incurred a fitness cost to the bacterial host and posed little threat of
being transferred to other organisms. This was the first reported instance of
resistance due to an easily-transferrable, plasmid-mediated gene (the mcr1

gene) in Enterobacteriaceae (Liu et al., 2015).

Mechanisms of resistance to antibiotics include target modification, drug
modification, target bypass, a decrease in membrane permeability, and efflux
pumps (Wright, 2010). Modification of the antibiotic itself can be either the
destruction of the drug or the addition of functional groups that reduce the
affinity of the antibiotic for its target (Ramirez and Tolmasky, 2010; Zhang,
2001).

Below is outlined the history of antibacterial compound discovery, the issues
surrounding modern drug discovery approaches, and how the work in this
project could contribute to maintaining the lead in the battle against

antimicrobial resistance.

1.2 The antibacterial mode of action of antibiotics

There are several essential biosynthetic pathways involved in bacterial
metabolism that have been targeted by antibiotics so far. The major ones are
nucleotide synthesis (which can be further categorised to DNA synthesis, RNA
synthesis and folic acid synthesis), protein synthesis and cell wall synthesis
(Brown and Wright, 2016; Coates et al., 2002). In addition to these, triclosan
can be used topically at low concentrations to avoid cytotoxicity and this drug
inhibits fatty acid biosynthesis (Russell, 2004). Daptomycin was developed
during the 1990s and has a unique mode of action: it binds specifically to the
bacterial cell membrane and dissipates the membrane potential and distorts the
membrane due to the drug aggregating, leading to cell death (Alborn et al.,

1991; Pogliano et al., 2012). The two pathways on which this study focuses are
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bacterial cell wall biosynthesis and bacterial protein biosynthesis, because the
vast majority of antibiotics target these two pathways (Silver, 2011; Singh and
Barrett, 2006).

The biosynthesis of the bacterial cell wall is a well-established target for
antibiotics (Bugg et al., 2011). Furthermore, the reactions involved in this
pathway are essential to cell survival and the enzymes required to catalyse
them are encoded for by genes that are highly conserved across bacterial
species and that lack mammalian homologs (Silver, 2006). This means that
antibiotics targeting this pathway are not only very unlikely to be cytotoxic due
to having off-target interactions with mammalian cells, but also have the
potential to be active against a wide range of bacteria. Details of CBls and of

peptidoglycan biosynthesis are provided in the introduction to Chapter 3.

Protein biosynthesis is the process by which the information encoded within
mRNA molecules, which are synthesised from DNA by RNA polymerases, is
translated into a sequence of amino acid residues by a molecular piece of
machinery called the ribosome. This sequence of amino acid residues,
connected by peptide bonds, then proceeds to fold in a specific manner as it
emerges from the ribosome to form a protein (Berg et al., 2002a). This is
therefore an essential pathway for bacterial cell survival. Bacterial protein
biosynthesis involves four major steps, including the formation of amino acyl
tRNA-synthetases, chain initiation, chain elongation and chain termination
(Walsh, 2003). There is, therefore, a plethora of targets in this pathway
available to be exploited for antibacterial chemotherapy. In addition, targeting
the proteins involved in these steps are unlikely to give rise to cytotoxicity,
owing to the myriad differences between prokaryotic and eukaryotic translation
(Berg et al., 2002b; Russell and Chopra, 1996). Details of PBls are provided in
the introduction to Chapter 5.

1.3 Early 20*" century antibiotics — the sulfa drugs and
penicillin
Prior to the introduction of antibiotics, one of the most common causes of death

globally was infectious diseases (Conly and Johnston, 2005). This began to

change when the early sulphonamides and penicillins were discovered and
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used clinically during the 1930’s and 1940’s (Drews, 2000; Fleming, 1929;
Otten, 1986). The first antibacterial compound to be discovered was actually a
synthetic compound. The Gram stain, used to differentiate between Gram-
positive and Gram-negative bacteria, uses the stains crystal violet and safranin,
both of which are examples of anilines. The fact that dyes derived from coal tar
were capable of binding to bacteria led to the screening of hundreds of azo
dyes in the hope of discovering novel antibacterial compounds (Wright et al.,
2014). In 1932, Gerhard Domagk discovered a red dye that was able to prevent
some bacterial infections in mice and this was released as the drug Prontosil,
the first antibacterial drug to be used systemically (Otten, 1986). It was later
discovered that Prontosil was actually a prodrug that was metabolised in the
body to the active portion, sulphanilamide (Otten, 1986; Wright et al., 2014). Its
mode of action is the inhibition of dihydropteroate synthase (DHPS) (achieved
due to the structural similarities between sulphanilamide and the middle section
of dihydrofolate), thus preventing the synthesis of folic acid (Skoéld, 2000). The
sulpha drugs were not cytotoxic because not only do mammalian cells lack
DHPS, but they also utilise a folate uptake system rather than synthesise folic
acid endogenously (Skdld, 2000).

The discovery of penicillin was more serendipitous than that of the
sulphonamide drugs. Alexander Fleming found that, on a petri dish inoculated
with Staphylococcus pyogenes, there were no colonies growing in the vicinity of
a sample of the mould Penicillium notatum (Fleming, 1929). He found that this
mould was particularly effective at killing Streptococcus pyogenes and Bacillus
diphtheriae. The drug was initially only extracted as crude material by Fleming,
and it was the work carried out in Oxford by Edward Florey and Ernst Chain
that was instrumental in obtaining pure penicillin (using alumina column
chromatography to remove impurities) in quantities sufficient to administer to a
patient. When production moved to the USA, a variety of strategies were
implemented that successfully increased the yield of penicillin, including
substituting lactose for sucrose in the growth medium, adding corn-steep liquor
to the medium, adding penicillin precursors such as phenylacetic acid, and
even using X-rays to obtain a mutant version of a strain of Penicillium notatum

found on a mouldy cantaloupe (Royal Society of Chemistry, 1999).
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1.4 Waksman platform and the ‘Golden Age’ of antibiotic

discovery

At around the same time as the development of the sulphonamides, Selman
Waksman was studying the occurrence and abundance of actinomycetes in soil
(American Chemical Society, 2005). Actinomycetes, including the genus
Streptomyces, are Gram-positive bacteria that play a crucial role in the
decomposition of organic matter and nitrogen fixation (Waksman, 1950). They
also produce secondary metabolites in abundance that display a combination
of antibacterial, antifungal and antithelmitic properties. This impressive variety
of functionality of their metabolites likely evolved due to the symbiotic
relationship that developed between Actinomycetes and plants whereby the
Actinomycetes would protect the plants from pathogens (de Lima Procépio et
al., 2012).

By the time penicillin had been discovered, Waksman and his students had
embarked upon a more systematic way of screening cultures to discover novel
antibiotics. They grew isolated soil microbes on agar plates and then looked for
any colonies that were surrounded by a zone of inhibition. This strategy led to

the discovery of around twenty antibiotics (American Chemical Society, 2005).

The first compound to be isolated from Actinomycetes was actinomycin
(Waksman and Woodruff, 1940). Actinomycin was active against a range of
Gram-positive bacteria but, unfortunately, it was also toxic to mammalian cells
(Waksman, 1950; Waksman and Woodruff, 1941). The next compounds to be
isolated, proactinomycin and micromonosporin, had a narrow spectrum of
activity and were also deemed not suitable for therapeutic use (Gardner and
Chain, 1942; Waksman et al., 1942).

Streptothricin initially showed more promise than previously isolated
compounds, since it was water-soluble and displayed in vivo activity against a
wide range of bacteria and fungi (Waksman and Woodruff, 1942).
Unfortunately, it became apparent that it had a delayed toxic effect in
mammalian cells. In 1943, streptomycin was isolated from Streptomyces
griseus (Schatz et al., 1944). In contrast to streptothricin, streptomycin was not
toxic to animals. It was also effective against tuberculosis and both Gram-

positive and Gram-negative bacteria, including bacteria resistant to penicillin
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(Schatz and Waksman, 1944). By 1946, the compound had entered clinical
trials (Keefer et al., 1946).

Many more antibacterial compounds were discovered between 1940 and 1970,
such as the aminoglycosides, cephalosporins and tetracyclines (Conly and
Johnston, 2005). This is often referred to in commentary on the history of
antibiotic development as the ‘Golden Age’ of antibiotic discovery, owing to the
fact that most of the classes of antibiotics in use today were discovered during
this period (Conly and Johnston, 2005; Davies, 2006). However, the frequent
rediscovery of known compounds (‘replication’) led to the abandonment of the
Waksman platform and necessitated a change in strategy to the modification of
existing antibiotics to overcome emerging resistance to the available antibiotics
(Lewis, 2013).

1.5 Semi-synthetic antibiotics derived from natural product

scaffolds

Many antibacterial compounds introduced in the 1960s and beyond were semi-
synthetic, having been chemically modified to increase their potency or
bioavailability (Lewis, 2013). The discovery and development of the
cephalosporins provides an example of this process. Cephalosporin itself was
discovered in 1945 by Giuseppe Brotzu, who found that the species
Cephalosporium acremonium inhibited the growth of some Gram-positive and
Gram-negative bacteria (Brotzu, 1948; Sader and Jones, 1992). The active
antibacterial compound was cephalosporin C, which was not particularly potent
but displayed acid stability and resistance to penicillinases (Abraham and
Newton, 1961). It shared the beta-lactam ring with the structure of the
penicillins and inhibited peptidoglycan synthesis via the same mechanism. This
compound was hydrolysed to give 7-aminocephalosporinic acid (7-ACA), which
was the basis for the 1st-generation cephalosporins (Hamilton-Miller, 2008)
(Figure 1.1A).

The 1st-generation cephalosporins (such as cefradine, cefadroxil, cephalothin
and cephalexin) typically had a methyl group at position 3’ of the
dihydrothiazine ring (Garcia-Rodriguez et al., 1995)(Figure 1.1B). This gave

them a relatively low activity due to their low affinity for the common penicillin-
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binding proteins. The a-amino group at position 7 made these compounds
susceptible to p-lactamases (Sader and Jones, 1992). Despite this, the 1st-
generation cephalosporins were most active against Gram-positive cocci, but
only had moderate activity against some aerobic Gram-negative bacilli (Sader
and Jones, 1992; Wright et al., 2014).

By contrast, the 2n9-generation cephalosporins (such as cefuroxime) had
increased potency for Gram-negative bacteria. They were less susceptible to -
lactamases owing to the addition of an a-methoxyimino group to position 7
(Sader and Jones, 1992)(Figure 1.1C). This group sterically hindered the B-
lactamase from cleaving the 3-lactam ring (Wright et al., 2014).

A C H3C
HZN:];V/ j;f j;r
\g\/ L CH3 CH\% g \g\/
COoH 2H CO,H
7-ACA cefradine (15t generation)

cefuroxime (2nd generation)

H3G co,H
D HBCJ( 2 E H3C

N—L ) j/\\\é ];KWJV O HZN’Q j)\« Wjeys Chs

ceftazidime (3rd generatlon) cefepime (4th generation)

N'

HH H
A =]
H2N/< M NH2

COo,

ceftobiprole ( 5th generation)

Figure 1.1 Examples of compounds in the cephalosporin class. A)
7-aminocephalosporinic acid (7-ACA), the basis for the 1st-
generation cephalosporins with the C7 and C3’ positions indicated in
red; B) Cefradine (1st generation) with the a-amino group in blue and
the methyl group in green; C) Cefuroxime (2nd generation) with the
a-methoxyimino group in blue; D) Ceftazidime (3rd generation) with
the aminothiazole oxime with a carboxylate side chain shown in
blue; E) Cefepime (4th generation) with the positively charged
quaternary amine group in green; F) Ceftobiprole (5th generation)
with the improved side chain in green.

The 3rd-generation cephalosporins incorporated either an aminothiazolyl group

or an iminomethoxy group at position 7, which further increased the stability of
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the compounds to B-lactamases and gave them increased potency over the
earlier generations, especially against Gram-negative bacteria (Sader and
Jones, 1992). As an example, the MIC of cefuroxime (2" generation) against
E. coli was 8 ug.mL-", whereas that of cefotaxime (37-generation) was just 0.5
ug.mL-' (Sader and Jones, 1992). Ceftazidime, another 3rd-generation
cephalosporin, incorporated an aminothiazole oxime with a carboxylate side
chain (Figure 1.1D). This improved the drug’s capacity to penetrate the porins

present in the outer membrane of Gram-negative bacteria (Wright et al., 2014).

The 4th-generation cephalosporins offered a further increase in potency against
Gram-negative bacteria over the earlier generations. For example, cefepime
had an MIC against E.coli of 0.06 uyg.mL-' (Sader and Jones, 1992). They
contain a positively charged quaternary nitrogen at the 3’ position (Fung-Tomc,
1997) (Figure 1.1E). This positive charge allowed the compound to more
readily diffuse through the membrane of Gram-negative bacteria as it is

attracted to the porin channel (Fung-Tomc, 1997).

Ceftobiprole and ceftaroline are examples of fifth-generation cephalosporins
(Chahine and Nornoo, 2011; Kaushik et al., 2011; Wright et al., 2014).
Ceftobiprole was introduced in 2013 (Wright et al., 2014)(Figure 1.1F). They
are both administered as the prodrug form, and are then converted to the active
drug by plasma esterases. Their side chain is specifically designed to have a
strong affinity for the enzymes PBP2a and PBP2x, which are responsible for
resistance in staphylococci and pneumococci, making them the only B-lactams

to exert a bactericidal effect against MRSA (Bogdanovich et al., 2005).

Another example of the evolution of antibacterial compounds is that of the
fluoroquinolones, which are bacterial DNA synthesis inhibitors. The commercial
preparation of chloroquine (an antimalarial agent) generated a by-product that
was found to have antibacterial activity (Lesher et al., 1962)(Figure 1.2A). This
compound had moderate activity against some Gram-negative bacteria. The
first clinically approved quinolone antibiotic, nalidixic acid, came about as a
result of synthesising similar compounds following the initial discovery (Lesher
et al., 1962)(Figure 1.2B). Despite being unsuited for treating systemic
infections due to its low absorption in the body, it was widely used to treat

urinary tract infections (Appelbaum and Hunter, 2000; Wright et al., 2014). The
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incentive to generate derivatives of nalidixic acid was driven by its lack of
activity against Gram-positive bacteria, its side effects, and the rapid
development of resistance to the drug (Appelbaum and Hunter, 2000; Wright et
al., 2014).

Over the years, a few core functional groups were added to nalidixic acid to
improve its utility in medicine. Initially, a piperazine ring was added at position 7
to give pipemidic acid, which displayed improved activity against Gram-
negatives and some activity against Gram-positives (Appelbaum and Hunter,
2000)(Figure 1.2C). It also displayed improved bioavailability and metabolic
stability over nalidixic acid (Shimizu et al., 1975). The piperazine group
increased the capacity of the quinolones to penetrate the bacterial cell wall,
which explains why adding this group improved the activity against Gram-
positive bacteria, since they have a thicker cell wall than Gram-negative
bacteria (Appelbaum and Hunter, 2000). In flumequine, a fluoro group was
added at position 6 and this also appeared to improve activity against Gram-

positives (Appelbaum and Hunter, 2000)(Figure 1.2D).

These two moieties (a piperazine ring and a fluoro group) were combined in
norfloxacin and this improved the activity against Gram-positive agents,
although it could still not be used systemically owing to its pharmacokinetic
profile (Appelbaum and Hunter, 2000; Ito et al., 1980)(Figure 1.2E). Quinolones
that were developed after this point included structural motifs that made them
more amenable to being absorbed from the gastrointestinal tract and more
active against anaerobic bacteria and Gram-positive bacteria (Wright et al.,
2014). The cyclopropyl group on the nitrogen at position 1, exemplified in
ciprofloxacin (a 2" generation quinolone), was a bulkier group than the ethyl
group in the same position on nalidixic acid and the earlier quinolones
(Appelbaum and Hunter, 2000)(Figure 1.2F). The 3™-generation quinolone,
levofloxacin, incorporated a tricyclic structure and a chiral centre (Hayakawa et
al., 1986)(Figure 1.2G). The limitations of appending functional groups to the
nalidixic acid structure are that the carboxylic acid at position 3 and the ketone
group at position 4 (Figure 1.2B) are essential for the activity of the quinolones
because these are the sites that bind to DNA gyrase (Appelbaum and Hunter,
2000).
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Figure 1.2 Examples of compounds in the quinolone class. A) The original
antibacterial quinolone by-product from chloroquine synthesis; B)
nalidixic acid, a 1st generation quinolone; C) pipermidic acid, with
the piperazine ring in blue; D) flumequine, with the fluoro group in
green; E) norfloxacin, a 2nd generation quinolone, with the
piperazine ring in blue and the fluoro group in green; F)
ciprofloxacin, a 2nd generation quinolone, with the cyclopropane
group in pink; G) levofloxacin, a 3rd generation quinolone, with the
tricyclic group and chiral centre in pink.

The strategy of modifying existing antibiotics worked well throughout the 1960s,
but no new class of broad-spectrum antibiotic has been discovered since then
(Fischbach and Walsh, 2009; Lewis, 2013; Silver, 2011). Daptomycin was
discovered in 1986 and approved in 2003, but only for skin infections, since its
mode of action is to disrupt the bacterial cell membrane potential (Alborn et al.,
1991; Pogliano et al., 2012). It is a lipopeptide antibiotic that is active against
most Gram-positive bacteria, including MRSA (Steenbergen et al., 2005).
Linezolid (an oxazolidinone) and retapamulin (a pleuromutilin) were introduced
for clinical use in 2000 and 2007, although these had been discovered much
earlier, in 1978 and 1952, respectively (Silver, 2011). As such, no completely

novel antibacterial agent has been discovered since the 1980s (Silver, 2011).

1.6 Issues regarding target-based antibacterial drug

discovery

Eventually, traditional innovations in antimicrobial drug design were not keeping
up with the rise of resistance. For example, despite the success of the
penicillins, we began to see strains of bacteria harbouring new B-lactamases

(such as metallo-B-lactamases and an enzyme encoded by the NMD-1
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plasmid) that were resistant to all B-lactams (Kumarasamy et al., 2010; Yum et
al., 2002). This rise in resistance inspired renewed efforts to generate novel
antibiotics at a time when new drug discovery approaches were becoming
available across many therapy areas during the 1990s (Brown and Wright,
2016).

Advances in computing offered pharmaceutical companies the potential of
handling much larger data sets and of employing computational rational drug-
design based on protein crystal structures, which were also becoming easier to
determine. Concurrently, there were also advances in the manipulation of
recombinant DNA, in robotic liquid handling and in high-throughput synthesis.
This introduced the possibilities of not only generating large chemical libraries
that could be used in high-throughput biochemical assays, but also acquiring
potential target proteins at high yields for structure determination (Brown and
Wright, 2016). In 1995, the first genome was sequenced (of Haemophilus
influenzae), followed by thousands more bacterial genomes becoming available
(Brown and Wright, 2016; Fleischmann et al., 1995). Surveys of these
genomes aimed to find new, unexploited targets for rational drug design that
would be unlikely to be susceptible to existing resistance mechanisms (Brown
and Wright, 2005).

Altogether, these technologies heralded a target-based era of antibacterial drug
discovery using synthetically-generated libraries of small molecules. This was
more appealing to pharmaceutical companies than persevering with the more
traditional empirical screening (see section 1.7), which by that point was
offering diminishing returns due to the lack of novel scaffolds being discovered.
Reorganisation within these companies encouraged antibacterial discovery
groups to opt for screening libraries of combinatorial, synthetic small molecules,
rather than performing natural product screens from crude microbial

fermentation broths (Silver, 2011).

Unfortunately, this strategy has not resulted in a single antimicrobial drug being
developed that is effective against important pathogens (Lewis, 2013; Payne et
al., 2007). The dawn of genomics brought about the possibility of dramatically
increasing the range of targets that could be inhibited by future antibiotic

compounds — most clinically used antibiotics inhibit a small number of
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molecular targets. Researchers at GSK identified conserved genes across
pathogenic strains of Gram-negative bacteria (Haemophilus influenzae and
Moraxella catarrhalis) and Gram-positive bacteria (Streptococcus pneumoniae,
Staphylococcus aureus and Enterococcus faecalis) (Payne et al., 2007). These
genes were narrowed down to potential broad-spectrum targets by determining
which genes had highly conserved amino acid sequences across five
pathogens and which were present as a single copy gene, making them less
likely to develop resistance mechanisms through utilising backup copies of the
gene (Brown and Warren, 1998). In total, 127 genes were identified as being

essential in vitro in at least one of the strains surveyed.

Most of these were used in 67 high-throughput screens (HTSs) against the
compound collections available in the company which comprised around
500,000 synthetic small molecules (Payne et al., 2007). Only five of the HTSs
provided the researchers with lead compounds, but there were various issues
for all of these compounds. The MurB inhibitor lead was modified further but
still was not potent enough. The inhibitor of ribonuclease P (RNaseP) turned
out not to be specific to the enzyme, and was toxic to mammalian cells. The
inhibitor leads of peptide deformylase (PDF), enoyl-acyl carrier protein
reductase (Fabl), 3-ketoacyl-acyl carrier protein Il (FabH), methionyl tRNA
synthetase (MetRS) and phenylalanyl-tRNA synthetase (PheRS) were all
narrow spectrum compounds that did not even show activity against S.
pneunomiae, which is surprising given that this was the species used as the
basis for the gene selection in the first place. Overall, none of the compounds
found through the HTS at GSK were potent enough against a sufficiently large
pool of bacteria to deem this screening of small synthetic compounds a

Success.

The issue with screening large industrial collections of synthetic small
molecules is that these compounds were designed to be used to find leads for
many different research areas such as cancer treatment. As such, they obey
Lipinski’s ‘rule of five’ guidelines, which refer to the properties of drugs that
typically interact with membrane proteins on human cells. The outcome of this
is that it is possible to find compounds that inhibit bacterial targets, but it is
often difficult to find compounds that are capable of penetrating the bacterial

cell in order to reach those targets. This inefficient penetration into bacterial
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cells also means that doses have to be between two and three orders of
magnitude higher to be effective against the infection compared to an inhibitor
of a eukaryotic target when the binding constants are comparable in vitro
(Lewis, 2013). Aside from these scientific considerations, antibacterial drug
discovery also offers a more modest monetary return on investment than
research into treatments for long-lasting, chronic conditions. Furthermore,
healthcare professionals were under pressure to reduce their prescriptions of
antibiotics in order to avoid unnecessary increases in the spread of
antibacterial resistance (Projan, 2003). These additional barriers to antibiotic
discovery contributed to the lack of Big Pharma participation in this area and to
the lack of success of target-based and structure-based drug design (Brown
and Wright, 2016; Lewis, 2013; Silver, 2011).

1.7 Renewed interest in screening natural products to find

novel antibiotics

There is a growing interest in returning to screening natural products for new
antibiotics, given that natural products represent around 80% of all clinically
used antibiotics (Brown and Wright, 2016; Butler and Buss, 2006; Gullo et al.,
2006; Lewis, 2013; Pelaez, 2006; Silver, 2008; Watve et al., 2001). The
Actinomycetes class of bacteria has the potential to produce a huge range of
natural products (Doroghazi and Metcalf, 2013; Fernandes, 2006; Silver, 2011).
Many Streptomyces species have the capacity to produce far more secondary
metabolites than they do in the laboratory due to the presence of silent operons
that are not expressed under standard culture conditions (Lewis, 2013;
Rutledge and Challis, 2015). For example, the Streptomyces coelicolor genome
encodes 29 natural product biosynthetic pathways, but only four are routinely
active (Bentley et al., 2002; Craney et al., 2013). Some solutions to this, such
as cloning the silent operons into a heterologous host or disrupting negative
regulatory genes, have been shown to dramatically increase the yield of known

antibiotics from their natural product producers (Baltz, 2011).

However, the screening of natural products is reliant on traditional empirical
methods, which are inefficient. They involve screening fermentation broths or

microbial extracts blindly for the capacity to inhibit bacterial growth, initially
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without knowing the mode of action (Chopra, 1997; Silver, 2011). This is a
time- and resource-heavy method, given that all the compounds must be
extracted first before the MOA can be determined. It costs around $50,000 and
takes three months to isolate and identify an active compound from a natural
product source (Dias et al., 2012). This has resulted in pharmaceutical
companies largely abandoning this area. Some slow-growing species may not
be amenable to such screening, as the compounds may degrade by the time
colonies form. In addition, known antibiotics are readily re-isolated (Baltz, 2007;
Silver, 2011). This is extremely problematic since time will be wasted analysing
cultures that may yield no new antibiotics. Such methods fail to identify
compounds present at low, sub-inhibitory concentrations, which may be
masked by these known antibiotics. There is not sufficient distinction between
clinically viable, non-toxic inhibitors and those that would have toxic effects for

humans.

For example, polymyxin B is a lipopeptide metabolite of Bacillus polymyxa and
exerts its antibacterial effect by acting like a detergent and disrupting the outer
membrane of Gram-negative bacteria by displacing the divalent cations that
stabilise the lipopolysaccharides (Zavascki et al., 2007). Whilst this drug is now
returning to clinical use as a drug of last resort for the treatment of infections
caused by MDR-Gram-negative bacteria, the fact that its mode of action of
membrane perturbation can also affect mammalian cells means that it can
cause side effects such as nephrotoxicity and neurotoxicity (Tam et al., 2005;
Zavascki et al., 2007). Thus, compounds that initially appeared to be promising
new leads when detected in a natural product screen may not offer as much

clinical utility as desired.

Another challenge in relying on natural product producers is that 99% of the
global microbiome remains uncultivable, i.e. they have not been grown under
laboratory conditions (Lewis, 2013). Despite this, there has been a high profile
case of antibiotic discovery recently involving the use of an ‘iChip’ to grow an
uncultured microbial species (Eleftheria terrae) (Ling et al., 2015; Nichols et al.,
2010). Briefly, soil was diluted such that only one bacterial cell in a single
chamber was separated from its natural soil environment by two semi-
permeable membranes that enabled the diffusion of nutrients and growth

factors. By cultivating bacteria in this way, Nichols et al. discovered teixobactin,
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an antibiotic effective against some drug-resistant Gram-positive strains, with

peptidoglycan synthesis inhibition as its proposed mode of action.

The interest in returning to screening natural products, plus the case for the
potential for activating silent gene clusters and the improving technology
available to cultivate previously uncultivatable microbial species, suggests that
a suitable high throughput natural product screening method for the detection

of novel antibiotics will be in demand in the coming decades.

1.8 The potential of using whole-cell biosensors for

screening natural products

Early screening for antibiotics relied on the observation of physical changes in
the appearance of cells when exposed to natural product extracts (Gadebusch
et al., 1992). Fosfomycin was detected when Proteus vulgaris was exposed to
Streptomyces fradiae (and also Streptomyces viridochromogenes and
Streptomyces wedmorensis, separately). Direct light microscopy was used to
observe that exposure to fosfomycin resulted in the formation of spheroplasts
(cells that were previously rod-shaped, but have become spherical due to the
loss of their cell wall), indicative that the mechanism of action of fosfomycin
targeted the biosynthesis of the cell wall (Hendlin et al., 1969). Assays of this
type were useful during the first few decades of antibiotic discovery when
screening only a moderate number of natural product producer extracts
promised a reasonable chance of uncovering genuinely novel compounds.
However, this format of assay is not viable for the high-throughput screening
required in the present to detect scaffolds that are far less common than those

detected during the ‘Golden Age’ of antibiotic discovery.

detectable
B / output

gene | reporter gene

Figure 1.3 The general structure of the key genetic elements
of a whole-cell biosensor/reporter.
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A more appropriate solution presented here is to develop exquisitely-sensitive
and specific ‘biosensors’: bacterial strains engineered to produce an easily
quantifiable output when exposed to even sub-inhibitory concentrations of an
antimicrobial agent inhibiting a particular cellular pathway. Whole-cell
biosensors consist of a bacterial strain harbouring a reporter gene (such as one
encoding green fluorescent protein) placed under the control of a promoter
previously determined in transcriptional profiling experiments to be induced
upon a specific stress condition (e.g. an antibiotic) being applied to the cell
(Fischer et al., 2003; Silver, 2011) (Figure 1.3). This allows for the detection of
inhibitors of specific pathways based on the global regulatory genetic
consequences of that inhibition, as opposed to the observation of its phenotypic
effects. This makes assays using biosensors more amenable to high-

throughput screens of either chemical libraries or natural product extracts.

Although biosensors have been developed for laboratory studies to investigate
antibiotic mode of action (Alksne et al., 2000; Bianchi and Baneyx, 1999; Blake
et al.,, 2009; Fischer et al., 2003; Hutter et al., 2004a; Mariner et al., 2011;
Silver, 2011, 2012; Urban et al., 2007), they have not yet been properly
developed as a means to discovering novel compounds. This is mostly due to
them being neither sufficiently specific nor sensitive enough to be utilised for
this purpose. Some fail to detect compounds with well-established modes of
action, whilst others produce a signal in response to molecules that are off-
target (i.e. do not inhibit the target pathway) (Czarny et al., 2014; Urban et al.,
2007). These biosensors also did not distinguish between cell wall biosynthesis

inhibitors (CBls) and mammalian membrane damagers.

In the paper by Bianchi and Baneyx, reporters were generated with a
translational fusion of the /acZ reporter gene with the promoters for cold shock
response (cspA), cytoplasmic stress (ibp) and protein misfolding in the cell
envelope due to heat shock (P3rpoH) (Bianchi and Baneyx, 1999). The idea
behind using these promoters was that some antibiotics induced a heat shock
response (e.g. streptomycin and neomycin) and other antibiotics induced a cold
shock response (e.g. chloramphenicol and tetracycline) and so genes
upregulated due to a temperature shift are also likely to be upregulated in the
presence of antibiotics. The use of these genes was based on information from

the literature and not on testing done by the group itself. The paper describes
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how these reporters are induced by carbenicillin (cell wall inhibitor), polymyxin
B (membrane perturber), nalidixic acid (DNA synthesis inhibitor) and
chloramphenicol, tetracycline, streptomycin and neomycin (protein synthesis
inhibitors). The fact that the reporters were induced by a membrane perturber
should have been concerning as this would be toxic to mammalian cells. An
agar-based assay was used in which X-gal was the substrate that reacted with
the B-galactosidase enzyme produced by the lacZ gene. The csp::lacZ reporter
was used to demonstrate that natural product antibiotics could be detected
directly from its producing organism. Cultures of the chloramphenicol-producing
S. venezualae, along with an isogenic mutant that was not able to synthesise
chloramphenicol, were extracted and added to filter paper disks, which were
then left on top of agar supplemented with X-gal and inoculated with the
csp::lacZ reporter. After incubation, a blue ring was seen around the disk

containing the wild type S. venezualae, but not around the mutant.

Alksne et al. (2000) used a reporter to explore the potential of exploiting
bacterial protein secretion as a novel target to base finding novel antibacterial
compounds on (Alksne et al., 2000). The Sec-dependent secretion pathway
comprises of five essential proteins, plus at least two other proteins, and these
are distinct from their eukaryotic counterparts. These targets showed promise
for leading to drugs with broad spectrum activity, as homologs for these
proteins had been found in both Gram-positive and Gram-negative bacteria.
The Sec-dependent secretion pathway is regulated by secA, which is
expressed when secretion is inhibited. The group therefore constructed a
secA::lacZ reporter and used this to find secretion pathway inhibitors in screens
of synthetic chemical and natural product extract libraries. Two natural products
and six synthetic compounds were identified as potential leads. One of the
natural products was the previously isolated compound, pyrroindomycin, which
displayed good activity in vitro but not in serum (Singh et al., 1994). The other
natural product that was identified was sulochrin, which had also been isolated
before from a variety of fungal species and showed weak antifungal and
antibacterial properties. The six synthetic compounds identified by the screen
had MIC values against S. aureus ranging from 2 to 128 ug.mL-", and four of
these compounds were still believed to inhibit protein secretion after further

biochemical analysis. Unfortunately, these were all confirmed to be toxic to
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more than one type of mammalian cell and it was concluded that the screen
had a tendency to identify compounds that are membrane active, despite there
being little resemblance between the prokaryotic and eukaryotic counterpart

proteins.

The strategy of using promoter-inducible reporter assays for high-throughput
screening was also used by Fischer et al. (2003). The group developed a
‘Reference Compendium’ to identify expression profiles of B. subtilis under
stress conditions, with the aim of being able to identify inhibitors of specific
bacterial biosynthetic pathways (Fischer et al., 2003). A large set of microarray
data from expression profiles following exposure to known antibiotics with
specific modes of action was used to reconstruct the regulon for that pathway
in silico. This paper focused on the implementation of a yhfB::luc reporter to
identify inhibitors of the essential fatty acid biosynthesis pathway. The luc gene
encodes the firefly luciferase gene, which generates a luminescence signal.
This was tested with a selection of antibiotics inhibiting various pathways — the
relative light units for the fatty acid biosynthesis inhibitors, triclosan and
cerulenin, were much higher than the measurements for the drugs targeting
other pathways. This reporter was then used in a high-throughput screening
assay to screen a large compound library of around 900,000 compounds. From
this, 60 confirmed hits were taken forward to a secondary hit confirmation
screen and four novel chemically interesting compounds were analysed further.
Three of these displayed inhibition of radiolabelled [3H]acetate being
incorporated into phospholipids, but not inhibition of any other pathway. They
were active against B. subtilis and S. aureus, but only had MIC values beyond
100 pM. It appears that no further data has been published on these novel

compounds.

Hutter et al. (2004) described using the firefly luciferase gene as part of a
reporter in an attempt to identify novel antibiotics. In a previous study, the
group had compiled the expression profiles of B. subtilis strain 168 following
exposure to over 40 different antibiotics of various different modes of action
(Hutter et al., 2004b). This gene expression profile was analysed to find marker
genes that could be used to construct reporters (Hutter et al., 2004a). The
researchers used relatively stringent criteria in that they only selected genes

that were upregulated at least 5-fold with respect to the drug free control
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sample and to other compounds that targeted other biosynthetic pathways.
These genes were fused separately to the /uc gene and the group generated
twelve reporters in B. subtilis that covered a range of compound classes, with
the genes shown in brackets: fatty acid biosynthesis (fabHB and glpD), protein
biosynthesis (yrz/), cell wall biosynthesis (ypbG), quinolones (dinB, yneA and
yorB), glycopeptides (ytrA and ywoB), cycloserine (ydeK), rifampicin (yvgS) and
clindamycin (expZ). These reporters were tested against a panel of 37
antibiotics covering a range of modes of action and all of the reporters gave a
response when exposed to sub-lethal concentrations of drug, so this
demonstrated that they were relatively sensitive. However, the specificity was
poor. The fabHB::luc reporter, which supposedly detected fatty acid synthesis
inhibitors, responded only to clindamycin, which is a protein biosynthesis
inhibitor. Furthermore, the yrzl::luc reporter detected six antibiotics corrently
(chloramphenicol, clarithromycin, clindamycin, erythromycin, fusidic acid and
neomycin) but it also gave false negative results for two compounds (actinonin
and puromycin) and false positive results for three compounds (norfloxacin, 5-

fluoruracil and nitrofurantoin).

The work described by Urban et al. (2007) expands on the work in (Fischer et
al., 2003) and (Hutter et al., 2004a). In (Urban et al., 2007), the researchers
created five reporters, again using the firefly luciferase gene (luc) as the
reporter gene. These reporters were designed to detect inhibitors of DNA
synthesis (using the yorB gene promoter), RNA synthesis (yvgS), protein
synthesis (yhel), cell wall synthesis and cell envelope stress (ypuA) and fatty
acid synthesis (fabHB). The reporters therefore gave more comprehensive
coverage of viable bacterial targets than the reporters described in the group’s
previous paper. A selection of 39 reference compounds were used to validate
the specificity of the reporters. Unfortunately, the reporter designed to detect
cell wall biosynthesis inhibitors (CBIs) also detected nisin and polymyxin B,
which are cell membrane perturbers and would therefore be toxic to
mammalian cells. Additionally, the reporter designed to detect protein
biosynthesis inhibitors (PBIs) only detected four out of the ten PBls tested
(linezolid, doxycycline, fusidic acid and chloramphenicol). Erythromycin and
azithromycin did not induce the yhel::luc reporter because they are both

macrolides and the shuttle vector used for making the promoter-reporter
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fusions expressed a macrolide-lincomycin-streptogramin B resistance marker in
B. subtilis. There was no explanation given for the lack of response of this
reporter to gentamicin, kanamycin, puromycin and actinonin. Two of the
reporters were then tested against a library of 14,000 diverse, purified natural
products. The induction threshold was set as five standard deviations above

the mean induction level for the drug free control.

The DNA synthesis inhibitor reporter (yorB::luc) detected 12 compounds. Ten
of these were known antibiotics, acting either by the inhibition of DNA gyrase
and topoisomerase |V, or by strand breaking due to DNA binding. Two
compounds were novel but were not described further. The PBI reporter
(yhel::luc) detected 26 compounds. Most of the natural products that induced
this reporter were inhibitors of the 50S portion of the ribosome. Unfortunately,
some PBls did not induce the yhel:luc reporter (actinonin, streptomycin,
puromycin, fusidic acid and siomycin A). The paper then stated that only one
compound (trinactin) out of the 26 hits induced the reporter and that this was
known to be a membrane perturber. Four of the hits had not previously had
their modes of action determined. One of these compounds was ferrimycin A1.
To analyse the mode of action of this compound, precursors for DNA, RNA,
protein, and cell wall biosynthesis were used in metabolite incorporation studies
and these confirmed that ferrimycin A1 inhibited protein biosynthesis. This
showed that these reporters demonstrated promise as tools to find novel
antibiotics, although it was admitted that the reporters may still detect off-target

activity of the identified compounds within the bacterial cell.

One of the more recent pieces of research in this area was described in
(Czarny et al., 2014). Wall teichoic acid (WTA) is the other component of the
Gram-positive bacterial cell wall aside from peptidoglycan. The synthesis of
WTA is an underexploited target for novel antibiotics. Previous work by the
same group had identified that the ywaC gene was upregulated when WTA
synthesis was inhibited by using a mutant of B. subtilis with the gene encoding
the gene encoding for TagD deleted (Bhavsar et al., 2001; D’Elia et al., 2009).
A reporter strain was generated with a Pywac-lux promoter-reporter system, with
lux being an alternative firefly luciferase gene. This reporter was used to screen
a library of around 26,000 diverse synthetic compounds, from which there were

54 initial hits, of which 35 were confirmed as active by determining their MIC
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values against B. subtilis 168. These 35 confirmed hits were then tested with a
membrane permeability assay in order to eliminate any compounds that were
membrane damaging. This reduced the number of viable hits down to 25
compounds. The group then wanted to ascertain if the signal from the Pywac-lux
reporter could be suppressed using osmoprotectants, such as MSM (20 mM
MgCl2, 0.5M sucrose and 20 mM maleic acid, (Leaver et al., 2009)), which
assist bacterial survival when under extreme osmotic stress. They tested a
panel of known CBls and non-CBI antibiotics and confirmed that the induction
was suppressed in the presence of MSM. When the growth media was
supplemented with MSM for the assay with the reporter, 9 out of the 25
compounds also displayed suppressed inductions in the presence of MSM but
not without it, suggesting that these were all novel CBls. The only slight issue
with this study is that the library consisted entirely of synthetic compounds, and
as explained earlier, these stand a good chance of being unsuccessful as novel

antibiotics in vivo.

Another recent use of whole-cell biosensors was described by de la Cruz et al.,
(2017), which was work that followed on from the original generation of the
biosensors in (Mascher et al., 2004). A transcriptional signature of Bacillus
subtilis exposed to sub-inhibitory concentrations of bacitracin revealed that the
liaRS operon (lipid Il cycle interfering antibiotic response Regulator and
Sensor) was strongly upregulated in these conditions. The promoter for this
operon was fused to the /lacZ gene to form a biosensor that was able to
accurately detect compounds that interfere with the recycling of lipid | in stage Il
of peptidoglycan synthesis inhibitors in an agar-based assay using X-gal as the
B-galactosidase substrate (the “LiaRS assay”). This biosensor was specifically
induced by bacitracin, nisin, ramoplanin and vancomycin, but did not respond
to other cell wall biosynthesis inhibitors such as penicillin G and D-cycloserine.
The biosensor was also weakly induced by fluoroquinolones and
cephalosporins, but this result was also observed for another biosensor in
which the lacZ gene had been disrupted. The researchers utilised the
specificity of this biosensor for ramoplanin by using it to screen 37,000 natural
product extracts (50% bacteria and 50% fungi) for other antibacterial
compounds in this class. In total, there were 49 Actinomycetes strain extracts

that induced the biosensor. Most of these extracts displayed activity against
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Gram-positive organisms, such as Staphylococcus aureus and Enterrococcus
faecalis, but unfortunately none of them were active against Gram-negative
bacteria. The hits were analysed using HR-LCMS, which allowed dereplication
of ramoplanin itself to be performed by comparing the results with the mass
spectrometry signature known to correspond to ramoplanin. All of the extracts
contained compounds related to the ramoplanin structural family and some of
these represented novel analogs. These could potentially overcome the low
tolerability of intravenously injected ramoplanin, which would be very useful
given that ramoplanin exhibits activity against several MDR Gram-positive
pathogens such as vancomycin-resistant Enterrococcus (VRE) and MRSA.
However, this biosensor is only useful for detecting inhibitors of one particular
step in the peptidoglycan biosynthesis pathway. It would be far more
advantageous to have available a way of detecting inhibitors of cell wall

biosynthesis that have a novel scaffold.

Overall, then, there has been some promising work in the area of using whole-
cell biosensors with promoter-reporter systems, but there are still
improvements that need to be made. A lot of the biosensors described above
are not specific enough and still detect membrane damaging compounds even
though they also appear to be specific for detecting CBls. It seems there is also
still the requirement that the compounds must be extracted and purified before

they are used with the biosensor in a HTS.

1.9 Project aims

The O’Neill group have contributed to the field of biosensors by developing
high-specificity whole-cell biosensors in the clinically-relevant bacterium,
Staphylococcus aureus (Blake et al., 2009; O’Neill et al., 2009). Blake et al.
reported the development of a staphylococcal biosensor that upregulated the
expression of B-galactosidase when exposed specifically to CBls (Blake, 2008;
Blake et al., 2009). It was noted that exposure to fosfomycin left the expression
from Pmura unchanged but increased the expression from Ppmurz 3-fold. Strains
with these promoters coupled to /lacZ were tested using a selection of
antibiotics with different modes of action and the B-galactosidase activity was

increased significantly in the presence of early and late stage peptidoglycan
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synthesis inhibitors. The Pmuz-lacZ (MurZ) system resides on the chromosome
of S. aureus RN4220 with the native promoter and RBS, along with the first
section of murZ fused to lacZ gene. It was formed by a cross-over event
involving the promoter-reporter system on the plasmid pMUTIN4, resulting in

chromosomal integration.

The group has since generated two further biosensors that have been
subjected to extensive validation, and that show high sensitivity and 100%
specificity for CBIs (C. Randall, unpublished data)(see Table 3.1). They are
plasmid based biosensors with a backbone of pAJ129, itself derived from
pAD123 (Dunn and Handelsman, 1999). The gltA and oppB genes were
selected from a transcriptional profile following inhibition or depletion of
enzymes involved in the first stage of cell wall biosynthesis in S. aureus. These
genes were upregulated =2-fold above a drug-free control (O’Neill et al., 2009).
In general, it was found that the genes that were upregulated were responsible
for the synthesis or transport of precursors that are essential for cell wall
biosynthesis. Indeed, the gltA gene is part of the gltAB operon that is
responsible for glutamate synthesis and the oppB gene is part of the
oppABCDF operon that encodes for enzymes involved in the oligopeptide
transport system. The native promoter of the upregulated gene, along with the
first section of the open reading frame were fused to /acZ. These plasmids
were transformed into RN4220 to make the Pga-lacZ and Popps-lacZ

biosensors.

The initial aim of this project was to validate the use of these three biosensors
for detecting CBls. Thus far, they had been used in a broth-based assay and
early work in this study concentrated on demonstrating that they could also be
used in an agar-based assay, in particular for detecting potential new
antibiotics produced directly from an organism. This would mean that
organisms could be screened for novel compounds without the need to
generate chemical extracts first, thus streamlining the drug discovery process.
It was also promising that the data gathered so far for these three biosensors
suggested that they did not respond to membrane damaging compounds, but
did still respond to CBls.
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The next aim was to modify the assay for use at a scale that would make it
amenable to screening compound libraries available in the lab that were
provided in a 96-well plate format. The libraries available were the NIH Clinical
Collection (727 compounds with a history of use in human clinical trials), the
Microsource Spectrum collection (2560 compounds comprising the US and
International drug collections together with Microsource’s natural product and
discover libraries, of which 2000 were tested), and Tocris’ discontinued
Tocriscreen Total collection (1120 bioactive compounds that target a broad
range of pharmacological targets). The plan was that the biosensor giving the
most consistent results out of the three tested at the validation stage would be

used for this screening.

There is clearly an issue in natural product screening with rediscovering known
antibiotics, for which there are already widespread resistance mechanisms
amongst pathogenic species of bacteria. Therefore, the second major aim of
the project was to engineer a strain (based on whichever biosensor was used
for the library screening) that would not be induced by many known CBls.
Whereas the work in (Czarny et al., 2014) involved merely adding a
supplement to the growth media used for the assay, the plan in this project was
to also add genes that would confer resistance to selected major classes of
CBIs to the biosensor itself. This would make it potentially more transferable to

other assays in the future.

The third aim was to create a suite of biosensors for detecting protein
biosynthesis inhibitors (PBls). RNA would be extracted from bacterial cultures
of Staphylococcus aureus that had been exposed to a sub-inhibitory
concentration of a known PBI. This would give a snapshot of the transcriptional
signature of S. aureus during the early stages of protein biosynthesis inhibition.
The RNA would then be sequenced and analysed so that genes whose
regulation was upregulated in the presence of PBls could be determined.
These genes would be compared to results held in the Staphylococcus aureus
Transcriptome Meta-Database (SATMD), which comprises gene expression
data for around 250 experiments, in order to disregard genes that are also
upregulated in the presence of antibiotics that inhibit other pathways. Any
suitable genes would then be cloned into a plasmid backbone suitable for

translational fusion and the construct would then be transformed into
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Staphylococcus aureus RN4220. The resulting biosensor would then be tested
against a range of reference compounds to demonstrate the extent of their

specificity and sensitivity.
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Chapter 2 Materials and Methods

2.1 Bacterial strains, fungal strains and plasmids

Table 2.1 Plasmids used in this study.

Plasmid

Description/Application

Reference/Source

PRAB11

pZAB

pPBIdr1

pPBIdr2

pAJ130

pinfClac
p1910lac
p2425lac

pPMUTIN4

pMurZKO

pAJ129

Vector with tight regulation of gene
expression controlled by a Pxyitet
promotor containing two tetO
operators, followed by a MCS
(Kpnl, Hpal, Bglll, Sacl, EcoRl).
AmpRin E. coli, CmRin S. aureus.

Product of Gibson assembly with
pRAB11 and two synthetic DNA
fragments of the genes fosB, blaZ,
and bcrAB.

Product of Gibson assembly with
pRAB11 and two synthetic DNA
fragments of the genes sat4, aadA,
and AAC(6’)/APH(2").

Product of Gibson assembly with
pRAB11 and two synthetic DNA
fragments of the genes tetM, cfr,
and ermC.

E. coli — S. aureus shuttle vector
for creating lacZ biosensors via
transcriptional or  translational
fusion. Lacks lacZ start and RBS.
AmpRin E. coli, CmRin S. aureus.

Fusion of infC gene promoter to
lacZ gene in pAJ130.

Fusion of SAOUHSC 01910 gene
promoter to /acZ gene in pAJ130.

Fusion of SAOUHSC_02425 gene
promoter to lacZ gene in pAJ130.

Vector to perform insertional
mutagenesis in the chromosome.
AmpRin E. coli, EmRin S. aureus.

Integration vector generated by
ligating a 600 bp fragment of murZ
into pMUTIN4.

E. coli — S. aureus shuttle vector
for creating lacZ biosensors via
transcriptional  fusion. Includes

(Helle et al., 2011)

This study

This study

This study

Alex O’Neill

This study
This study
This study

(Vagner et al., 1998)

(Blake, 2008)

Alex O’Neill
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Plasmid

Description/Application

Reference/Source

pgltAlac

poppBlac

lacZ start and RBS. AmpR in E.
coli, CmRin S. aureus.

The promoter, RBS and first few
codons of the gltA gene was
ligated upstream of lacZ in plasmid
pAJ129.

The promoter, RBS and first few
codons of the oppB gene was
ligated upstream of /acZ in plasmid
pAJ129.

Alex O’Neill

Alex O’Neill

Table 2.2 Bacterial strains used in this study.

Strain

Description/Application

Reference/Source

Escherichia coli strains:

XL1-Blue

recA1 endA1 gyrA96 thi-1
hsdR17 supE44 relA1 lac [F’
proAB lacld ZAM15 Tn10 (Tet")].

Used for routine cloning.

Agilent Technologies

Staphylococcus aureus strains:

SH1000

RN4220

PmurZ'/aCZ
biosensor

Pgia-lacZ
biosensor

PoppB-/aCZ
biosensor

PmurZ'
lacZ(derep)
biosensor

Pinrc-lacZ
biosensor

Po1910-lacZ
biosensor

Functional rsbU derivative of S.
aureus 8325-4.

Restriction deficient, modification
proficient derivative of S. aureus
8325-4.

Cross-over integration of
pMurZKO with the native murZ
gene on the chromosome of
RN4220 produced strain KB02.

Plasmid pgltAlac was used to
transform S. aureus RN4220.

Plasmid poppBlac was used to
transform S. aureus RN4220.

Plasmid pZAB was used to
transform the Pmuz-lacZ
biosensor.

Plasmid pinfClac was used to
transform S. aureus RN4220.

Plasmid p1910lac was used to
transform S. aureus RN4220.

(Horsburgh et al., 2002)

(Fairweather et al.,

1983)

(Blake et al., 2009)
(Referred to as KB02 in

this source)
Alex O’Neill
Alex O’Neill

This study

This study

This study




28

Strain Description/Application Reference/Source

Poz425-lacZ Plasmid p2425lac was used to This study

biosensor transform S. aureus RN4220.

RN4220(GC1) Plasmid pPBIldr1 was used to This study
transform RN4220.

RN4220(GC2) Plasmid pPBIldr2 was used to This study
transform RN4220.

Streptomyces kanamyceticus:

DSM 40500 Produces kanamycin A, B, C. DSMZ

Amycolatopsis rifamicinica:

DSM 46095 Produces rifamycin SV. DSMZ

Streptomyces niveus:

DSM 40088 Produces novobiocin. DSMZ

Streptomyces fradiae:
NCIMB 8233 Produces neomycin.

Kenneth McDowall
group

Streptomyces coelicolor:
M145 Produces actinorhodin.

Kenneth McDowall
group

Amycolatopsis orientalis:

DSM 40040 Produces vancomycin. DSMZ
Bacillus licheniformis:
DSM 603 Produces bacitracin. DSMz
Table 2.3 Fungal strains used in this study.
Strain Description/Application Reference/Source
Penicillium chrysogenum:
DSM 848 Monospore isolate of NRRL DSMZ

1249, derivative of Fleming
strain, produces penicillin in
surface culture.

Acremonium chyrysogenum
DSM 2399 Produces cephaolosporin C.

DSMZ




29

2.2 Antibiotics and chemicals

All chemicals were purchased from Sigma-Aldrich (Poole, UK), with the
exception of ammonium ferric citrate, cetyltrimethylammonium bromide,
calclium carbonate, manganese sulphate, sodium carbonate (VWR [West
Sussex, UK]); peptone, ISP-2 agar, YM broth (Becton Dickinson [Oxford,
England]); flucloxacillin (CP Pharmaceuticals [Wrexham, UK]); bacteriological
agar (Lab M Ltd [Lancashire, UK]); vancomycin, cefalexin (Cayman Chemical
[Michigan, USA]); sodium chloride (Fisher Scientific [Loughborough, UK]) and
X-Gal (5-bromo-4-chloro-3-indolyl B-D-galactopyranoside) (Melford [Sulfolk,
UK]); cephalosporin C zinc salt (Carbosynth [Berkshire, UK]); cefamandole,
moxalactam (Cambridge Bioscience [Cambridge, UK]); aztreonam (MP
Biochemicals [lllkirch, France]); Bax channel blocker, fenoldopam, EGCG (Bio-
Techne [Abingdon, UK]); linezolid (ChemCruz [Heidelberg, Germany]);
cefonicid, cefoperazone, cefprozil, cloxacillin, 5-nonyloxytryptamine, cetraxate,
benserazide, topotecan, artemisinin, carfilzomib, mometasone furoate,
genistein, actinonin (Insight Biotechnology [Wembley, UK]); daptomycin (Cubist
Pharmaceuticals [Lexington, USA]). Nuclease-free (DEPC treated) water was
purchased from Thermo-Fisher Scientific (Paisley, UK). Friulimicin was a gift

from Tanja Schneider, University of Bonn, Germany.

The compound libraries that were screened were the NIH Clinical Collection,
the Spectrum Microsource collection, and the now discontinued Tocriscreen
Total collection. The 96 cyanobacterial extracts were kindly donated by Cyano-
Biotech (Berlin, Germany) and the microbial extracts from the NCI Open
Repository were kindly donated by the National Cancer Institute (Maryland,
USA). These natural product extracts were dissolved in DMSO when required
and stored at —20 °C.

Fresh stock solutions of the antibiotics used were prepared by dissolving the
compound in water, with the following exceptions: chloramphenicol, fusidic acid
and erythromycin were dissolved in 50% ethanol. D-cycloserine was dissolved
in 1 mM disodium hydrogen phosphate. Cephalosporin C zinc salt was
dissolved in warm 20 mM hydrochloric acid. X-Gal, S-Gal, benserazide,
thymoquinone, topotecan, genistein, capsaicin, menadione, clofazimine,

carfilzomib, mometasone furoate, artemisinin, actinonin, cefapirin, cefadroxil,
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cefoxitin and ceftazidime were dissolved in DMSO. Anhydrotetracycline was
dissolved in 100% ethanol. Friulimicin was dissolved in 12.5 mM aqueous
calcium chloride. Daptomycin was dissolved in 1.25 mM aqueous calcium

chloride. They were then stored at 4.0 °C and were used on the same day.

2.3 Culture conditions and bacteriological media

Bacteriological media were purchased from Oxoid Ltd (Basingstoke, UK).
Bacteriological agar was from Lab M Ltd (Lancashire, UK). Media were
prepared according to the instructions of either the manufacturer or DSMZ
(Braunschweig, Germany) (in the case of the recommended media for the
strains purchased from DSMZ). Cultures and colonies of bacteria were grown
using either agar or broth as described in the table below. Appropriate

antibiotics were used to maintain plasmids.



Table 2.4 Growth conditions for the bacterial and fungal strains used in this study.

MnS04.H20 (DSMZ medium 1)

MnS0O4.H20

Strain Agar Broth Temperature Duration
E. coli Luria-Bertani agar (LBA) Luria-Bertani broth (LBB) 37 °C 18 hours
S. aureus Tryptone soya agar (TSA) Tryptone soya broth (TSB) 37 °C 18 hours
(or Muller Hinton Broth I
(MHBII) for MICs)
. chrysogenum Sabourand dextrose agar (SAB) LBB 37 °C 7 days
. kanamyceticus GYM agar (DSMZ medium 65) GYM broth 28 °C 4-7 days
. rifamicinica ORG 79 agar (DSMZ medium ORG 79 broth 28 °C 4-7 days
426)
. niveus GYM agar GYM broth 28 °C 4-7 days
. fradiae International Streptomyces YM broth 26 °C 4-7 days
Project Yeast Malt Extract Agar
medium 2 (ISP-2)
. coelicolor ISP-2 YM broth 26 °C 4-7 days
. orientalis GYM+S agar (DSMZ medium GYM+S broth 28 °C 4-7 days
214)
. chyrysogenum YpSs agar (DSMZ medium 190)  YpSs broth 24 °C 4-7 days
. licheniformis Nutrient agar with 10 mg.L=" Nutrient broth with 10 mg.L-' 37 °C 3 days

L€
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2.3.1 Antibiotic susceptibility determinations

Minimum inhibitory concentrations (MICs) of antibiotic compounds were
determined by broth microdilution according to CSLI guidelines (Cockerill et al.,
2012).

2.4 Molecular biology techniques

2.41 Extraction of plasmid DNA

A bacterial cell pellet was obtained using centrifugation (16000xg for 1 minute
at RT) of a total of 3 mL of bacterial culture that had been incubated at 37 °C
for 18 h overnight. Plasmid DNA was extracted from the pellet using either the
QIlAprep miniprep kit (Qiagen) or the Omega Bio-Tek Plasmid Mini Kit I
(Omega Bio-Tek) according to the manufacturer’'s instructions, with the
exception that the elution buffer was warmed to 65 °C before being used to
elute the DNA from the column. For extractions from S. aureus, ~100 ug
lysostaphin (8 pL of a stock solution of 13 mg.mL-" lysostaphin in TE buffer)
was added following the addition of solution | and the cells were incubated at
37 °C with shaking for around 20 minutes until the contents of the
microcentrifuge tube appeared clear following cell lysis. Plasmid DNA was
stored at —20 °C.

2.4.2 Extraction of genomic DNA

A bacterial cell pellet was obtained using centrifugation (16000xg for 1 minute
at RT) of a total of 3 mL of bacterial culture that had been incubated at 37 °C
for 18 h overnight. The manufacturer’s instructions for the QlAprep miniprep kit
(Qiagen) or the Omega Bio-Tek Plasmid Mini Kit Il (Omega Bio-Tek) were
followed up until and including the centrifugal separation of the DNA from the
RNA and protein following the addition of solution Ill. At this point, the
supernatant containing the chromosomal DNA was transferred to a fresh
microcentrifuge tube. A volume of 750 uL of isopropanol was added to each
tube and the tube was inverted gently 10 times, before being centrifuged at
16000%g at 4 °C for 10 minutes. The supernatant was then removed carefully

with a pipette and 700 uL of 70% ethanol was added to each tube. Each tube
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was inverted gently 10 times and centrifuged at 16000xg at 4 °C for 3 minutes.
The supernatant was then removed carefully with a pipette and then 100 uL of
TE buffer (Life Technologies, Thermo Fisher Scientific) was added. The tubes
were left in a heat block at 50 °C with the caps open before the DNA

concentrations were measured and the extracted DNA was stored at —20 °C.
2.4.3 Determination of DNA concentration

The concentration of DNA was measured at 260 nm on a P300
nanophotometer (Implen, Munich, Germany). The ratios of wavelengths 260
nm/280 nm and 260 nm/230 nm were used to assess the purity of the DNA
obtained (Sambrook et al., 2001). Ratios of around 2 and above indicated

sufficient purity for use in further applications.
2.4.4 Ethanol concentration of DNA

Where necessary, plasmid DNA was concentrated using Pellet Paint (Novagen,

Darmstadt, Germany), following the manufacturer’s instructions.
2.4.5 PCR product purification (PCR clean up)

DNA amplified from a PCR reaction was purified before further manipulation
using the E.Z.N.A. Cycle Pure kit (VWR Omega Biotek [Pennsylvania, USA])
according to the manufacturer’s instructions, with the exception that the elution
buffer was warmed to 65 °C before being used to elute the DNA from the

column.
2.4.6 Preparation of chemically competent E. coli

Competent E. coli cells were prepared based on previously described methods
(Sambrook et al., 1989a). Fresh LBB (25 mL) was inoculated with 1 mL of
bacterial overnight culture and this was incubated with aeration at 37 °C for 1
hour. The cells were then incubated on ice for 10 minutes before being
collected by centrifugation (4000xg at 4 °C for 10 minutes). The cells were
resuspended in 10 mL 0.1 M calcium chloride and incubated on ice for 20
minutes, before being collected by centrifugation again using the same
conditions. The cells were then resuspended in 2.5 mL ice-cold 1:1
0.1 M calcium chloride and 15% glycerol. They were stored until use in 100 yL
aliquots at —80 °C.
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2.4.7 Chemical transformation into E. coli

Chemical transformation of DNA into E. coli was performed based on the
instructions of the manufacturer of the XL1-Blue E. coli cells (Stratagene
[Berkshire, UK]) and (Sambrook et al., 1989a). Competent E. coli cells (XL1-
Blue) were thawed on ice and 100 pyL were aliquoted into a microcentrifuge
tube. To this was added 1.7 pL of B-mercaptoethanol. The tube was then gently
agitated and incubated on ice for 10 minutes, with further periodic gentle
agitation approximately every 2 minutes. The DNA sample to be transferred
was then added to the tube which was agitated again before being incubated
on ice for 30 minutes. After this incubation, the mixture was heat shocked by
being incubated in a 42 °C for 45 seconds, before being incubated on ice for 2
minutes. This mixture was then added to 900 uL LBB at 42 °C and incubated at
37 °C for one hour with shaking. A 100 pL volume of this mixture was used to
inoculate a plate of LBA with the appropriate antibiotic selection (usually 100
pug.mL=" ampicillin), giving the ‘neat’ plate. A pellet was obtain from the
remaining mixture by centrifugation (16000xg at RT for 1 minute). Sufficient
supernatant was removed to leave approximately 100 uL of supernatant and
this was used to resuspend the pelleted cells, which were then used to
inoculate another LBA plate with selection to give the ‘conc’ plate. These plates

were incubated at 37 °C overnight.
2.4.8 Preparation and electroporation of S. aureus

Electrocompetent S. aureus cells were prepared according to previously
described methods (Monk et al., 2012). Briefly, 256 mL fresh TSB was
inoculated with 1 mL of bacterial overnight culture and incubated with aeration
at 37 °C for 40 minutes. The cells were harvested by centrifugation (4000xg at
4 °C for 10 minutes) and washed with 25 mL ice cold deionised water, before
the cells were collected by centrifugation again using the same conditions. The
cells were then washed and centrifuged in decreasing volumes of 10% glycerol
(2.5 mL, then 1 mL, then 125 uL). They were stored in 50 pL aliquots at —80 °C
until use. For the transformation, the cells were thawed on ice before being
collected by centrifugation (5000%g for 1 minute) and resuspended in a 1:1
solution of 10% glycerol and 500mM sucrose. Up to 5 ug of plasmid DNA was

added to the cells, which were transferred to an electroporation cuvette and
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pulsed at 2.1 kV, 100 Q, 25 pF. Fresh TSB (750 uL) and 500 mM sucrose (250
ML) were added to the cells and these were incubated with aeration at 37 °C for
2 hours before being plated onto TSA agar with the appropriate antibiotic

selection and incubated overnight at 37 °C.
2.4.9 Polymerase chain reaction

Oligonucleotide primers were prepared for use by adding the appropriate
volume of elution buffer (Qiagen or VWR) (to achieve a final concentration of
100 pmol.uL-") to the lyophilised primers. The primers were purchased from
Eurofins MWG operon (Ebersberg, Germany), having been designed using
Oligo software (Molecular Biology Insights inc., West Cascade, Colorado,
USA). These were diluted to one tenth of the original concentration before
being used in reactions. They were stored at —20 °C. PCR reactions (and also
colony PCRs, restriction digests, ligation reactions and Gibson assembly
reactions) were performed in a T100 Thermal Cycler (Bio-Rad [Hertfordshire,
UK]). Phusion polymerase was purchased from New England Biolabs. The
dNTPs were purchased as PCR Nucleotide Mix from Promega. The annealing
temperature was optimised based on that suggested by the Tm calculator at

http://tmcalculator.neb.com/#!/ (last accessed 23/09/17). The components,

volumes and protocol were used according to the manufacturer’s instructions.
An alternative strategy was used to amplify the pRAB11 backbone in
preparation for the Gibson assembly reactions, due to the relatively large size
of the vector (6.5 kb). The LongRange PCR Kit was purchased from Qiagen

and the manufacturer’s instructions were followed.
2.410 Colony PCR

Primers were designed and prepared as described in 2.4.9. MyTaq Red Mix
(incorporating MyTaq DNA polymerase, reaction buffer, dNTPs, MgClz, and a
red dye for easy visualisation) was purchased from Bioline (London, UK) and
the manufacturer’s instructions were followed for the colony PCR reactions.
Colony suspensions were prepared by suspending a single colony from the
transformation plate concerned in 20 pL of nuclease-free water. In addition to
being used for the colony PCR reactions, these colony suspensions were also

subsequently used to inoculate fresh broth to produce an overnight bacterial
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culture in the event of a colony PCR reaction indicating successful cloning for

that colony.
2.4.11 Agarose gel electrophoresis

DNA agarose gels were used to either observe PCR products or to separate
and purify DNA. Larger PCR products were measured against the HyperLadder
1 kb (Bioline) and shorter PCR products were measured against Quick-Load
100 bp Ladder (New England Biolabs). With the exception of colony PCR
products (already dyed from the MyTaq Red Mix), the samples were mixed with
6x Purple Loading Dye (New England Biolabs) prior to loading into the gel.
Diagnostic gels were performed using 0.8% agarose (w/v) and DNA gel
extractions were generally performed using 0.5% agarose (w/v) dissolved in 1x
TAE buffer. This agarose was warmed and added to a gel cast, where it was
mixed with SYBR safe DNA stain (Life Technologies) (using 2 pL for a single
row gel and 3 uL for a double row gel). The typical conditions used for running
the gel were 90 V for 30—40 minutes.

2.4.12 Extraction of DNA from agarose gel

Agarose gels were visualised using a Dark Reader transilluminator (Clare
Chemical Research [Colorado, USA]) and individual bands were separated and
transferred to a microcentrifuge tube. The DNA was then extracted from the
agarose using the E.Z.N.A. Gel Extraction kit (VWR Omega Biotek), according
to the manufacturer’s instructions, with the exception that the elution buffer was

warmed to 65 °C before being used to elute the DNA from the column.
2.4.13 Restriction digests

Restriction enzymes were purchased from New England Biolabs. Plasmid DNA

was digested according to the manufacturer’s instructions.
2.4.14 Ligation reactions

Once both the vector and the insert had been digested using the appropriate
restriction enzymes, the volumes of each component were calculated to
achieve a 3:1 ratio of insert to vector based on using 50 ng of vector DNA using
the “Ligation” tool on the NEBioCalculator website
(https://nebiocalculator.neb.com/#!/ligation; last accessed 22/09/17). T4 DNA

ligase was purchased from New England Biolabs and their instructions for



37

ligation reactions were followed. A control reaction, involving no insert, was
also carried out in parallel with each set of ligation reactions. The reactions
were incubated for longer than typical ligation reactions due to the Smal
restriction digest reaction producing a blunt end, as recommended in the
manufacturer’s instructions for this scenario. The completed reactions were
concentrated using Pellet Paint, if necessary, and then used to transform XL1-

Blue cells (see 2.4.7).
2.4.15 Gibson assembly reactions

Lyophilised DNA was rehydrated by adding the appropriate volume of nuclease
free water to achieve a final concentration of 20 ng.uL~" and incubating at room
temperature for one hour before use. The volumes of each component were
calculated to achieve a 2:1 ratio of insert to vector (recommended by the
manufacturer) based on using 50 ng of vector DNA using the “Ligation” tool on
the NEBioCalculator website (see 2.4.14). NEBuilder HiFi DNA Assembly
Master Mix was purchased from New England Biolabs and their instructions for
Gibson assembly reactions were followed. The completed reactions were
concentrated using Pellet Paint, if necessary, and then transformed into XL1-
Blue cells (see 2.4.7).

2.5 Generation of the biosensors

2.5.1 Creation of the Pmurz-lacZ(derep) biosensor

The pRAB11 vector was prepared by performing a PCR using oligonucleotide
primers (pPRAB11 LOb and pRAB11 ROb). The PCR product was then digested
with Dpnl enzyme to remove any remaining circular DNA, concentrated with
ethanol using Pellet Paint and purified by DNA gel extraction. The genes blaZ,
fosB and bcrAB were purchased as two fragments of synthetic DNA from
Invitrogen (Waltham, MA, USA). The vector and the two inserts were ligated
using Gibson assembly: the pRAB11 vector, insert 1 (blaZ and fosB), insert 2
(bcrAB), Gibson Assembly Master Mix and nuclease-free water were combined
to a total of 20 uL as advised by the manufacturer. This mixture was incubated
at 50 °C for 1 hour, after which it was concentrated with ethanol and used to
transform E. coli (XL1-Blue) cells. Plasmid DNA was extracted (see section

2.4.1) from overnight bacterial cultures produced from the successfully
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transformed colonies. These were again concentrated with ethanol and then
used to transform electrocompetent Pnuz-lacZ biosensor cells (see section
2.4.8). MICs were determined for penicillin, bacitracin, fosfomycin and
vancomycin to confirm that the correct phenotype had been obtained, indicated
by a large increase in the MIC for the above compounds, with the exception of
vancomycin. Anhydrotetracycline was added to the bacterial culture to a final
concentration of between 0.01 uyM and 0.4 uM, in order to induce the

expression of the resistance genes.

2.5.2 Creation of the Pinrc-lacZ, Po1910-lacZ and Po2425-lacZ

biosensors

Fragment inserts (incorporating the promoter region, the ribosome binding site
(RBS) and approximately the first five codons of each of the genes (infC,
SAOUHSC_01910, SAOUHSC_02425)) were amplified from a genomic DNA
preparation of SH1000. These PCR products were then purified (see section
2.4.5) and digested with the restriction enzyme Smal (New England Biolabs
[lpswich, MA, USA])(see section 2.4.13). The digested products were both
verified and purified further using agarose gel electrophoresis and extracted as
described in 2.4.12. The vector, plasmid pAJ130 (a derivative of the shuttle
vector pAD123, containing lacZ in place of gfp, permitting lacZ expression to be
driven by the promoter of interest (Dunn and Handelsman, 1999)), was also
digested with the restriction enzyme Smal, purified and extracted in the same
way. The vector and insert were ligated (see section 2.4.14) and the product of
this reaction was used to transform XL1-Blue E. coli cells. A selection of
colonies appearing on the plates the next day were used to inoculate fresh
LBB, which was grown to saturation before plasmid DNA was extracted.
Standard colony PCR reactions were used to confirm the presence of the
correct insert. DNA preparations that gave the correct size of band on an
agarose gel were used to transform electrocompetent RN4220 S. aureus cells.
These three biosensors were tested in the (B-glo assay with a selection of
antibiotics listed in section 5.2.3 at 0.25x%, 1x and 4xMIC.

2.5.3 Creation of RN4220(GC1) and RN4220(GC2)

The pRAB11 vector was prepared as described in 2.5.1. The genes sat4, aadA
and APH(6’)/AAC(2”) were purchased as two fragments of synthetic DNA from
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Invitrogen (Waltham, MA, USA) and the Gibson assembly of these two
fragments and pRAB11 constitute PBI Gibson construct 1. The genes tetM, cfr
and ermC were purchased as a further two fragments of synthetic DNA from
Invitrogen and the Gibson assembly of these two fragments and pRAB11
constitute PBI Gibson construct 2. Three Gibson reactions for each construct
were concentrated using Pellet Paint and were used to transform XL1-Blue E.
coli cells. The primers pRMC seq U and pRMC seq L were used for colony
PCRs to determine if the fragments had been inserted into the pRAB11 vector
successfully. Correct colonies were used to inoculate LBB and these cultures
were grown to saturation before plasmid DNA was extracted. This DNA was

then used to transform electrocompetent RN4220 S. aureus cells.

MICs were determined for fusidic acid for both constructs, for streptothricin,
spectinomycin and kanamycin for construct 1, and for tetracycline, linezolid and
erythromycin for construct 2. A large increase in the MIC for the above
compounds, with the exception of fusidic acid, indicated that the correct
phenotype had been obtained. Anhydrotetracycline was added to the bacterial
culture to a final concentration of 0.15 uM, in order to induce the expression of

the resistance genes.

2.6 Creating transcriptional profiles

2.6.1 Growth of bacteria exposed to concentrations of antibiotics

causing 25% growth inhibition

In order to produce results in triplicate, 585 pL (3 x 195 uL) of SH1000 bacterial
overnight culture was added to 57.915 mL (568.5 mL — 3 x 195 uL) of MHBII in a
250 mL conical flask and this culture was incubated in a 37 °C water bath with
shaking at 160 rpm until the ODesoo had reached 0.2. This was then separated
into three portions of 19.5 mL and 500 uL of antibiotic solution or drug free
control was added to each culture portion. The cultures were incubated for 40
minutes at 37 °C as before, after which the ODesoo was measured and recorded.
Concentrations were found for the antibiotics tested for which the ratio of the
ODsoo of the treated culture to that of the drug free control was 0.75 £ 0.02,
indicating growth inhibition of approximately 25%. When cultures containing

such concentrations had been grown, 10 mL of this culture was transferred to a
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50 mL Falcon tube. To this was added 20 mL of RNAprotect Bacteria Reagent
(Qiagen [Manchester, UK]). The cells were then collected by centrifugation
(4000%g at 4 °C for 10 minutes). The supernatant was removed and the tubes
were drained upside down on a paper towel for 10 minutes before storing at —
80 °C.

2.6.2 RNA extraction

Pure lysostaphin stock solution was prepared by dissolving 0.5 mg of
lysostaphin in 100 pL to make a 5.0 mg.mL-". A volume of 20 uL of this was
added to 5 mL TE buffer in an RNase-free 50 mL Falcon tube to produce a
solution of 20 ug.mL-" lysostaphin in TE buffer. The RNA-protected pellet was
thawed and washed with 1 mL of TE buffer pH 8.0. This solution was
centrifuged at 5000xg at 4 °C for 10 minutes to obtain a pellet again. The
supernatant was removed and 200 uL of TE buffer containing lysostaphin was
added and the pellet was resuspended. The tube was vortexed for ten seconds
and incubated for 90 minutes at 37 °C with occasional gentle mixing. Following
this, 8 ug of proteinase K was added by adding 4 uL of a stock solution of 40
pug.mL-". The tube was vortexed for 10 seconds and then incubated at room
temperature with shaking for 10 minutes. A volume of 40 uL of B-
mercaptoethanol was added to 4.0 mL buffer RLT (provided with Midi Kit) and
this was added to the tube along with 3.5 mL 80% ethanol, after which the tube

was shaken vigorously.

At this point, the manufacturer’s instructions were followed from point three
onwards in the Qiagen RNeasy Midi Kit protocol. Point four was replaced by
following the steps in Appendix E in the Qiagen RNeasy Midi/Maxi Handbook,
on the subject of on-column DNA digestion with the RNase-free DNase set.
The concentration, A2so/A2s80 and Azso/A230 ratios for the RNA was measured as
in 2.4.3 and the presence of mMRNA and rRNA was verified by running small
volumes of the extracted RNA samples on an agarose gel as in 2.4.11. The
RNA was stored at —80 °C until use.

2.6.3 RNA sequencing

For each RNA sample to be sequenced, 20 yL of RNA in RNase-free water
was sent to the NGS Facility at St James’ Hospital, University of Leeds. There,

the samples were used to generate a ribosomal depleted library (the TruSeq
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Stranded Total RNA Library (see
http://dna.leeds.ac.uk/genomics/nationalprice.php; last accessed 22/09/17. The

nine mRNA libraries (three each of two antibiotic treated cells and one drug
free control) were run as paired reads on a single lane on the lllumina HiSeq
3000 machine.

2.7 Biosensor assays

2.71 Agar assay validation

TSA was supplemented with 10 pg.mL-' erythromycin and X-Gal to make a
final concentration in agar of 100 uyg.mL-'. The agar was inoculated with the
biosensor to achieve confluent growth. A volume of 2 pyL of the reference
antibiotic was pipetted onto the inoculated plate and the plate was incubated at
37 °C for 18 hours.

2.7.2 Natural product agar assays

For each plate, 18 mL (or 36 mL for the square plates) of the appropriate agar
(see Table 2.4) was added to a round plate. A volume of 50 yL of resuspended
producer organism spores in PBS was added to the centre of the plate and the
natural product producer was left to grow according to the conditions listed in
Table 2.4. Plugs of agar containing the producer organism were removed and
transferred to TSA (supplemented with X-Gal) that had been inoculated with
the Pmurz-lacZ biosensor with a hole in the middle of the agar. The plate was
incubated for 2 days at 30 °C.

2.7.3 Full scale MUG assay

The extent of [(-galactosidase acitivity was determined using the protocol
according to Blake (Blake, 2008; Chan and Foster, 1998). Briefly, the cultures
were incubated at 37 °C for 1 hour, centrifuged and resuspended in AB buffer
(100 mM NaCl, 60 mM K2HPO4 and 40 mM KH2POs4 i.e. 5.85 g NaCl, 10.5 g
K2HPO4 and 5.48 g KH2PO4 in 1 L of sterile distilled water) and lysostaphin. 4-
methylumbelliferyl B-D-galactopyranoside (MUG, 10 mg.mL~" in DMSO) was
added and the reactions were incubated for 90 minutes before being quenched
with 0.4 M Na2COs. A volume of 100 puL from each tube was transferred to a

separate well on a black 96-well plate. The relative fluorescence was
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determined using a BMG Labtech FLUOstar Optima plate reader (excitation

filter 355 nm, emission filter 460 nm).

A standard calibration curve was prepared by dissolving 4-methylumbelliferone
(4-MU) in DMSO and diluting this with ABN buffer (1:1 AB buffer: 0.4 M
Na2COs3) to obtain at least five solutions with increasing concentrations up to 20
ug.mL=". The gain on the fluorimeter was set to 80 % of the fluorescence of the

20 pg.mL-" solution.
2.7.4 96-well plate scale MUG assay

The protocol in the previous section was adapted to be carried out in 96- well
plates. The antibiotic/test compound was added to the bacterial culture to a
final volume of 200 pL in a flat-bottomed 96-well plate. Following measurement
of the optical densities after 1 hour, 150 uL of the cultures was transferred to a
conical-bottomed 96-well plate, which was centrifuged at 1500 x g for 15
minutes. The cells were resuspended in 67.5 pL of a 1:221 mixture of
lysostaphin (3 mg.mL-"):AB buffer. The volume of MUG used was 7.5 pL. The
reaction was quenched with 75 yL 0.4 M Na2COs and the same procedure as
in 2.7.3 was used to measure the fluorescence. For the library screening, 2 uL
of a 1 mM solution of the compounds dissolved in DMSO was added to 198 pL
bacterial culture to give a final concentration of compound of 10 uM. The
relative fluorescence was determined using a BMG Labtech FLUOstar Optima
plate reader (excitation filter 355 nm, emission filter 460 nm). The libraries of
clinical compounds were obtained from Evotec (Hamburg, Germany),

Microsource Discovery Systems (Connecticut, USA) and Tocris (Bristol, UK).
2.7.5 B-glo assay

Overnight bacterial culture of the biosensor being tested was used to inoculate
fresh TSB in a 1:100 ratio, which was then incubated at 37 °C with shaking until
the ODeoo was approximately 0.2. The cultures were added to the antibiotic/test
compound to a final volume of 200 yL (with the exception of the NCI collection,
which was screened at a 50 L scale due to the scarcity of the material and the
requirement for a high concentration due to the unknown composition of each
extract) in a flat-bottomed 96-well plate. The plate was incubated at 37 °C with
agitation at 450 rpm for one hour, after which the ODsoo was measured on a
BMG Labtech FLUOstar Optima plate reader. A volume of 45 uL from each
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well was transferred to the corresponding well on a white 96-well plate. In
addition, 5 uL of Beta Glo Reagent (Promega [Southampton, UK]) was added
to each well. The plate was agitated at 450 rpm for 30 seconds and was then
incubated in the dark at room temperature with no agitation for 45 minutes.
After this incubation time, the relative luminescence was determined using the

same plate reader, with the gain set to 3600.

2.8 Data analysis

2.8.1 Standard DNA sequencing

Sufficient volumes of both the DNA sample and the relevant primers were sent
to Beckman Coulter Genomics/Genewiz (High Wycombe, UK), where they
were sequenced using standard Sanger sequencing. The sequencing data was
trimmed and aligned using Sequencher Version 4.8 (Gene Codes Corporation,
MI, USA).

2.8.2 MUG assay analysis

The ODsoo and fluorescence values were scaled to the values given by blank
TSB by subtracting the minimum value for the blank wells. The amount of 4-MU
produced was calculated by dividing the fluorescence by the gradient of the line
of best fit of the standard curve with a forced intercept at (0,0). This value was
then divided by the corresponding ODeoo reading to give a value for the 4-MU
produced scaled to the number of cells present. The fold change in B-gal
activity of the reference compounds was determined relative to the 4-MU
produced by the drugless control. The increase in induction was considered to
be significant if it was a 2-fold increase or greater. Averages were based on
three biological replicates unless otherwise stated and error bars indicate the
standard deviation across these replicates. Asterisks indicate results that were
statistically significantly different from the drug-free control (2-tailed t-test, P =
0.05).

2.8.3 B-glo assay analysis

The ODsoo and luminescence values were scaled to the values given by blank
TSB by subtracting the minimum value for the blank wells. The luminescence

values were divided by the corresponding ODesoo reading to give a value for the
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light produced scaled to the number of cells present. The fold change in B-gal
activity of the reference compounds was determined relative to the light
produced by the drugless control. The increase in induction was considered to
be significant if it was a 3-fold increase or greater. Averages were based on
three biological replicates and error bars indicate the standard deviation across
these replicates. Asterisks indicate results that were statistically significantly
different from the drug-free control (2-tailed t-test, P = 0.05).

2.8.4 RNA-seq

The RNA seq data was provided in fastq format and was analysed in CLC
Genomics Workbench Version 8 (Qiagen Bioinformatics). The drug-free, fusidic
acid and tetracycline sequences were aligned to the published sequence for S.
aureus strain 8325 (GenBank number CP000253.1). The initial fold-changes in
expression were calculated by performing an unpaired two-group comparison
for Drug-free vs. Fusidic acid and for Drug free vs Tetracycline. This gave the
raw mRNA reads and the fold-changes in expression, which were subjected to
an EDGE test to determine whether or not the genes were significantly
differentially expressed. The increase in expression was considered to be
significant/upregulated if a 2-fold increase or greater EDGE-test fold-change in
expression was observed for that gene (123 genes for fusidic acid and 411
genes for tetracycline). From these data, genes were identified that were
upregulated both in the presence of fusidic acid and in the presence of
tetracycline (50 genes). These were reduced to just 7 candidate genes

following the process described in section 5.2.1.
2.8.5 SATMD

The 50 genes upregulated both in the presence of fusidic acid and in the
presence of tetracycline were analysed in the Staphylococcus aureus

Transcriptome Meta-Database (SATMD) (http://www.satmd.org/; Informatics

LLC, Maryland, USA, last accessed 23/09/17), a database of gene expression
data from 251 experiments involving S. aureus (Nagarajan and Elasri, 2007).
This involved having to convert the S. aureus locus tags to those for strain
N315, which was achieved using the BLAST search on the NCBI website
(https://www.ncbi.nlm.nih.gov/; last accessed 23/09/17).
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Chapter 3 Using whole-cell biosensors to detect antibiotics in
high-throughput screening assays and from natural product

producing organisms

Abstract

The validation of the three whole-cell biosensors generated by the O’Neill lab
was completed and it was evident that all three biosensors were specific
detectors of cell wall biosynthesis inhibitors. The Pmurz-lacZ biosensor was used
to offer some insight into the possible mechanism of action of two antibacterial
compounds from the literature — rhodomyrtone and clomiphene. These two
compounds did not induce the biosensor, suggesting that they might not be cell
wall biosynthesis inhibitors. The Pmnuz-lacZ biosensor was also used in the
high-throughput screening of nearly 4,000 library compounds consisting of
clinically used drugs and other general bioactive compounds. The biosensor
was able to detect the 46 cell wall biosynthesis inhibitors in this library, either
within the library itself or from an external source, further validating the
specificity of the Pmurz-lacZ biosensor. Furthermore, 19 pan-assay interference
compounds did not induce the Pnurz-lacZ biosensor, reducing the likelihood that
screening using this biosensor will result in false positive hits. This biosensor
was then used to screen a total of 288 crude microbial extracts and 19 of these
extracts induced the biosensor, demonstrating the biosensor could be used to

detect antibacterial compounds prior to time-consuming purification.

The three whole-cell biosensors were also tested in an agar-based assay, with
X-gal being used as the substrate for 3-galactosidase detection, resulting in a
blue colour being observed on the agar in the presence of cell wall biosynthesis
inhibitors. Dual reporters were generated in an attempt to facilitate the
detection of antibacterial compounds at even lower concentrations than the
initial three biosensors had been capable of thus far. Finally, the Pmuz-lacZ
biosensor was able to detect cell wall biosynthesis inhibitors specifically,
directly from their producing organism, in a manner similar to the original

discovery of penicillin.
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3.1 Introduction

3.1.1 The structure and function of the bacterial cell wall

One common feature of both Gram-positive and Gram-negative bacterial cells
is the presence of a layer of peptidoglycan beyond the cytoplasmic membrane.
This peptidoglycan layer primarily gives the cell wall the mechanical strength
required to defend against osmotic challenge (Typas et al., 2011; Vollmer et al.,
2008). It also contributes to the maintenance of a uniform cell shape, as does
the prokaryotic cytoskeleton which includes homologs to eukaryotic actin
(MreB), tubulin (FtsZ) and intermediate filament proteins, along with the
bacteria-specific MinD-ParA group (Shih and Rothfield, 2006). It has also been
proposed that the presence of the cell wall reduced the frequency of horizontal
gene transfer, thus improving the genome stability compared with more
primitive cells and allowing for divergent bacterial evolution to occur (Errington,
2013).

Mammalian cells lack this peptidoglycan layer, which gives them the increased
flexibility necessary for executing the more specialised functions they have
evolved for, such as phagocytosis (Botelho and Grinstein, 2011). Inevitably,
this means that enzymes involved in peptidoglycan synthesis lack mammalian
homologs and this makes this pathway an attractive target to focus on for
discovering and synthesising antibiotics because antibiotics that target bacterial
cell wall synthesis are unlikely to be toxic to a mammalian host (Liu and
Breukink, 2016; Silver, 2006).

Although a layer of peptidoglycan is common to both Gram-positive and Gram-
negative bacteria, the amount of peptidoglycan present in these bacteria differs
significantly — the cell wall of Gram-positive bacteria includes approximately
50% peptidoglycan by weight, whereas peptidoglycan only accounts for 10—
20% of the weight of the cell wall in Gram-negative bacteria (Hammond et al.,
1984). Gram-positive bacteria are encased in a cell wall that comprises an
inner cytoplasmic membrane (a phospholipid bilayer) covered by a relatively
thick layer of peptidoglycan. Lipoproteins, lipoteichoic acids and teichoic acids
lie in the peptidoglycan layers (Brown et al., 2015). Small molecules can
traverse the layers of peptidoglycan. The cell wall of Gram-negative bacteria

consists of a cytoplasmic membrane and a thinner layer of peptidoglycan,
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which is covered by an outer membrane containing porins and
lipopolysaccharides (Brown et al., 2015)(Figure 3.1). This outer membrane
makes Gram-negative bacteria less susceptible to lysozyme, hydrolytic
enzymes, surfactants, bile salts and hydrophobic antibiotics (Kim and Gadd,
2008). It is believed that the origin of the double membrane of Gram-negative
bacteria was an endosymbiosis between a clostridium and an actinobacterium,

which are both Gram-positive bacteria (Lake, 2009).

Gram-positive bacteria Gram-negative bacteria
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Figure 3.1 Cross sections of the structure of Gram-positive bacteria and

Gram-negative bacteria. Inspired by Figure 1 in Brown et al., 2015.
The peptidoglycan layers themselves consist of glycan stands held together by
cross-linking peptide bonds. The glycan strands comprise alternating N-
acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) sugar
residues linked by B-1—4 ether bonds (Vollmer et al., 2008). Attached to the
MurNAc residues are pentapeptide side chains with the sequence L-Ala/L-Gly—
D-Glu—m-Dpm?*/L-Lys—D-Ala—D-Ala. The exact pattern of cross-linking and the
nature of any secondary modifications to the glycan strands (N-deacetylation,
O-acetylation and N-glycolylation) are species-specific and these can translate
into important differences in the defence mechanisms of particular bacterial
species. For example, Staphylococcus aureus is highly resistant to lysozyme
because its MurNAc residues are O-acetylated by O-acetyltransferase (oatA).
Lysozyme is a muramidase that compromises the peptidoglycan layers by
cleaving the B-1—4 bonds between GlcNAc and MurNAc. The O-acetylation

drastically decreases the stability of the conformation of the MurNAc residue

1 m-Dpm stands for meso-diaminopimelic acid
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during the transition state of its reaction with lysozyme, and so the reaction
does not happen (Pushkaran et al., 2015). This explains why it often colonises
on the skin and mucosal areas where the lysozyme in tears and mucous would

usually fend off most infections (Bera et al., 2004).

The biosynthesis of peptidoglycan can be broken down into three major stages
(Figure 3.5). First, the precursors (UDP-GIcNAc and UDP-MurNAc with the
pentapeptide motif attached) are synthesised in the cytoplasm. In the second
stage, UDP-MurNAc is transferred to a lipid carrier molecule (undecaprenyl
phosphate) and is also ligated to the GIcNAc precursor. This unit is then
transported across the cytoplasmic membrane by a flippase. Thirdly, the glycan
units are polymerised by transglycosylases (formation of the 3-1—4 bonds) and
then the cross-linking peptide bonds are formed by transpeptidases, which
inserts them into the cell wall (Bugg et al., 2011; Russell and Chopra, 1996;
Silver, 2006). The secondary modifications mentioned above occur at this
stage. This stage has provided the targets for most of the currently used cell

wall biosynthesis inhibitors (CBIs).

3.1.2 The origin and mechanism of action of cell wall biosynthesis

inhibitors

There are relatively few antibiotics currently available that target steps in either
stage | or stage Il, given the number of steps involved in these stages (Chopra
et al., 2002; El Zoeiby et al., 2002; O'Neill et al., 2009; Silver, 2006). D-
cycloserine is an analogue of D-alanine and competitively inhibits the
conversion of L-alanine to D-alanine by alanine racemase (alr) and the
synthesis of the D-alanyl-D-alanine peptide by D-alanyl-D-alanine synthetase
(Ddl) in the first stage (Russell and Chopra, 1996). It is a natural product of
Streptomyces garyphalus and Streptomyces lavendulae and was discovered in
1955 (Kumagai et al., 2015; Stromgaard et al., 2016).

Fosfomycin is an analogue of phosphoenolpyruvate (PEP) that covalently binds
to the enzyme MurA and thus inhibits the first committed step of peptidoglycan
synthesis, namely the ligation of PEP to the UDP-GIcNAc unit (Brown et al.,
1995; Halouska et al., 2014; Russell and Chopra, 1996)(Figure 3.2). It was
discovered in 1969 as a natural product from Streptomyces fradiae,



49

Streptomyces viridochromogenes and Streptomyces wedmorensis (Hendlin et

al., 1969).
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Figure 3.2 The mechanism of action of fosfomycin. A) Either MurA or
MurZ catalyses the addition of PEP (shown in red) to UDP-GIcNAc
in the first committed step of peptidoglycan synthesis; B) The
MurA (and MurZ) enzyme (shown in blue) is inactivated by the ring-
opening of fosfomycin.

The second stage of cell wall biosynthesis begins when the enzyme MraY
(Phospho-N-acetylmuramoyl-pentapeptide translocase) transfers the MurNAc-
pentapeptide unit from UDP to the undecaprenyl phosphate, anchored to the
inside of the cytoplasmic membrane, forming lipid | (Stromgaard et al., 2016;
Walsh, 2003). The UDP-GIcNAc sugar unit is then added to lipid | to form lip