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Abstract

It is fundamental to understand the mechanisms by which a toxicant is capable of poisoning
the bacterial cell or resistance is developed. The mechanisms of actions of many antimicrobials
such as metal-based compounds are not fully understood, yet, the development of these agents
continues.

Despite the essentiality of metals in the biochemistry of life, both non-essential and
essential metals have been used as antimicrobials for agricultural and medical purposes for
thousands of years. Applications include wound dressings, nanoparticles, antiseptic formulations,
combination treatments, polymers and nanocomposites, among many more. Many of these have
proven to be effective at controlling and eradicating microbial populations at low concentrations.
Currently, studies in this field largely focus attention on developing new formulations and utilities
for metal-based antimicrobials. The identity of the cellular targets that are involved in metal
resistance and toxicity are known to a lesser degree. This current knowledge gap potentiates the
progression of antimicrobial resistance since there is an incomplete understanding of metal action
in microorganisms. Previous studies that have directed efforts toward these fundamental questions
have failed to provide a comprehensive depiction of the global cellular effects of metal exposure;
the literature is often replete with contradicting reports. Based on the aforementioned, we sought
to answer the fundamental question — how do the mechanisms of metal toxicity and resistance
compare in bacteria?

We observed that the efficacies of metal ions varied between bacterial species and isolates
of the same species. By means of the Keio collection, this comparison was validated by
demonstrating that silver, copper and gallium act differently in Escherichia coli. Here, we

presented a list of novel resistant and sensitive gene hits that may be involved in metal action.



These experiments were performed under sublethal prolonged metal exposure, rather than acute
shock. Resistance mechanisms range from efflux, iron-sulfur cluster maintenance, DNA repair,
nucleotide biosynthesis to tRNA modification, and sensitive pathways include biomolecule
import, NAD™* synthesis, amino acid biosynthesis, sulfur assimilation, electron transport, carbon
metabolism and outer membrane maintenance, amongst others.

To mitigate the improper use of metal-based antimicrobials, it is imperative that we
understand precisely how these agents are able to eradicate bacterial cells and what are the

accompanying mechanisms of resistance, particularly as development and use expands.



Preface

The interaction of metal ions with microbial organisms is complex and multifaceted; a
relationship that cannot be met using organic compounds alone. The occurrence of metals in the
environment, whether in the gut microbiota of a host or near a hydrothermal vent, is dynamic,
permitting many combinations with proteins, enzymes, lipids, nucleic acids and other
biomolecules. Despite the biotic essentiality of metals, humans have been employing their toxic
capabilities for thousands of years in agriculture and medicine. As the onset of antimicrobial
resistance continues, alternative antimicrobials are becoming more popular and amongst these are
metal-based antimicrobials.

Currently, metal-based antimicrobials can be found as nanomaterials and coatings, and in
combination treatments, textiles or polymers. Nonetheless, with the advancement of these
antimicrobials comes great responsibility. The interactions of these compounds with organisms
must be understood if we are to continue their development and use. In turn, this will ensure the
appropriate metal is used against the correct organism and at the precise concentration.

In this thesis, | compared the mechanisms of metal action in a number of bacterial species
and extended on these observations as a means of uncovering novel genes involved in metal action
in Escherichia coli. The use of this important model organism is -fold given our knowledge of
gene function, preceding studies performed using this organism for the purpose of studying metal
action, access to the complete Keio collection and relevance of this organism in healthcare settings.

Metal ions are capable of undergoing several ionization events that alters the charge and
chemical properties. If precise metal speciation is unknown, then it is difficult to predict chemical
reactions and metal activities in vivo. Speciation is reliant on intra- and extracellular targets, the

redox potential, inherent metal characteristics and the growth medium selected. Studying metal



resistance in bacteria is challenging and studies often report contradicting results. One typical
example includes the formation of reactive oxygen species and genotoxicity upon metal exposure
— mechanisms that have been reputed and disapproved several times. These factors along with
others must be integrated into future studies, such as this one, to ensure the correct application of
these agents and their full potential for use.

In this thesis, “Comparing the mechanisms of metal action in bacteria: an insight into novel
genes involved in silver, gallium and copper resistance and toxicity in Escherichia coli,” a number

of investigations are provided that aim to answer the fundamental questions - how do bacterial

strains respond to metal stress and do different metals act on the same organism similarly or

distinctively? Chapter 1 provides an introduction into the background information required for
this thesis, with some of the material published previously as book chapters (The Potential of
Metals in Combating Bacterial Pathogens in Biomedical Applications of Metals, 2018 and Metal-
based Antimicrobials in Antimicrobial Materials for Biomedical Applications, accepted and in
press). Chapter 2 reports on the antimicrobial and antibiofilm activity of seven metals; silver,
copper, titanium, gallium, nickel, aluminum and zinc against three bacterial strains, Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli (The Journal of Antibiotics, January
2017). Chapter 3 extends these observations to isolates of the same species (Antibiotics, May
2019). Chapter 4 is the first of three chapters in which the Keio collection is used to recover novel
silver resistant and sensitive gene hits in E. coli BW25113 (Genes, July 2018). Chapters 5 and 6
are extensions of Chapter 4 in which the same methodology is used to uncover genes involved in
gallium (Genes, January 2019) and copper action, respectively. Chapter 7 further employs this
comparative approach as a means of investigating genes that are common between the three

datasets. It is here that we begin examining metal sensitive hits in more detail. Chapters 2-5 contain



peer-reviewed manuscripts in their original form, only the format and location of the figures have
been altered. Appendix A presents a study on the action of different formulations of silver, among
other metals, against dual-species biofilms. Appendix B provides information on the gene lists of
the resistant and sensitive hits obtained in Chapters 4-7. Appendix C contains brief methodology
regarding uncompleted work that was not included in any chapter of this thesis. Lastly, Appendix

D contains copyright agreement information.

Vi



References to research articles included in this thesis and precise author
contributions:

Gugala, N.; Lemire, J. A.; Turner, R. J. The efficacy of different anti-microbial metals at
preventing the formation of, and eradicating bacterial biofilms of pathogenic indicator strains. J.
Antibiot. (Tokyo). 2017, 70, 775-780, 10.1038/ja.2017.10

This manuscript was conceptualized by Natalie Gugala, Dr. Joe Lemire (PDF at this time) and
Dr. Raymond Turner. The methodology and writing of the manuscript was completed by Natalie
Gugala. Editing comepleted by all three authors.

Gugala, N.; Vu, D.; Parkins, M. D.; Turner, Raymond, J. Specificity in the susceptibilities of
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus clinical isolates to six
metal antimicrobials. Antibiotics 2019, 8, 51, 10.3390/antibiotics8020051

Conceptualization completed by Natalie Gugala and Dr. Raymond Turner. The methods were
completed with the help of Dennis Vu (undergraduate student at this time), and Natalie Gugala.
The formal analyses and writing of this manuscript was completed by Natalie Gugala. Editing
preformed by Natalie Gugala, Dr. Michael Parkins and Dr. Raymond Turner.

Gugala, N.; Lemire, J.; Chatfield-Reed, K.; Yan, Y.; Chua, G.; Turner, R. Using a chemical
genetic screen to enhance our understanding of the antibacterial properties of silver. Genes
(Basel). 2018, 9, 344, 10.3390/genes9070344

Natalie Gugala, Dr. Joe Lemire (PDF at this time) and Dr. Katie Chatfield-Reed (PDF as this
time) contributed equally to this paper. Conceptualization and methodology completed by Dr.
Joe Lemire, Dr. Katie Chatfield-Reed and Natalie Gugala. Formal analysis completed by Dr.
Kate Chatfield-Reed, Dr. Ying Yan and Natalie Gugala. The manuscript was written by Natalie
Gugala and edited by all the authors of this paper.

Gugala, N.; Chatfield-Reed, K.; Turner, R. J.; Chua, G. Using a chemical genetic screen to
enhance our understanding of the antimicrobial properties of gallium against Escherichia coli.
Genes (Basel). 2019, 10, 34 10.3390/genes10010034

Methodology completed by Natalie Gugala. The analysis of this paper was completed by Natalie
Gugala and Dr. Katie Chatfield-Reed (PDF at this time). This work was written by Natalie
Gugala and edited by all the authors of this paper.

Lemire, J. A.; Kalan, L.; Gugala, N.; Bradu, A.; Turner, R. J. Silver oxynitrate—an efficacious
compound for the prevention and eradication of dual-species biofilms. Biofouling 2017, 33, 460—
469, 10.1080/08927014.2017.1322586

vii



Dr. Joe Lemire (PDF at this time), Dr. Lindsay Kalan (PDF at this time) and Dr. Raymond
Turner contributed to the conceptualization of this paper. The methodology was completed by
Dr. Joe Lemire, Natalie Gugala and Alex Bradu (undergraduate student at this time). This
manuscript was written by Dr. Joe Lemire and Dr. Lindsay Kalan. Editing performed by Dr. Joe
Lemire, Dr. Lindsay Kalan, Natalie Gugala and Dr. Raymond Turner.

viii



Acknowledgments

“Writing a thesis is like completing a group project, except the group member is yourself, four

years ago.” — Unknown.

By no means, has this journey been easy. The motivation to complete that extra experiment,
write that additional paragraph or edit one’s work for the seventh time, has not been present at all
times. Self-doubt is a common experience that many students face in graduate school, and | believe
that learning to appreciate one’s work and believe in your results is one of the hardest tasks any
graduate student must face.

Without a number of key people in my life, I am not sure that this thesis would have been
completed. Firstly, 1 would like to thank my family. Particularly my mother, who still has no idea
what I do, but listens to me regardless. She allows me to vent, let my frustration out and cry on her
shoulders when experiments don’t go as planned. She is my number one supporter, my biggest fan
and my favourite person.

My friends remain in awe at what | do, but it is | who is in awe at them, for they have
stayed by my side, even after all the times | have cancelled on them because of a long workday or
simply bore them to death with ‘interesting’ science facts. Marleea, my best friend, has been one
of my greatest motivators and cheerleaders since grade 12, and | thank her for this.

Dr. Joe Lemire set many foundations for me, both intellectual and technical. | learned how
to write (if I can that is) from his constant edits and harsh comments. Without his supervision this

thesis would have taken a different turn, one that I may not have been fulfilled with. Thank you.



Dr. Gordon Chua not only facilitated a number of the papers in this thesis, but also pushed
my limits and helped me ‘dive’ into the data. The use of his equipment provides as the foundation
for this thesis, and potentially many more to come. | would also like to thank my entire committee,
particularly Dr. Harrison and Dr. Lewis who have continuously pushed me and challenged me to
reach new heights. | aspire to be as successful as the two of you. To my external reviewers, Dr.
Shimizu and Dr. Mulvey, thank you for taking the time to read this thesis and attend my defense,
| look forward to meeting you both.

The Turner lab, both past and present, have always lent a helping hand. I have never felt
unwelcome or unappreciated. As a lab we have had countless laughs and cries together, and | hope
to have many more.

Lastly, I want to thank my supervisor, Dr. Turner, whom | now call one of my closest
friends. I arrived in Dr. Raymond Turner’s lab in 2014, as an undergraduate student. A fellow
classmate of mine mentioned him to me, as they knew | was looking for an undergraduate
supervisor and explained that he is known for his caring personality. | entered his lab on this piece
of information alone... and was it ever correct. Still, over the last several years | have come to
appreciate that Dr. Turner is more than just respectful. In fact, many other traits out way this
quality, such as his selflessness, humor, appreciation, empathy and leadership. The latter has been
the most significant to me. I never appreciated that | needed someone to lead me through these last
four years, and I am referring not only to my experiments. His strength and confidence lifted me
and made me a better person each day, allowing me to reach a potential | never thought was
possible. I thank Dr. Turner the most, because not only did he help me complete this work, but he
helped me become a strong independent researcher, who is ready to take on the next chapter of

their life.



Xi



Table of Contents

ABSTRACT .ttt bbbt bRt R et e bbbt Rt e bbbt be et I
PREFACE ... .ottt bttt et e s e st e s e be s be st e e be e Rt e st e nb et e benbeebeebeareeneeneens v

REFERENCES TO RESEARCH ARTICLES INCLUDED IN THIS THESIS AND
PRECISE AUTHOR CONTRIBUTIONS: ..ot VIl
ACKNOWLEDGMENTS ..ottt sttt ettt be st beeneenee s IX
TABLE OF CONTENTS ...ttt sttt sneste s e e Xl
LIST OF TABLES ... bbbttt sne s XVII
LIST OF FIGURES ...ttt sttt XIX
LIST OF ABBREVIATIONS ...ttt XXVIII
EPIGRAPH ...ttt bbbt XXIX
1 INTRODUCTION. . ..ottt ettt se s et et nbesbesbesneaseaneeneeneas 1
11 ESSENTIALITY OF METAL IONS TO THE BIOCHEMISTRY OF LIFE .....ooiiiiiieiiiieiiieesieee e 1
1.2 THE REEMERGENCE OF METAL COMPOUNDS AS ANTIMICROBIAL AGENTS ......cccovvvriennenn 3
1.2.1 Historical uses Of MEtalS.........ccccoveiiiiieiicce e 4
1.2.2 Current metal-based antimicrobial development and US€...........ccoocviieiiiiiiiieiiennne 6
1.3 METAL CHEMISTRY IN BIOLOGICAL SYSTEMS ....ceiiiiiiiesiieeieesiieasiesssieesiessneesssessieenseens 10
1.3.1 Donor atom preference: Speciation, the Irving-Williams series and the HSAB theory

10
1.3.2 Ligand properties: charge, denticity and metal coordination............cccceevervrnnnnn. 13
1.4 METAL TOXICITY IN BACTERIA ..c.ooiiiiiiiiisieeeee et 15
1.4.1 General mechanisms of metal tOXICILY .........cccueviriiiieiiiie e 15
1.4.2 The production of reactive nitrogen/sulfur/oxygen species (RS) ........cc.ccoovrvvrvvrinnnnn, 16
1.4.3 Thiol mediated reduction and antioxidant depletion...........ccccccceeviveieiiiniiece e, 18
1.4.4 Metal interactions at the cell membrane ...........cccccoov i, 20
1.4.5 Protein dysfunction and deactivation .............ccooerireninieieiee e 21
1.5  SPECIFIC MECHANISMS OF METAL TOXICITY .cutiiiieieiistentisiessesseseessessesiessessessnssesseenees 22
1.5.1 Copper toXiCity IN DACIEIIA ......c.eoiieiiie it 22
1.5.2  Silver tOXICItY IN DACTEITA .......ccueiviiiiiiiiieiieeeee e 25
1.5.3  Gallium toXiCity iN DACIEIIA .....ecveivieieee et 26
1.6 MECHANISMS OF METAL RESISTANCE IN BACTERIA ....coiiviiiiiiieiiiieesnireessieeessieessneeesnneeens 27
1.6.1 General mechanisms of metal reSiStanCe..........ccovvriiereiieieere e 27
1.6.2 Copper resistance (and homeostasis) in bacteria............cccooevviieiiveiiciesecie e 30
1.6.3  Silver resistance iN DACIEIIA..........ccvoiiiiii e 33
1.6.4  Gallium resistance iN DACIEITA .........ovveiiie e 34
1.7 THE CHALLENGES OF STUDYING METAL ANTIMICROBIALS AND GAPS IN OUR KNOWLEDGE
34

1.8 RESEARCH GOALS AND SPECIFIC AIMS ...vttiiiuiriieeaiiieeesssiteeeesassssessssssesessssneesssnsssesssssnnns 38

2 THE EFFICACY OF DIFFERENT ANTIMICROBIAL METALS AT PREVENTING
THE FORMATION OF, AND ERADICATING BACTERIAL BIOFILMS OF
PATHOGENIC INDICATOR STRAINS. ... 40

xii



2.1 A B S T RACT tittueetettteeees s eetestteeee st seeees s teeee st s eeee st tesestaeeeeetaseeeesasesee b aeeesbntaerentnrrerens 40

2.2 INTRODUGCTION ..ttt ittt sttt sttt ekt e e s bt e e kb e e e kb e e e nbe e e enbe e e ennneeennneeanes 41
2.3 IMETHODS AND MATERIALS ....ooiuiiuiiiete ittt st siessee et sttt sttt bbb eneenes 43
2.3.1 Bacterial strains and culture media...........cccoviereriinienic e 43
2.3.2 BiOfilm CUIIVALION........eoiiiiie e 43
2.3.3 Stock and working metal SOIULIONS .........cccocviiieiiiic e 44
2.3.4 Prevention of planktonic growth and biofilm formation..............cccecevvviiieiennnn, 44
2.3.5 Eradication of established biofilms ..........ccoooiieiiiii e, 45
2.3.6  Assessment of metal effiCaCy ........cccvvieiiieiiiic i 45
24 RESULTS ettt b et b et e e bt e et e e e bt e e st e e e be e e beenne e e b e e nree s 46
2.4.1 Various metal salts can prevent planktonic growth and biofilm formation.............. 46
2.4.2 Certain metal ions are capable of eradicating established biofilms ...................... 49
2.5 DISCUSSION ...oeiuiiuienieiestestestesteeseeseetestestesbesbesbeaseesees e sbesbesbesbeaseeseeneeseenbeabesbenbeaseeneeneenes 50
2.6 (000] (o1 MU ] (o] N P OO OPRTR PP TUP PR 54
2.7 CHAPTER 2 SUPPLEMENTARY ....oiiutieitieaiiesieeateesseeesseesssaessessssessseesssesssessssesssessnsesssessnnes 55

3  SPECIFICITY IN THE SUSCEPTIBILITIES OF ESCHERICHIA COLI,
PSEUDOMONAS AERUGINOSA AND STAPHYLOCOCCUS AUREUS CLINICAL

ISOLATES TO SIX METAL ANTIMICROBIALS ..ot 58
3.l ABSTRACT tteteetietiete sttt sttt st et et e e et e bbbtk e bt e Rt e bbbt e bt e bt b e e Rt e Rt e bbbt b e r e e nes 58
3.2 INTRODUGCTION ..ttt ettt ettt ek e e s ab e e sbb e e e bb e e e e e e sabe e e ssnneeannneeanes 59
3.3 MATERIALS AND METHODS ....cciutiiiiiiiiesiiie ettt siit ettt e e e eesnnee e 61

3.3.1 Bacterial strains and StOrage..........ccvueiieriiiieiiee e 61
3.3.2 Determination of the effective metal concentrations and metal storage .................. 61
3.3.3 Bacterial growth and the agar disk diffusion method............ccccocerinininiiininneen, 62
3.3.4 Normalization and statistical @analySes ..........ccccevveieiiiericiic s 63
3.4 RESULTS ittt ettt b bbb e s e e s et e s e e e s nbe e e s nbe e e snneas 64
3.5 DISCUSSION ...ttt ettt e et e et e e e sbe e e s nte e e anneas 71
3.6 CHAPTER 3 SUPPLEMENTARY ..ocutiiiiitesiestesiestesseatessessessessessessessessesssessessessessessessessennes 74

4  USING A CHEMICAL GENETIC SCREEN TO ENHANCE OUR

UNDERSTANDING OF THE ANTIBACTERIAL PROPERTIES OF SILVER ............... 82
A1 ABSTRACT titiitiitiitieieie e sbeste bt abe e st e st et et e be b e s b e bt e bt e s b e b e b e e bt e bt e bt e b e e Rt e st et e nbeebe et e et e e neene e 82
4.2 INTRODUGCTION ...ttt ittt atee sttt e ettt et e s e bt e st et e ase e e nbeessb e et e e ssneenneesmbeenreeannee e 83
4.3 MATERIALS AND METHODS .....cutiiiiiiiieiitie ettt st e e e e e 85

4.3.1  StOCK AQ SOIULION....c.uieiiiiiesiiee et raeteene e reene e 85
4.3.2 Determination of the minimal inhibitory concentration and controls...................... 85
G T o) =TT o1 | T PSPPSR 85
4.3.4  NOIMAKZATION ....oiviiiiiiieiieiee bbbt 86
4.3.5 Datamining and @nalySES.........cccciveiiiiieiieie et 87
4.4 RESULTS AND DISCUSSION......ctiitiieiitiieiitie st ettt ettt sbe e e e e snneeesneeas 87
4.4.1 Genome-wide screen of Ag resistant and Ag sensitive hitS.............ccocvvvirininiennn, 87
4.4.2 Ag resistant gene NitS........cccoiiiiiiicic e 95
4.4.2.1 Regulators Of gene eXPreSSION .........cccuuerirreerienieseesie e see e sree e see e 95
4.4.2.2  Cell membrane Proteins ..ot 96
4.4.2.3  BIOSYNTNELIC BNZYIMES ......ooiviiiiiieitiecie ettt sae s 97
4.4.2.4  CatabOoliC BNZYMES ....ooiiiiiiiieiieiie sttt e e 99



4.4.2.5 Sulfur metaboliSM ProteiNS ........ceiiiiiiieiiiie e 100

4.4.2.6  Biofilm fOrmation .........cccoiiieiieiece s 101
4427 DNA damage and rePAIN ........cccoveieeieiiieiesie e se e see e se e esae e e ae s 102
A.4.3  AQ SENSITIVE NITS....eiiiiiiiieie e e 103
4.4.3.1 Central dogma and cell exterior Proteins ...........ccoveerieeieienenenese e 103
4.4.3.2 Lipopolysaccharide biosynthetiC genes .........ccccevveveiiieiv e s 104
4.4.3.3 Three Ag sensitive hits comprise the ATP synthase Fo complex ................... 104
4.4.3.4 OXidative Stress reSPONSE JENES.......ccuererrerrerterieaiesieeeeeesreste s ssessesiesseeseenens 105

S T o] (o] I U 1] [0 N TSRS P TP PRUROPURRPIN 106
4.6 CHAPTER 4 SUPPLEMENTARY ....eiiutietieaitiestteasteesseeaseesteeanseesseessseesseeassessseessseessessnseeses 107

5 USING A CHEMICAL GENETIC SCREEN TO ENHANCE OUR
UNDERSTANDING OF THE ANTIMICROBIAL PROPERTIES OF GALLIUM

AGAINST ESCHERICHIA COLI ..ttt 114
5.1 AABSTRACT .ttt ettt etttk etttk b et e bt e e bt e e b e e e b et e e b et e e e e e et e e b e e e be e e nneas 114
5.2 INTRODUCTION ..vtiutititestestesie ettt st sttt sttt bbbttt et esbe bbb eeneene s 115
5.3 MATERIALS AND IMIETHODS ....utiuiiuiiieieitestestesieseesee e stessestessesseaseeseessessessessessessessensens 117

5.3.1 EScherichia COli SIraiNS........cccueuiiiiiiiie et 117
5.3.2 Determination of the minimal inhibitory concentration and controls.................... 118
5.3.3  SCIEENINQ....ciueeieeie it ettt ettt e e st e e e st e s be et e e se e s te e st e areesteentenreesraenreaneenreas 119
5.3.4  NOIMAHZALION ...cueiiiiiiieie ettt be e sneenreas 120
5.3.5 Data mining and analySeS.........ccooeiiiiiiiiiini s 120
5.4  RESULTS AND DISCUSSION.....cutitiiiiiiieiiestestisteesiesiesiestesse e ssessesseeseessessessessessessessensens 121
5.4.1 Genome-wide screen of Ga resistant and sensitive hitS.........ccoccovveviiininiiinnen, 121
5.4.2  Ga SENSITIVE SYSTEIMS....c.uiiiiiiiiiieiieie ettt sb bbb 130
5.4.2.1 Iron homeostasis and transport, and Fe-sulfur cluster proteins ...................... 130
5.4.2.2 Deoxynucleotide and cofactor biosynthesis, and DNA replication and repair 134
5.4.3 Systems involved iN Ga FeSISTANCE .........ccciiiriiiiierie st 137
5.4.3.1  Fe tranSPOrt SYSTEIMS .. .ccuuiiiiiiieiiieeriiie sttt e e eennneas 137
5.4.3.2  AMINO0 acid DIOSYNTNESIS ......ccvveiiiiiiicic e 139
5.4.3.3 Lipopolysaccharides and peptidoglycan ............ccocooviiiiiiicnencncncneceee, 141

5.5 CONCLUSION . ..ccutitiettt ittt sttt sttt ettt bbbttt bbbt bttt e s et e e b et e sbe et e eneeneeneas 142

6 USING ACHEMICAL GENETIC SCREEN TO ENHANCE OUR
UNDERSTANDING OF THE ANTIMICROBIAL PROPERTIES OF COPPER

AGAINST ESCHERICHIA COLI ..ttt 145
8.1 ABSTRACT ttetietietieie it st st steste et e et et e s tesb e s b e e be e s e e s e te s be e b e e be e bt e be e st et et et e beabeereeneeneeneas 145
6.2 INTRODUGCTION ..tiiittieeitie ettt ettt e st ekt e e ek e e e bt e e e be e e s be e e snbe e e snnneeanneeens 146
6.3 MATERIALS AND IMIETHODS .....oitiiiieieie ittt sttt st st sttt bt sttt 147

6.3.1  StOCK CU SOIULION ...ttt 147
6.3.2 Determination of the sublethal inhibitory concentration and controls .................. 147
6.3.3  SCIEENMING . ...eiitieiieiete ettt bbb bbbttt et bbbt 148
6.3.4 Normalization, data mining and analyses ............ccceveveeiieieiie i 149
6.4 RESULTS AND DISCUSSION......ciiiiiiiiiiieiiiee sttt e e 149
6.4.1 Phenotypic screen of Cu resistant and sensitive hitS.........c.cccovviivevenieiieie s 149
6.4.2  CU SENSITIVE SYSTEIMS ....vieviiiiieiteeeie et e ste ettt ste et te et e e steenesneesreeneeaneesreas 158

Xiv



6.4.2.1 Cu sensitivity is generated in the absence of CueO and genes involved in the

transport and folding Of thiS Protein..........c.ocviiiiiiiiii e 158
6.4.2.2 tRNA processing and modification may serve as a resistance mechanism
Y0 11 O PSPPSR 161
6.4.3  CU FeSISTANT SYSTEIMS ...ttt bbbttt 162
6.4.3.1 Genes involved in importing key biomolecules are potential Cu targets ....... 162
6.4.3.2  AMINO acid DIOSYNTNESIS ......ccvviiiiiiiiccic e 164
6.4.3.3 Cu may alter central carbon metabolism in E. COli........c.cccovvvviiiiiniee 166
6.4.3.4 Deleting hisG results in elevated Cu resistance..........cccceeevveresiesinseereene 167
6.4.3.5 Two genes involved in NAD biosynthesis were recovered as resistant hits... 167
6.4.4 Gene hits not recovered in thiS STUAY ..........cceiiiiiiiiiiiiniee s 168
T T O70 ] (o] I U 1] [0 ST PR U PR UPORORRPTN 170

7 COMPARING OXYGEN CONSUMPTION, EXTRACELLULAR PH AND
REACTIVE OXYGEN SPECIES FORMATION IN THE PRESENCE OF SILVER,

GALLIUM AND COPPER ..ottt s 172
7.1 ABSTRACT .eitiitieiestee ettt ettt ettt b e bbbt e bt h e e eb e e bt e s bt s bt ekt e ab e e be e bt enb e s bt e beenbenneenbe s 172
7.2 INTRODUGCTION ..ttt ettt etttk ekttt et e ekt e ekt e e e b b e e e ke e e sabe e e enbe e e nnneeeanneeens 172
7.3 METHODS AND MATERIALS ...coiiitiiiiiiieesiieeesitte st ettt e sttt et e s e st e e e s e e anneeesnneas 174

S TR R 1 = 1SRRI 174
7.3.2 Metal SOIULIONS ..ottt nreas 174
7.3.3 Growth tolerance in the presence of silver, gallium and copper...........c.ccocuvvvennne. 174
7.3.4 MitoXpress Xtra Oxygen CONSUMPLION @SSAY........cceervreeeirrerveiieseesieseeseeseeseesneas 175
7.3.4.1  Signal OpPtIMIZAtION ....eocuviciicce e 175
7.3.4.2  GIYCOIYSIS BSSAY .....eiviiiiiiieiieieie ittt sttt 176
7.3.5  PH-Xtra GlYCOIYSIS @SSAY.....ccueiveiieeiiieieiiesieesieeee e rte s e e e e ae e nre s 177
7.3.5.1  Signal OptiMIZAION ......coviiiiiiieieie e 177
7.3.6  Reactive OXYJEN SPECIES ASSAYS ....veververrerrerreeeeeeresiestessestessesseesessessessestessesseeeenes 178
T RESULTS ittt bttt bbb ettt b e bt e bt e b e et enne et 180
7.4.1 Growth tolerance in the presence of silver, gallium and copper...........ccccoovevvvenne. 180
7.4.2 MitoXpress Xtra Oxygen ConsUMPLION @SSAY.........ccververreriereeierieeriesieniesiesiesseeeenes 183
7.4.3  PH-Xtra GlYCOIYSIS @SSAY.....ccuveuiiriiiieeieiiesieeieseeseestesee e te e e esaesnee e saeaneenneas 187
7.5 DISCUSSION AND CONCLUSIONS ....ccuvietieaitiesieessieesieeaieesieeasseessneasseessseesseessneessessnseeses 190

PREFACE: WHY SHOULD WE STUDY THE MECHANISMS OF METAL TOXICITY

AND RESISTANCE IN BACTERIAT? ..ot 195

8 GLOBAL COMPARISONS AND CONCLUSIONS .......ccooiiiiieiiencee e 198
8.1  DIFFERENCES IN THE SUSCEPTIBILITY PROFILES OF BACTERIA TO METALS.....ccccvveennenn 198
8.2  COMPARING GENES INVOLVED IN MEDIATING SENSITIVITY OR RESISTANCE UNDER
SILVER, GALLIUM AND COPPER EXPOSURE USING A CHEMICAL GENETIC SCREEN ........ccccoeuennenn 199

8.2.1 Silver, gallium and copper sensitive gene NitS..........ccocoovreiiieicninc e 202
8.2.2 Silver, gallium and copper resistant gene NitS..........ccocoovverninienenesseceees 208

8.3  FINAL CONCLUSIONS, UNKNOWNS AND FUTURE DIRECTIONS ......ceiveiuieienieenieaeesineneeas 212
REFERENGCES. ...ttt bttt et e s be et sneenteeneennes 214

XV



APPENDIX A: SILVER OXYNITRATE — AN EFFICACIOUS COMPOUND FOR THE

PREVENTION AND ERADICATION OF DUAL-SPECIES BIOFILMS ... 248
APPENDIX B: COMPLETE GENE LISTS PERTAINING TO THE CHEMICAL

GENETIC SCREENS ... ..o 270
APPENDIX C: ADDITIONAL METHODOLOGY .....ccciiiiiiiiiiiieiieie e 271
APPENDIX D: COPYRIGHT INFORMATION ..o 277

XVi



List of Tables

Table 1.1 Examples of the metal-based antimicrobials investigated.

Table S2.1 Metal concentrations required to prevent planktonic growth (MPBC), prevent biofilm
growth (MBBC) and eradicate established biofilms (MBEC) in P. aeruginosa (ATCC 27853).

Table S2.2 Metal concentrations required to prevent planktonic growth (MPBC), prevent biofilm
growth (MBBC) and eradicate established biofilms (MBEC) in E. coli (ATCC 25922).

Table S2.3 Metal concentrations required to prevent planktonic growth (MPBC), prevent biofilm
growth (MBBC) and eradicate established biofilms (MBEC) in S. aureus (ATCC 25923).

Table S3.1 Minimal inhibitory concentrations previously determined by Gugala et al. in
chemically simulated wound fluid [1].

Table S3.2 Escherichia coli zones of growth inhibition (mm) and the corresponding breakpoint
value! in the presence of the given metal, which were determined using the MIC of the indicator
strain? E. coli ATCC 25922 as previously observed by Gugala et al [1].

Table S3.3 Pseudomonas aeruginosa zones of growth inhibition (mm) and the corresponding
breakpoint value! in the presence of the given metal, which were determined using the MIC of
the indicator strain? P. aeruginosa ATCC 27853 as previously determined by Gugala et al [1].

Table S3.4 Staphylococcus aureus zones of growth inhibition (mm) and the corresponding
breakpoint value® in the presence of the given metal, which were determined using the MIC of
the indicator strain® S. aureus ATCC 25923 as previously observed by Gugala et al [1].

Table 4.1 Ag resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits, each with a score >0.15 and a false discovery rate of 0.1%:2,

Table 4.2 Ag sensitive hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits, each with a score <-0.15 and a false discovery rate of 0.1%2.

Table S4.1 Systems and comprising subsystems cited in this study. The resistant and sensitive
hits were surveyed against the EcoCyc database permitting the clustering of the hits into systems,
subsystems and component subsystems??2,

Table 5.1 Ga sensitive hits organized according to system and subsystem mined using the Omics

Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
sensitive hits with scores < -0.154.

XVii



Table 5.2 Ga resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits with scores > 0.162.

Table 5.3 Hydroxyurea sensitive and gene hits involved in the synthesis of DNA, normalized to
include only the effects of Ga exposure; those with a score two deviations from the mean are
included.

Table 5.4 Sulfometuron methyl resistant gene hits, involved in the synthesis of amino acids,
normalized to include only the effects of Ga exposure; only those with a score two deviations
from the mean are included.

Table 6.1 Cu sensitive hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
sensitive hits with scores < -0.262 12,

Table 6.2 Cu resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits with scores > 0.162%2,

Table 8.1 Comparable hits between the silver, gallium and copper sensitive hits identified in E.
coli BW25113.

Table 8.2 Comparable hits between the silver, gallium and copper resistant hits identified in E.
coli BW25113.

Table A.1 The median, minimal concentration (in pM) of metal compounds (CuSO4, AgNOs3
and Ag7NOa1) required to (1) inhibit planktonic cell proliferation [minimal inhibitory
concentration (MIC)] and (2) inhibit biofilm formation [minimal biofilm inhibitory concentration
(MBIC)].

Table A.2 The median, minimal concentration (in pM) of metal compounds (CuSO4, AgNOs,
and Ag7NOa1 required to (1) eradicate an established planktonic population [minimal bactericidal
concentration (MBC)], and (2) eradicate an established biofilm [minimal biofilm eradication
concentration (MBEC)].

XVili



List of Figures

Figure 1.1 Several examples of metal toxicity in bacteria. Shown is a Gram-negative bacterium;
these mechanisms can be extended to a number of different organisms.

Equation 1.1 Generation of reactive oxygen species through the Fenton reaction. This produces
the overall net reaction called the Haber-Weiss reaction. The intermediates of these reactions are
capable of propagating lipid peroxidation, the oxidation of proteins and DNA damage.

Figure 1.2 Several general mechanisms of metal resistance in bacteria. Shown is a Gram-
negative bacterium however these mechanisms can be extended to a number of organisms.

Equation 1.2 Copper readily catalyzes the formation of hydroxyl radicals through the Fenton
and Haber-Weiss reactions. The intermediates of these reactions are capable of propagating lipid
peroxidation, the oxidation of proteins and DNA damage.

Equation 1.3 Copper readily catalyzes the formation of hydrogen peroxide via reactions with
sulfur groups found in cysteine and glutathione, among others.

Figure 2.1 The prevention of bacterial biofilms is attained upon 4hr exposure to various metal
salts. The Calgary Biofilm Device was inoculated with P. aeruginosa (ATCC 27853), S. aureus
(ATCC 25923) or E. coli (ATCC 25922) in the presence of AgNOs, CuSOa, TiCls,
Ga(NO3)3eH20, NiSO4e6H20, Al2(SO4)30H20 or ZnSO4e7H20. The bacteria were grown over a
concentration range defined by 2-fold serial dilutions of each metal. After this incubation, the
viable cells were counted to determine the A) MBPC and B) MBBC. Values are represented as
the mean + the SD n=3. #Note: all metal stock solutions were prepared at equal molar
equivalents of metal molecule. Hence the concentrations found in this figure are reflective of the
concentrations of metal and not the compounds themselves.

Figure 2.2 The eradication of biofilms is achieved upon exposure to various metal salts. The
Calgary biofilm device was inoculated with P. aeruginosa (ATCC 27853), S. aureus (ATCC
25923) or E. coli (ATCC 25922) in order to establish biofilm growth following 24hr incubation.
The established biofilms were then treated with serial dilutions (2-fold) of AGQNOs, CuSOQa,
TiCls, Ga(NOs3)3eH20, NiSO4e6H20, Al2(SO4)3eH20 or ZnSO4e7H20. Viable cell count was
used to determine the MBEC for each metal. VValues are represented as the mean + the SD, n=3.
#Note: all metal stock solutions were prepared at equal molar equivalents of metal molecule.
Hence the concentrations found in this figure are reflective of the concentrations of metal and not
the compounds themselves.

Figure 2.3 Growth tolerance of P. aeruginosa (ATCC 27853), S. aureus (ATCC 25923) and E.
coli (ATCC 25922) to several metal salts. The Calgary Biofilm Device was inoculated with
bacteria in the presence of AQNOs, CuSQOg4, TiClz, Ga(NO3)3eH20, NiSO1e6H20, Al2(SO4)3eH20
or ZnSO4e7H20. The cells were exposed to serial dilutions (2-fold) of each metal for 4hr
followed by determination of the A) MBPC and B) MBBC by viable cell count. Values are
represented as the mean + the SD n=3. #Note: all metal stock solutions were prepared at equal
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molar equivalents of metal molecule. Hence the concentrations found in this figure are reflective
of the concentrations of metal and not the compounds themselves.

Figure 2.4 Biofilm eradication tolerance to several metal salts for P. aeruginosa ATCC 27853.
The Calgary biofilm device was inoculated following 24hr incubation. The established biofilm
was then treated with serial dilutions (2-fold) of AgNOs, CuSOa, TiCl3, Ga(NOs)3 eH20, NiSO4
e6H20, Al2(SO4)3 H20 or ZnSO4 «7H20. The MBEC was determined by viable cell count for
the various metal compounds. Values are represented as the mean * the SD, n=3. #Note: all
metal stock solutions were prepared at equal molar equivalents of metal molecule. Hence the
concentrations found in this figure are reflective of the concentrations of metal and not the
compounds themselves.

Figure S2.1 Heatmaps for the MPBC, MBBC and MBEC of the three bacterial strains tested.
Analysis generated from the (a) MPBC (planktonic), MBBC (biofilm) and (a) MBECs (biofilm),
in the presence of AgNOs, CuSQOg4, TiClz, Ga(NO3)3 eH20, NiSO4 ¢6H20, Al2(SO4)3 ¢H20 or
ZnSO4 ¢7H20. The metals that could not prevent and/or eradicate growth in the concentrations
tested were included in the heatmaps and recorded as the maximum dilution tested. For precise
concentrations refer to Tables 2.1 — 2.3.

Figure 3.1 Bar plots signifying the normalized score for each isolate against the corresponding
indicator strain, for which the value is 1.0 (grey line). This score represents the MIC of the
indicator strain under the given metal stress. Orange denotes a resistant isolate. For these
isolates, the zone of growth inhibition was less than the corresponding indicator strain (<1.0).
Purple represents the isolates that fall above the normalized score since the zones of growth
inhibition were larger, these are noted as sensitive isolates (>1.0). Each score represents the
mean of three biological trials, each with two technical replicates. The MICs are as follows in the
order: E. coli ATCC 25922, P. aeruginosa ATCC 27853 and S. aureus ATCC 25923: (a)
aluminum: 250 mM, 1.95 mM and >250 mM, (b) copper: 12.5 mM, 6.25 mM and 12.5 mM, (c)
gallium: 31.25 mM, 15.63 mM, 15.62 mM, (d) nickel: >625 mM, >650 mM and >625 mM, (e)
silver: >0.5 mM, >0.5 mM and >0.5 mM, (f) zinc: >650 mM, >375 mM and 23.44 mM.

Figure 3.2 Dot plots illustrating the dispersity between the normalized scores of the E. coli (red),
P. aeruginosa (green) and S. aureus (blue) isolates. The zones of growth inhibition for the
isolates were normalized against the zones of the indicator strains. A value of 1.0 signifies the
minimal inhibitory concentration corresponding to the indicator strain. Scores >1.0 are
considered sensitive and scores <1.0 are noted as resistant. Each score represents the mean of
three biological trials each with two technical replicates.

Figure 3.3 Clustering of the 93 isolates belonging to the species E. coli (red), P. aeruginosa
(green) or S. aureus (blue) using principle component analysis. Collections were highlighted to
show positioning of each isolate in respect to the remaining collection. Here, each isolate was
normalized against the corresponding indicator strain in the presence of the six metals,
aluminum, copper, gallium, nickel, silver and zinc. Data collected from the mean of three
biological trials, each with two replicates.
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Figure 3.4 Heatmap signifying the normalized zones of growth inhibition. Score of 1.0 was
given to the zone of growth inhibition for the indicator strain This value also represents the MIC
of that organism under metal challenge. The isolates were normalized over the corresponding
strain to yield comparable values. The color red denotes a sensitive hit (>1.0) and the color
purple was given to the isolates that displayed enhanced resistant (<1.0). Data collected from the
mean of three biological trials, each with two replicates; note that the working stock solutions
were not equivalent. The MICs (score = 1.0) for the given data are as follows in the order: E. coli
ATCC 25922, P. aeruginosa ATCC 27853 and S. aureus ATCC 25923: aluminum: 250 mM,
1.95 mM and >250 mM, copper: 12.5 mM, 6.25 mM and 12.5 mM, gallium: 31.25 mM, 15.63
mM, 15.62 mM, nickel: >625 mM, >650 mM and >625 mM, silver: >0.5 mM, >0.5 mM and
>0.5 mM, zinc: >650 mM, >375 mM and 23.44 mM.

Figure 3.5 Heatmap representing the zones of growth inhibition normalized against the
concentration of metal. Each metal was provided an equivalent score of 1.0. Red specifies isolate
sensitivity; therefore, it was interpreted that a concentration of 1.0 M would ensure eradication.
Purple indicates resistance, hence a concentration greater than 1.0 M is required to eradicate the
organism in the growth medium used in this study. Data collected from the mean of three
biological trials, each with two replicates.

Figure 4.1 Synthetic Array Tools (version 1.0) was used to normalize and score the Ag resistant
and sensitive gene hits as a means of representing the growth differences in Escherichia coli K12
BW25113 in the presence of 100 uM AgNOs. Only those with a score greater or less than £0.15,
respectively, were selected for further analysis. Hits between +0.15 were regarded as having
neutral or non-specific interactions with Ag. The p-value was a two-tailed t-test and significance
was determined using the Benjamini-Hochberg procedure; false discovery rate was selected to be
0.1. Each individual score represents the mean of 12 trials.

Figure 4.2 Ag resistant and sensitive gene hits mapped to component cellular processes. The
cutoff fitness score implemented was -0.15 and 0.15 (two standard deviations from the mean)
and gene hits with a score less or greater than, respectively, were chosen for further analyses.
The hits were mined using the Omics Dashboard (Pathway Tools), which surveys against the
EcoCyc Database. Several gene hits are mapped to more than one subsystem. The p-value was
calculated as a two-tailed t-test and significance was determined using the Benjamini-Hochberg
procedure; false discovery rate was selected to be 0.1. Each individual score represents the mean
of 12 trials.

Figure 4.3 Functional enrichment among the Ag resistant and sensitive gene hits. The DAVID
gene functional classification (version 6.8) database, a false discovery rate of 0.1 and a score
cutoff of -0.15 and 0.15 (two standard deviations from the mean) were used to measure the
magnitude of enrichment against the genome of Escherichia coli. Processes with a p-value
<0.05, fold enrichment value >3 and gene hits >3 are included only. Each individual score
represents the mean of 12 trials.

Figure 4.4 Connectivity map displaying the predicted functional associations between the silver-

resistant gene hits; disconnected gene hits not shown. The thicknesses of the lines indicate the
degree of confidence prediction for the given interaction, based on fusion, co-occurrence,
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experimental and co-expression data. Figure produced using STRING (version 10.5) and a
medium confidence score of 0.4.

Figure 4.5 Connectivity map displaying the predicted functional associations between the silver-
sensitive gene hits; disconnected gene hits not shown. The thicknesses of the lines indicate the
degree of confidence prediction for the given interaction, based on fusion, co-occurrence,
experimental and co-expression data. Figure produced using STRING (version 10.5) and a
medium confidence score (approximate probability) of 0.4.

Figure S4.1 Ag resistant gene hits plotted against respective cellular processes. Y -axis
representative of the normalized score, smaller circles represent the individual hits and the larger
circles represent the mean of each subsystem. The p-value was calculated as a two-tailed t-test
and significance was determined using the Benjamini-Hochberg procedure; false discovery rate
was selected to be 0.1. Each individual score represents the mean of 12 trials. (a) Central Dogma;
(b) Cell exterior; (c) Biosynthesis; (d) Degradation; (e) Other pathways; (f) Energy; (g) Cellular
processes; and (i) Response to stimulus. Plots constructed using Pathway Tools, Omics
Dashboard.

Figure S4.2 Ag sensitive gene hits plotted against respective cellular processes. Y -axis
representative of the normalized score, smaller circles represent the individual hits and the larger
circles represent the mean of each subsystem. The p-value was a two-tailed t-test and
significance was determined using the Benjamini-Hochberg procedure; false discovery rate was
selected to be 0.1. Each individual score represents the mean of 12 trials. (a) Central Dogma; (b)
Cell exterior; (c) Biosynthesis; (d) Degradation; (e) Other pathways; (f) Energy; (g) Cellular
processes; and (i) Response to stimulus. Plots constructed using Pathway Tools, Omics
Dashboard.

Figure S4.3 Resistant (a) and sensitive (b) gene scores plotted against subsystems involved in
cell regulation. The small circles represent the individual hits and the large circles represent the
mean of each subsystem. Each individual score signifies the mean of 12 trials — three biological
and four technical. The p-value was calculated as a two-tailed t-test and significance was
determined using the Benjamini-Hochberg procedure; false discovery rate was selected to be 0.1.
Plots constructed using Pathway Tools, Omics Dashboard.

Figure 5.1 Synthetic Array Tools (version 1.0) was used to normalize and score the Ga resistant
and sensitive hits as a means of representing the growth differences in Escherichia coli K12
BW25113 in the presence of 100 uM Ga(NOs3)s. Each individual score represents the mean of 9-
12 trials.

Figure 5.2 Ga resistant and sensitive gene hits mapped to component cellular processes. Several
gene hits are mapped to more than one subsystem. The cutoff fitness score selected was two
standard deviations from the mean and recovered gene hits with a score outside this range were
chosen for further analyses. The hits were mined using the Omics Dashboard (Pathway Tools),
which surveys against the EcoCyc database. Each individual score represents the mean of 9-12
trials.
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Figure 5.3 Functional enrichment among the Ga resistant and sensitive gene hits. The DAVID
gene functional classification (version 6.8) database, a false discovery rate of 10% and a cutoff
score two standard deviations from the mean was used to measure the magnitude of enrichment
of the selected gene hits against the genome of Escherichia coli K-12. Only processes with gene
hits >3 were included.

Figure 5.4 Connectivity diagram displaying the predicted functional associations between the Ga
sensitive gene hits; disconnected gene hits not shown. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on fusion, curated databases,
experimental and co-expression evidence. Figure generated using STRING (version 10.5) and a
medium confidence score of 0.4.

Figure 5.5 Connectivity diagram displaying the predicted functional associations between the Ga
resistant gene hits; disconnected gene hits not shown. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on fusion, curated database,
experimental and co-expression evidence. Figure generated using STRING (version 10.5) and a
medium confidence score of 0.4.

Figure 6.1 Synthetic Array Tools (version 1.0) was used to normalize and score the Cu resistant
and sensitive hits as a means of exposing the growth differences in Escherichia coli K12
BW25113 in the presence of 5 mM Cu(NOs)s. The p-value was a two-tailed t-test and
significance was determined using the Benjamini-Hochberg procedure; false discovery rate was
selected to be 0.1. Each individual score represents the mean of 9-12 trials.

Figure 6.2 Cu resistant and sensitive gene hits mapped to component cellular processes. Gene
hits can be mapped to more than one process. Only hits two standard deviations or greater from
the mean are included. The gene hits were mined using the Omics Dashboard (Pathway Tools),
which surveys against the EcoCyc database.

Figure 6.3 Functional enrichment among the Cu resistant and sensitive gene hits. The DAVID
gene functional classification (version 6.8) database, a false discovery rate of 0.1 and a cutoff
score two standard deviations from the mean was used to measure the magnitude of enrichment
of the selected gene hits against the genome of Escherichia coli K-12. Only clusters with >3
gene hits and a p-value <0.05 were included.

Figure 6.4 Connectivity map presenting the predicted functional associations between the Cu
sensitive gene hits; disconnected gene hits not included. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on fusion, experimental and co-
expression evidence only; several hits may be excluded based on these requirements. Figure
generated using STRING (version 10.5) and a medium confidence score of 0.4.

Figure 6.5 Connectivity diagram presenting the predicted functional associations between the Cu
resistant gene hits; disconnected gene hits not shown. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on gene fusion, curated
databases, experimental and co-expression evidence only; several hits may be excluded based on
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these requirements. Figure generated using STRING (version 11) and a medium confidence
score of 0.4.

Figure 7.1 Planktonic growth tolerance of E. coli BW25113 (blue), AtolC (red) and AygfZ
(green) in the presence of silver. Cells were grown in M9 minimal media for 24 hours and spot
plated onto M9 minimal media agar plates (1.0% agar) in order to determine the colony forming
units (CFU/mL). Values are represented as the mean of three biological trials, each with three
technical replicates; included are standard deviations.

Figure 7.2 Planktonic growth tolerance of E. coli BW25113 (blue), AtolC (red) and AygfZ
(green) in the presence of gallium. Cells were grown in M9 minimal media for 24 hours and spot
plated onto M9 minimal media agar plates (1.0% agar) in order to determine the colony forming
units (CFU/mL). Values are represented as the mean of three biological trials, each with three
technical replicates; included are standard deviations.

Figure 7.3 Planktonic growth tolerance of E. coli BW25113 (blue), AtolC (red) and AygfZ
(green) in the presence of copper. Cells were grown in M9 minimal media for 24 hours and spot
plated onto M9 minimal media agar plates (1.0% agar) in order to determine the colony forming
units (CFU/mL). Values are represented as the mean of three biological trials, each with three
technical replicates; included are standard deviations.

Figure 7.4 Cellular respiration of growing WT E. coli BW25113 cells determined using the
MitoXpress Xtra Assay (HS Method) from Aligent® under copper, gallium and silver exposure.
The provided reagent, MitoXpress Xtra, is quenched by Oz, through molecular collisions, as a
result, the amount of fluorescence is inversely proportional to the amount of oxygen present.
Two biological trials, each with three technical replicates are shown and the mean of the two
biological trials is provided by the solid line. Included is copper 0.2 mM (blue), copper 0.002
mM (red), silver 0.2 mM (green), silver 0.002 mM (purple), gallium 1.0 mM (orange), gallium
0.01 mM (black), no metal (brown), glucose oxidase at 1 mg/mL (dark blue), which serves as a
positive control, and no cells with the reagent (plum), which serves as a negative control.

Figure 7.5 Cellular respiration of growing AtolC E. coli BW25113 cells determined using the
MitoXpress Xtra Assay (HS Method) from Aligent® under copper, gallium and silver exposure.
The provided reagent, MitoXpress Xtra, is quenched by Oz, through molecular collisions, as a
result, the amount of fluorescence is inversely proportional to the amount of oxygen present.
Two biological trials, each with three technical replicates are shown and the mean of the two
biological trials is provided by the solid line. Included is copper 0.2 mM (blue), copper 0.002
mM (red), silver 0.2 mM (green), silver 0.002 mM (purple), gallium 1.0 mM (orange), gallium
0.01 mM (black), no metal (brown), glucose oxidase at 1 mg/mL (dark blue), which serves as a
positive control, and no cells with the reagent (plum), which serves as a negative control.

Figure 7.6 Cellular respiration of growing AygfZ E. coli BW25113 cells determined using the
MitoXpress Xtra Assay (HS Method) from Aligent® under copper, gallium and silver exposure.
The provided reagent, MitoXpress Xtra, is quenched by Oz, through molecular collision, as a
result, the amount of fluorescence signal (in arbitrary units) is inversely proportional to the
amount of oxygen present. Two biological trials, each with three technical replicates are shown
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and the mean of the two biological trials is provided by the solid line. Included is copper 0.2 mM
(blue), copper 0.002 mM (red), silver 0.2 mM (green), silver 0.002mM (purple), gallium 1.0
mM (orange), gallium 0.01 mM (black), no metal (brown), glucose oxidase at 1 mg/mL (dark
blue), which serves as a positive control, and no cells with the reagent (plum), which serves as a
negative control.

Figure 7.7 The pH-Xtra Glycolysis Assay from Aligent® was used to determine the change in
fluorescence signal (in arbitrary units) after 30 minutes of incubation at 37°C. The solid blue line
presents the signal of the WT cells grown in the absence of any metal, the red line provides the
signal of the tolC mutant grown in the absence of any metal, and the green line presents the
signal of the ygfZ mutant grown in the absence of any metals. The orange line represents the
fluorescence signal of the negative control in which no cells were added (only the pH-Xtra
probe) and the pH of this test sample was 7.4. A signal higher than this signifies increased
acidity and vice versa. The grey line represents the complete acidification of the sample in the
absence of cells using glucose oxidase (1.0 mg/mL). Values are represented as the mean of two
biological trials, each with three replicates. Two-way ANOVA was used to compute the
statistical significance between the WT and the mutants. * Indicates a significant difference
between the means, where * = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.001. All
three strains grown in the presence of copper at 0.02mM (***), copper at 2.2 mM (****) and
gallium at (****) were significant when compared to the no metal control, as well as tolC in the
presence of silver at 0.2 mM (**) and yfgZ in the presence of 0.002 mM silver (*).

Figure 7.8 2,7-Dichlorodihydrofluorescein was used to qualitatively measure the amount of
hydrogen peroxide, peroxide radical and hydroxyl radical produced at 522 nm. The WT strain
was grown for 24 hours on M9 minimal media agar plates in the presence and absence of silver,
gallium or copper then extracted and exposed to hydrogen peroxide to determine the potential for
ROS production. Cells grown in the presence of copper (blue), copper then exposed to hydrogen
peroxide (red), silver (green), silver then exposed to hydrogen peroxide (purple), gallium
(orange), gallium then exposed to hydrogen peroxide (black), no metal (brown) and no metal
then hydrogen peroxide exposure (dark blue) are shown. Mean of three biological trials, each
with two technical replicates, shown; standard deviations included.

Figure 8.1 Percent enrichment for the silver, gallium and copper sensitive hits. Each dataset was
normalized against the number of hits obtained. Enrichment was performed using Omics
Dashboard from EcoCyc which calls attention to pathways and processes whose changes are
statistically different; the significance value was p < 0.05.

Figure 8.2 Percent enrichment for the silver, gallium and copper resistant hits. Each dataset was
normalized against the number of hits obtained. Enrichment was performed using Omics
Dashboard from EcoCyc which calls attention to pathways and processes whose changes are
statistically different; the significance value was p < 0.05.

Figure 8.3 Silver, gallium and copper sensitive hits identified in E. coli BW25113. Synthetic

Array Tools (version 1.0) was used to normalize and score the sensitive hits. Only those with
scores that were two standard deviations from the normalized mean for each dataset are included.
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Figure 8.4 Silver, gallium and copper resistant hits identified in E. coli BW25113. Synthetic
Array Tools (version 1.0) was used to normalize and score the sensitive hits. Only those with
scores that were two standard deviations from the normalized mean for each dataset are included.

Figure A.1 The 4 h MIC of CuSO4, AgNO3, and AgzNOx11 against dual-species planktonic
cultures. Viable planktonic cells were enumerated as Cfu mL™* for E. coli (JM109), S. aureus
(ATCC 25923), and P. aeruginosa (PAQ1) grown as dual-species planktonic populations in
simulated wound fluid (SWF) containing various concentrations of CuSOas (¢ broken line),
AgNOs (m solid line), and AgzNOa1 ( 4 dotted line) for 4 h. (i) S. aureus + P. aeruginosa (A and
B, respectively). (ii) S. aureus + E. coli (A and B, respectively). (iii) P. aeruginosa + E. coli (A
and B, respectively). note that all metal stock solutions were prepared at equal molar
concentrations of Ag or Cu molecules. Hence, concentrations found in this figure are reflective
of the concentration of Ag or Cu and not the metal compound itself. n = 4—6 + SD of the
concentration of Ag or Cu and not the metal compound itself. n = 4-6 + SD.

Figure A.2 The 4 h MBIC of CuSOs4, AgNOs, and AgzNO1: for preventing biofilm formation.
Viable biofilm cells were enumerated as Cfu peg™) for E. coli (JM109), S. aureus (ATCC
25923), and P. aeruginosa (PA01) grown as dual-species biofilm populations in simulated
wound fluid (SWF) containing various concentrations of CuSO4 (¢ broken line), AgNO3 (m solid
line), and Ag7NOau1 ( « dotted line) for 4 h. (i) S. aureus + P. aeruginosa (A and B, respectively).
(i) S. aureus + E. coli (A and B, respectively). (iii) P. aeruginosa + E. coli (A and B,
respectively). note that all metal stock solutions were prepared at equal molar concentrations of
Ag or Cu molecules. Hence, concentrations found in this figure are reflective of the
concentration of Ag or Cu and not the metal compound itself. n = 4-6 + SD.

Figure A.3 The 24 h MBC of CuSO4, AgNOs, and AgzNOa1 against established dual-species
planktonic cultures. Dual-species planktonic populations of E. coli (JM109), S. aureus (ATCC
25923), and P. aeruginosa (PA01) were grown for 24 h in simulated wound fluid (SWF). Then,
the cultures were exposed to various concentrations of CuSQOj4 (¢ broken line), AgNOs (m solid
line), and Ag7NOu11 (  dotted line) for 24 h. Viable planktonic cells were enumerated as Cfu mL ™!
following the 24 h metal exposure. (i) S. aureus + P. aeruginosa (A and B, respectively). (ii) S.
aureus + E. coli (A and B, respectively). (iii) P. aeruginosa + E. coli (A and B, respectively).
note that all metal stock solutions were prepared at equal molar concentrations of Ag or Cu
molecules. Hence, concentrations found in this figure are reflective of the concentration of Ag or
Cu and not the metal compound itself. n = 4-6 + SD. **Although P. aeruginosa and E. coli
could grow together planktonically for 24 h in 96-well plates (Supplemental figure 2), a further
24 h during the metal challenge led to a lack of viable E. coli cells.

Figure A.4 The 24 h MBEC of CuSO4, AgNOs, and AgzNOa11 against established dual-species
biofilms. Dual-species biofilms of E. coli (JM109), S. aureus (ATCC 25923), and P. aeruginosa
(PAO01) were established for 24 h in simulated wound fluid (SWF). Then, the cultures were
exposed to various concentrations of CuSOg4 (¢ broken line), AgNOs3 (m solid line), and Ag7NO11
(+ dotted line) for 24 h. Viable biofilm cells were enumerated as Cfu peg* following the 24 h
metal exposure. (i) S. aureus + P. aeruginosa (A and B, respectively). (ii) S. aureus + E. coli (A
and B, respectively). (iii) P. aeruginosa + E. coli (A and B, respectively). note that all metal
stock solutions were prepared at equal molar concentrations of Ag or Cu molecules. Hence,
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concentrations found in this figure are reflective of the concentration of Ag or Cu and not the
metal compound itself. n = 4 to 6 + SD. **Although P. aeruginosa and E. coli could grow
together as a biofilm for 24 h in the MBECTM device (Supplemental figure 3), a further 24 h
during the metal challenge led to a lack of viable E. coli cells.

Figure C.1 Copies/reaction of the (a) rodz, (b) gshA, (c) trxA and (d) grxD for cells grown in the
in the presence of silver nitrate at 20 uM and 50 uM for 24 hours at 37°C in M9 minimal media.
Results normalized against the 16S levels and the gBlock corresponding to the gene of interest.
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1 Introduction

1.1 Essentiality of metal ions to the biochemistry of life

With the common occurrence of metals in the environment, it is no surprise that organisms
have adapted to accommodate these elements for imperative cellular functions [2]. Inorganic metal
ions are fundamental to the biochemistry of all living organisms. In fact, it has been estimated that
one-third of all proteins require metal ions [3],[4], along with elegantly coordinated binding sites.
Essential metals satisfy biological functions that cannot be met by organic molecules alone.
Several essential metals include iron, copper, zinc, nickel, magnesium, cobalt, molybdenum,
calcium, manganese and selenium.

Biotic use is heavily influenced by the environmental availability of a metal. The reliance of
early life forms on iron, cobalt, nickel and manganese over copper and zinc, due to the insolubility
of the latter two in the absence of oxygen [5], is an example of this. Once atmospheric oxygen
levels increased, owing to the proliferation of oxygenic photosynthesis, iron was readily oxidized
into insoluble ferric compounds while soluble forms of zinc and copper rose [6], thereby changing
the essentiality of these metals.

The presence and requirement of metals is diverse. Elements found at high concentrations
include magnesium, an element that is key for ribosome stability [7], calcium and sodium, both of
which are vital for the generation of chemical gradients in all domains of life. Magnesium and
sodium can found in concentrations as high as 10° — 102 M and calcium can be found at
approximately 10 M in the cytosols of eukaryotic and prokaryotic organisms [8]. Trace essential
metals such as zinc and copper rarely exceed concentrations greater than 10-1° and 10 M [9]-

[11], respectively. Zinc, which has only one oxidation state [zinc(Il)] at biologically relevant



reduction potentials, is commonly used to organize protein structure such as with DNA and RNA
polymerases [12], and drive catalysis by functioning as a Lewis acid [2]. Copper, while not
extensively utilized by prokaryotes, is largely localized to the periplasm of microbes, in the case
of Gram-negative bacteria, and is a prosthetic group for many enzymes such as cytochrome ¢
oxidase and NADH dehydrogenase-2. Iron can be found in electron transferring proteins that are
involved in respiratory metabolism such as cytochrome c oxidase [13]. Here, we see the use of
iron-sulfur clusters or haem groups [5]. This metal is also involved in the trichloroacetic acid
(TCA) cycle, oxygen transport, gene regulation and the synthesis of DNA [7]. Manganese is found
within the active sites of several proteins including superoxide dismutases and catalases [14],
which are intended to regulate the oxidative state of the cell. This metal is also associated with
proteins involved in amino acid metabolism and glycolysis. Nickel, which can be found in urease
and several superoxide dismutases, is involved in nitrogen fixation, regulating toxin stress,
anaerobic growth and fatty-acid metabolism [15]. This metal is maintained intracellularly at 10-°
M [16].

Despite the obligatory roles of essential metals, the redox properties, rich coordination
chemistries and competitive binding capabilities are such that they can cause cellular toxicity and
carcinogenic effects at elevated concentrations. This consequence is not limited to essential metals.
Non-essential metals, such as silver, gallium, mercury and tellurium are toxic to microbes at
concentrations as low as 9 — 150 uM in the case of gallium [17],[18] and 3 — 40 uM for silver
[19],[20]. Indeed, the efficacy of essential and non-essential metals have led to their utilization as
antimicrobials for thousands of years. These agents continue to be developed and used for various
antimicrobial purposes, particularly as the progression of antimicrobial resistance continues (as

reviewed in section 1.2.1 and 1.2.2).



1.2 The reemergence of metal compounds as antimicrobial agents

The colonization of non-native microorganisms in eukaryotes can lead to disease states.
Consequently, the control and eradication of pathogenic organisms is desirable. The introduction
of antibiotics in the 1940’s was a key achievement in modern medical history [21]. A New York
Times report in 1940 called penicillin “the most powerful germ killer ever discovered” [22]. Still,
not long after this discovery, researchers would come to recognize that bacteria were disposed to
developing resistance. Since then, a positive correlation between the use of antimicrobials and the
generation of resistance has lead researchers to believe that the overuse of antibiotics in agriculture
and inappropriate stewardship in medicine is to blame [23]. This provides an example of
Darwinian selection, in which the use of antibiotics has led to adaptive pressures, thereby,
permitting the colonization of resistant bacteria [24].

Resistance can be an innate characteristic brought on by mutations in the microbial
chromosome, singular or sequential [25]. These resistance elements were procured through
environmental pressures, such as the existence of natural antibiotics excreted by microbes residing
in the immediate area [26]. Exchanging genetic information via plasmids, transposons or
bacteriophages are common modes of transference [24]. Surviving sensitive organisms may
acquire resistance mechanisms novel to their genome [24] and this results in the replacement of
susceptible or sensitive microorganisms with the inherently resistant. Furthermore, this threat is
amplified if the inherently sensitive bacteria are pathogenic or opportunistic microbes. Hence, with
the application of antibiotic pressures, bacteria once sensitive to antibiotics can easily acquire
elements that permit resistance, a process that can occur a number of times, resulting in the

emergence of multidrug resistant bacteria.



Unfortunately, the progression of antibiotic resistance is not our only threat. Biofilms,
structured assemblies of bacteria found in singular or as a multi-species consortium that are
surrounded by a self-produced extracellular polymeric substance [27] contribute to the latter.
While the formation of a biofilm is a natural process, the presence of these communities affects
industrial productivity, and the health of humans, livestock and plants [28]. Microbial biofilms
contaminate industrial and clinical surfaces and are responsible for numerous chronic infections
[28]. They are capable of mobilizing toxic elements, depleting oxygen reserves, causing biofouling
and biocorrosion, and contaminating surfaces [29].

Biofilm growth provides enhanced resistance to traditional antibiotics intended for use
against planktonic cells or a single species. Consequently, cells that dwell in acute wounds as a
biofilm are more difficult to treat with traditional antibiotics [30]. Biofilms permit the transfer of
genetic elements, which in turn propagates antimicrobial resistance (refer to [27] for more
information on biofilms and the genetic and structural adaptations they are capable of undergoing).
As a result of the aforementioned threats, in the last several decades, researchers have begun
investigating and developing the use of alternative metal-based antimicrobials, such as copper,
silver, gallium, nickel, tellurium, and zinc [31]. Overall, metals that are being increasingly
considered for antimicrobial agents are typically found in the d-block, which are known for their
transitivity in their properties showing large charge/radius ratio, variable oxidation states and
stable complex formation, and several other metals and metalloids from groups 13-16 of the

periodic table.

1.2.1 Historical uses of metals
For thousands of years metals have been used for their antimicrobial properties in

agriculture and medicine. The Egyptians first reported the use of copper as an astringent in 1500



B.C. [32]. The use of this metal as an antiseptic for the treatment of wounds and infections and in
contraceptive intrauterine devices dates back more than 4000 years. Skin diseases like syphilis,
tuberculosis and anaemia were commonly treated with copper in the 18™ and 19™ centuries [33].
This metal has also been widely used for agricultural purposes as a wood preservative and an
animal feed additive. For example, in the 18" century copper sulfide and copper sulfate solutions
were used to protect grain and grape crops, respectively, against bacterial and fungal infections
[34].

Silver is not acclaimed for use in agriculture. The best-known uses of silver were, and
continue to be for the treatment of burns. Still, it was not until 1965 that the use of this metal was
revived and fully appreciated. Moyer and co-workers conducted extensive in vitro and in vivo tests
to demonstrate the potent antibacterial properties of silver nitrate and different silver formulations
against Staphylococcus aureus, haemolytic streptococci, Pseudomonas aeruginosa and
Escherichia coli [35]. In a short period of time, three silver based medications appeared on the
market, one of which, sulfadiazine, still remains the mostly widely used silver compound in
medicine (for more information refer to the review [35]). Before this, in the 17™ century, silver
was administered internally as an counterirritant [36], used for the management of gonorrheal eye
infections in newborns and children [37], used to treat ulcers and as a cauterizing agent [38]. Prior
to WWII, travelers would often use water vessels made of silver or drop silver coins into containers
for disinfection and preservation purposes [32],[36]. Serious harm caused by silver has never been
reported, as a result, this metal is regarded as benign compared to other metal antimicrobials only
causing staining, the destruction of skin cells and argyria when consumed in excess. For these
reasons this metal has remained popular, particularly in consumer products (see 1.2.2 for more

information).



Arsenic has been utilized for antimicrobial purposes for more than 2000 years in medicine
and agriculture. Like copper, this metal was used to preserve wood and as a herbicide and fungicide
[38]. This metal was combined with copper and lead to produce potent rodenticides and
insecticides. In the 18" century arsenic oxide, arsenic sulfide and arsenic trisulfide retained a
number of purposes in medicine such as sedatives, antiseptics for skin infections, and as treatment
options for malaria, ulcers and syphilis [39]. In the early twentieth century Ehrlich and coworkers
produced the drug Salvarsan, predominantly for the treatment of syphilis, and this was the drug of
choice for many infections until the introduction of penicillin [40]. In the last four decades many
arsenic products have been removed from market since they have been associated with abnormal
growths, tumors and demonstrated to cause cancer in higher mammals [41].

Despite the elevated toxicity of mercury, which has been known since antiquity, inorganic
salts of mercury were commonly used to prevent plant diseases, as wood preservatives, in animal
feed additives and as rodenticides from the late 19th century and onwards [42]. Mercury has also
been combined with laxatives and diuretics, used to treat sexually transmitted diseases and used
as an antiseptic, antifungal and biocidal agent since the 15" century [43]. The use of this metal in
medicine and agriculture is on the decline since it has been demonstrated to result in neurological

impairments, reproductive failures, acrodynia and death [38],[44].

1.2.2 Current metal-based antimicrobial development and use

Presently, advances in the biomedical applications of metals primarily take the form of
diagnostic procedures and the prevention of infections following the discovery that metals can
disrupt antibiotic resistant biofilms [1],[18],[31],[45] and kill multidrug resistant bacteria at low
concentrations [46]-[49]. In the past several decades, numerous studies documenting the efficacy

and performance of metal ions on a number of medical devices and products have been reported.



For example, wound dressings containing silver have proven to be quite effective, demonstrating
a 99% reduction in cell viability within four hours [50]. Urinary catheters coated in silver display
a significant benefit to patients with urinary tract infections when compared to traditional alloy-
coated catheters [51],[52]. Combination coatings produced through the deposition of silver and
titanium demonstrate decreased cell viability against S. aureus and Klebsiella pneumoniae, while
displaying no cytotoxicity to epithelial and osteoblast cells [53]. Titanium dioxide is also an
excellent antimicrobial [54]. Glasses have also been doped with gallium and tested against Gram-
negative and Gram-positive organisms, including a number of multi-drug resistant bacteria, and
shown to prevent bacterial growth at low concentrations [55].

Studies have confirmed that hospital surfaces can be contaminated with isolates such as
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococci (VRE),
and spores of Clostridium difficile, among others, that may be transmitted to other innate objects
or patients [56]. As a result of this, various copper surfaces have been examined for their ability to
decrease the viability of pathogenic microorganisms. Reports have demonstrated a reduction in
Listeria monocytogenes [57], E. coli isolates, including a verocytotoxigenic E. coli [58],
Mycobacterium tuberculosis [59], Salmonella enterica, Camplylobacter jejuni [60], VRE [61],
MRSA [62], Bacillus cereus, and Deinococcus radiodurans [63] viability on time scales of only
minutes to a few hours upon copper surface exposure. These results, in strong favor of the copper
surface, were compared to other surfaces such as stainless steel, polyvinyl chloride, aluminum
bronze and silicon bronze. Protective respiratory face masks impregnated with copper oxide
exhibit enhanced anti-influenza biocidal activity [64] and copper impregnated socks have been
shown to improve the healing of minor wounds and cuts in diabetic patients [65]. Copper

impregnated fibers, latex, and polyester have been shown to cause a 2-log reduction in Escherichia



coli, MRSA, and VRE numbers after less than two hours of exposure [66]. Furthermore,
encapsulated bismuth-based compounds, in combination with other antibiotics, have been
developed in order to eradicate Helicobacter pylori [67]. The antibacterial properties of copper
have been utilized in breast implants as well. Here, researchers demonstrated that implants coated
with copper (1) and (I1) were superior to traditional implants since no cytotoxicity against local
fibroblasts were observed yet the growth of S. epidermidis was decreased [68]. Table 1.1 below
provides a survey of examples of only a small portion of the metal-based antimicrobials under
investigation and development.

Table 1.1 Examples of the metal-based antimicrobials investigated.

Additives or Metals are currently being Silver-doped hydroxyapatite [72]
standalone dosed into products to prevent
antimicrobials bacterial growth and deliver Bismuth-doped calcium phosphate for

antimicrobial properties. Here,  root canal filling [73]
the entirety of the formulation
commonly contains evenly Gallium-doped phosphate glass [55] and
distributed metal ions that upon other phosphocalcic compounds [74]
contact may be released.
Wound dressings [75]-[79] and wool
[80] combined with silver to produce
products like Hydrofiber® [81]

Copper [82]-[84], silver [85], and silver-
cellulose fiber [86] biocomposites for
wound healing

Silver [87], silver-lactoferrin/xylitol [88],
silver-amino acid [89], copper-chitosan
polyethylene glycol [90] hydrogels

Silver [91] and copper [92] polymers

Textiles such as socks [65],[93],[94] and
respiratory face masks [64] impregnated
with Copper

Additives and formulations

used in healthcare settings are

designed to be stable and



Coatings and
surfaces

compatible with the host [69].
Since metals, such as silver and
Copper, are regarded as safe
for consumption (in reasonably
low doses) they are now more
common than ever being
combined with existing
antimicrobials and antibiotics
to produce additive and even
synergistic affects, enhancing
existing antimicrobial
properties.

Metal-based nanostructures
(loosely defined as having one
at least one dimension between
0.1nm and 100nm) can be
produced as simple or
composite assemblies for
antimicrobial use [70]. Recent
advancements in
nanotechnology have permitted
the production of novel
combinations with purposeful
properties that allow for
particular application [71].

Metals are commonly found as
coatings on the surfaces of a
variety of products. Metal ions
are commonly not evenly
distributed throughout the
entirety of a product.

Sulfadiazine and silver-chlorhexidine
formulations [95]-[98]

Bismuth-norfloxacin [99] and —
tobramycin formulations [100]

Bismuth Subsalicylate/salts [99]

Copper combined with quaternary
ammonium cations [101]

Gallium-maltolate [102] and -
desferrioxamine [103] combinations

Chitosan-zinc complexes [104],[105]

Nanoparticles of zinc-oxide [106], nickel
[107], silver [71],[106],[108]-[114],
copper [115],[116], and gold [106]

Antimicrobial nanofiber mats produced
from silver-nanoparticles [117]

Ag-nanoparticles on textile fabrics [118]

Antimicrobial polymers with various
metal nanoparticles [119]

Creams [120] and contact lens [121]
loaded with silver-nanoparticles

Antibiotics conjugated to metal
nanoparticles such as gold [107] and
silver-nanoparticles [122]

Titanium surfaces for medical [123] and
dental implants [124], as well as
endotracheal tubes coated with titanium-
dioxide [125]

Silver-nanomaterial coatings on human
dentine [126] and plastic catheters [127]

Copper alloys against multi-drug
resistant nosocomial pathogens [128], E.



coli 0157 [129], and for the prevention
of osteomyelitis [130]

Copper surfaces for the prevention of
hospital contamination [60],[131],[132]

Copper-oxide coatings on non-porous
solid surfaces [133]

Silver-treated catheters [134]-[137] and
endotracheal tubes [125],[138]

Metal-based antimicrobials are not limited to healthcare or agricultural use. Consumers can
purchase many products in-stores and online. Examples include; clothing

(http://info.lululemon.com/design/fabrics-technology/silverescent), deodorant

(http://www.niveamen.in/products/SILVER-PROTECT) and antibacterial glass (http://www.agc-

glass.eu). Additionally, coating services for a range of products, from flooring to kitchen utensils

and food storage containers are offered (http://www.biocote.com; http://www.silverclear.ca).

Medical devices can also be coated in silver (http://coatings2go.com) and similarly for copper

(http://www.antimicrobialcopper.org/uk).

1.3 Metal Chemistry in Biological Systems
In order to understand the targets of metal-antimicrobials it is important to appreciate how
metal ions interact with biological molecules. Thus, a concise overview of background on metal-

organic compound interactions follows.

1.3.1 Donor atom preference: Speciation, the Irving-Williams series, the HSAB theory, and
metal lability
Metal ions bind to donor atoms, such as oxygen, nitrogen and sulfur in proteins, lipids,

DNA and other biomolecules with preference and precision. The interaction between a metal and
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binding site is reliant on a number of factors including the preferred geometry or coordination of
the metal, as well as the speciation of the metal-donor complex [139]. What mainly governs the
former and the aforementioned is the electronic configuration of a metal ion on the basis of its
number of valance d electrons, this is called ligand field theory. For example, copper(ll) prefers
either square planar or square pyramidal geometrics in the d° electron configuration. Yet copper(l),
in the d*° electron configuration, has no partiality for geometry, thereby permitting for a wide range
of interactions including two, three or four-coordinate binding sites [140]. The electron
configuration also influences the redox of the metal, for example, ligands may provide a coordinate
a binding site that favors a particular geometry, such as square planar in the case of copper, in
which copper(l) is destabilized and the shift to the oxidized form is favored. This can be used to
purposely select for a particular oxidation state or metal, as the case for zinc(Il) and copper(ll) in
some sites. Given zinc(ll) has no geometric preference but copper(ll) does [139], proteins can
ensure the correct metal is inserted into the correct site. This is important when considering metals
that yield very stable interactions, such as copper (see below).

The speciation of a metal ion is influenced by several factors including the pH, reduction
potential, type of solvent or accompanying ions, concentration and ionic strength. The diversity of
speciation states is reflected in part by the Pourbaix diagram for each metal. In biological systems
metals are typically coordinated by metabolites, proteins, peptides, lipids, amino acids, DNA and
RNA, thus, the ‘free’ ion concentration of a metal is held low, especially in the case of copper due
to its competitive nature. ‘Free’ refers to the concentration of hydrated metal. This concentration
is governed by a pH-dependent equilibrium constant that is specific for each ligand-metal complex

and oxidation state [141]. The valance state of a metal increases the net charge which thereby
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increases the strength of interaction with noncharged and anionic entities. In other words, dications
generally present stronger interactions over monocations [142].

Binding preferences and the ability to take on different geometric arrangements gives rise
to the Irving-Williams series — manganese(ll) < iron(Il) < cobalt(ll) < nickel(ll) < copper(ll) >
zinc(11) [143]. The fourth period is organized by donor-ligand binding affinity in which copper(11)
provides the highest affinity. In general, stability, and therefore binding strength, increases as the
ionic radius deceases. This is due to decreased charge density, a trait that is enhanced for copper(l1)
as a result of the Jahn-Teller distortion of its d® configuration. Following the introduction of the
Irving-Williams series, the hard-soft acid base (HSAB) theory was developed by Pearson in 1965
[144]. This model is based on the polarizability of an atom. Hard acids and bases tend to have high
oxidation states, small ionic radii and low polarizability. Acidic examples include, sodium(l),
potassium(l), magnesium(ll), calcium(ll), aluminum(lll), gallium(ll), cobalt(I11) and iron(Il1).
Basic examples include carbonate, carboxylates, sulfate, nitrate, phosphate and amines. In contrast,
soft acids and bases have low oxidation states, large ionic radii and high polarizability. Soft acids
include copper(l), gold(l), mercury(l), and silver(l), whereas soft bases include phenyl groups,
thiols, thioethers and ethylene, among others. A number of metals fall between these two and are
considered borderline acids, including copper(ll), zinc(ll), nickel(ll), cobalt(ll), lead(ll),
bismuth(111) and iron(I1). These acids interact well will borderline bases such as imidazole, nitrite,
pyridine and aniline groups. The interaction of soft acids and bases is largely covalent in nature,
whereas the interaction between hard bases and acids is mostly ionic. Together with the Irving-
Williams series, the HSAB theory can be used to predict the interactions of metal ions in bacterial
cells. For example, soft metal such as silver(l), and copper(l) and intermediate acids, like nickel(ll)

and zinc(ll) tend to interact with protein sulfur groups (a soft base) found in proteins, and the
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antimicrobial toxicity of these metals correlate with their affinity for this functional group
[145],[146].

In transition metal biology, lability refers to the ease for which metal-ligand bonds are
broken. If this is reaction occurs at a high rate, then the metal is considered labile. If this process
is slow, generally indicating a kinetically stable complex, then the metal is inert [8]. The above
factors, including coordination, size and the electron configuration of a metal ion, influence metal
lability. In general, metal ions with an oxidation state of +1 display greater lability then those with
an oxidation state of +3 since those with higher oxidation states are better Lewis acids. lons with
smaller atomic radii form stronger bonds and are therefore more inert. Furthermore, electrons in
higher antibonding levels, as the case for copper(l1), weaken the ligand-metal bond, so the complex
can be broken easily. In general, the lability, or ability to coordinate with numerous different
ligands, of metal may account for differences in the mechanisms of metal toxicity reported (see

section 1.7) as well the antimicrobial abilities of metal ions.

1.3.2 Ligand properties: charge, denticity and metal coordination

There are a number of ligand properties that when combined with the electron
configuration of a metal ion govern the free energy of interaction. Firstly, the overall charge of the
ligand is vital. For example, aspartic acid, glutamic acid and deprotonated cysteine present stronger
metal interactions than their noncharged counterparts and other amino acids [147]. Secondly,
atoms with high polarizability, such as thiolate and carboxylate, donate more charge to the metal
ion. Competition with serine or histidine side chains for example, is largely in favor of thiolate and
carboxylate. By increasing the number of possible metal interactions, or denticity, the affinity of
the metal to the ligand binding site increases, this gives rise to the chelate effect [139]. Given the

high concentration of small inorganic molecules, such as chloride, nitrate, sulfate and phosphate
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ions, in the cell, ranging in concentrations from 0.1 mM to 20 mM, it is probable that metals may
also bind these anions over amino acids or protein complexes [142]. Still, under physiological
conditions, metals have a tendency to bind charged amino acid residues within proteins owing to
the chelate effect or the polydentate binding abilities of the ligand. Furthermore, the metal-binding
pocket is commonly negatively charged, hence, anions are largely kept away, evident form the
free-energy of replacement for anions and amino acids [148]

There is a complex relationship between the chelation and steric strain of the metal-ligand
complex. Typically, metal centers forming five or six membered structures as opposed to four or
eight membered structures, are more stable due to increased enthalpy and a reduction in
unfavorable steric strains, respectively (see paragraph below). Further, the dipole moment of the
ligand constitutes a large part of the metal-ligand interaction. Charged and polar ligands generally
yield small d-orbitals, as a result, high-spin metal complexes [149], such as those exhibiting Jahn-
Teller distortions of the d® configuration in the case of copper(ll), favor these interactions and
display enhanced affinity. Here, we see an interplay between the HSAB theory (see 1.3.1), the
electron configuration of a metal ion and its influence on metal preference for a specific ligand [8].

A feature that is unique to each metal-ligand pair and captures the properties of each
complex is the coordination number, which is defined as the number of ligand atoms that are bound
to the metal being investigated. The coordination number and the geometric arrangement of the
ligand around the metal is key in determining the strength of interaction [141]. According to the
valance bond theory, which states that a bond forms between two atoms by the overlap of half-
filled valance atomic orbitals, increasing the number of bond atoms weakens each metal-ligand
bond [140],[150],[151]. The coordination number of the complex is largely dependent on the

metal’s size more than the charge accepting ability. A larger metal ion generates longer bonds with
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an uncharged ligand and although this reduces repulsion, it yields a weaker bond. Whereas for a
ligand, it is the charge/charge donating ability that plays a larger role than the size or the number

of bonds it can form [140].

1.4 Metal Toxicity in Bacteria

1.4.1 General mechanisms of metal toxicity

The mechanisms of antimicrobials generally follow a broad mode of action, as either
bacteriostatic, in which growth is inhibited, and bactericidal resulting in cell death [152]. There
are a number of general mechanisms of antimicrobials including: the inhibition of DNA
replication, and the inhibition of RNA, cell wall, protein, and membrane synthesis and the
inhibition or destruction of specific enzymes. These general mechanisms can be extended to metal
ions, with variations and differences in the precise modes of action (Figure 1.1).

In this section, proposed mechanisms of metal toxicity are presented, such as the
production of reactive oxygen species (ROS), thiol depletion, membrane disruption, and protein

dysfunction and deactivation.
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Figure 1.1 Several examples of metal toxicity in bacteria. Shown is a Gram-negative bacterium;
these mechanisms can be extended to a number of different organisms.

1.4.2 The production of reactive nitrogen/sulfur/oxygen species (RS)

Oxygen is a fundamental molecule for aerobic organisms that permits respiration and the
oxidation of nutrients in order to obtain energy. This molecule has a central role in the evolution
of multicellular species.

Single oxygen atoms are unstable, as a result, the formation of molecular oxygen (O2) is
favourable. Molecular oxygen is a free biradical since one pair of electrons is shared, whereas two
electrons remain unpaired [153]. Reaction with a single electron, originating from electron
transport chain quinones or NADH/NADPH for example, generates superoxide (‘O27) [154].

Dismutation may result in hydrogen peroxide formation, followed with hydroxyl radical (‘OH)
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production. In E. coli, it has been estimated that the respiratory chain is responsible for 87% of the
total hydrogen peroxide formed [155].

In biology, the term radical is a collective term that comprises nitrogen, sulfur and oxygen
radicals and non-radicals that are strong oxidizing agents for which electron radical formation can
originate. Some oxygen non-radicals include HOCI, HOBr, Os, and H202[156]. The primary RS
is considered to be the superoxide anion since it can act as a reducing or oxidizing agent and it is
able to react with a wide-range of secondary metabolites, in turn circulating RS [157]. In addition,
the catalysis of the Fenton reaction [158], in which iron(lll) is reduced to iron(ll), yields the
hydroxyl radical through the Haber-Weiss net reaction (Equation 1.1) [159]. The participation of
iron is key to the production of this radical, which can initiate the oxidation of almost any molecule
present in biological systems either directly or through propagation.

Fe(lll) + 02" <> Fe(Il) + O2

Fe(1l) + H202 — Fe(l1l) + "OH + OH-
02"+ H202 ¢ O2+'OH + OH"

Equation 1.1 Generation of reactive oxygen species through the Fenton reaction. This produces
the overall net reaction called the Haber-Weiss reaction. The intermediates of these reactions are
capable of propagating lipid peroxidation, the oxidation of proteins and DNA damage.

Reactive nitrogen species are an additional class of reactive species. Some examples
include peroxynitrate, nitrogen dioxide radical and nitrate. Peroxynitrate, the major nitrogen
centered radical is produced through the reaction of nitric oxide and superoxide radical. [160].
Reactive sulfur species include thiols, hydrogen sulfide, thiosulfinate and thiyl-radical, among
others. These species are redox-active sulfur compounds that are formed under conditions of
oxidative stress while also existing independently in the cell [161].

Free radicals, whether oxygen-, nitrogen- or sulfur-centered, are capable of short-lived

individual existence and are highly reactive species that propagate undesired reactions within
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biomolecules [153]. Many studies over the last several decades report on the production of reactive
oxygen radicals (ROS), either directly or indirectly, by metals such as copper, iron, mercury,
nickel, silver and vanadium (see the excellent review [157] for examples). The over-production of
ROS cause negative effects including DNA damage, protein and enzyme inactivation, and the
oxidation of lipid membranes and other biomolecules [154]. Reactive oxygen species can react
with the entirety of DNA — from nucleotide bases to the deoxyribose sugar. Here, ROS can cause
double or single stranded breaks, modifications to purine and pyrimidines, and DNA crosslinking
[162]. This genetic instability may inhibit DNA replication or transcription, cause replication
errors, or the induction or suppression of signaling pathways [163]. Metals have been shown to
cause lipid peroxidation, in which a primary effect of toxicity is a decrease in fluidity and the
disruption of protein-lipid interactions [164]. Non-enzymatic hydroxyl radicals are able to drive
the peroxidation of unsaturated fatty acids. This danger is thought to be a major proprietor of
oxidative stress given the proximity of biomolecules, such as proteins, within the membrane, and
due to the formation of aldehydes, long-lived reactants that are able to diffuse through the
membrane. The reactions of ROS with proteins are far-less studied than the aforementioned. Still,
several cases of damage have been documented including the oxidation of sulfhydryl groups
[153],[165] and amino acids [165]-[167], the reduction of disulfides [168],[169], reaction with

aldehydes [163],[170], co-factor modification and protein cross-linking [171],[172].

1.4.3 Thiol mediated reduction and antioxidant depletion

The occurrence of cysteine residues is fairly uncommon compared to other amino acids,
comprising only approximately 2.3% of the human proteome [173], whereas within the proteins
of E. coli, the frequency of this amino acid is approximately 2% [174]. Although one of the least

abundant amino acids, the unique chemical characteristics, redox properties, oxidation states and
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metal binding abilities of cysteine render this protein key to the biochemistry of life. Cysteine can
bind meal ions such as iron, copper, cadmium and zinc [175] since it can accommodate a large
number of bonds via changes in the oxidation state of the sulfur atom [176]. The thiol group of
cysteine is ionizable, with a pKa of ~8.5, and upon deprotonation, this amino acid is moderately
reactive making it susceptible to attack by ROS [177]. These reactions occur endogenously to
regulate protein function and control radical levels. However, non-specific oxidization can lead to
uncoordinated functional changes that are both reversible and non-reversible. In addition to its
occurrence in proteins, cysteine is found within the redox regulatory peptide glutathione (GSH) at
a concentration of 10 mM in most Gram-negative bacteria [178]. This low molecular weight
molecule participates in disulfide bond formation and regulatory functions. In fact, the oxidation
state of the cell is typically estimated by measuring total GSH/GSSG concentrations [176].
Furthermore, coenzyme A, a substrate found in all bacterial genomes sequenced to date [179],
contains an important thiol group. Soft and borderline metals, such as silver(l), copper(l),
copper(Il), mercury, nickel, zinc and iron, among others, react well with thiols thereby leading to
the depletion of antioxidant reserves, such as GSH [180]. This in turn leaves the cell susceptible
to further toxicity by preventing the repair of protein thiols and the propagation of ROS.
Reponses to environmental stress are commonly associated with the expression of several
stress response genes. In particular, these genes are under the control of oxido-responsive signal
transduction systems, in which the transmission of a signal in the form of a series of biochemical
events occurs after the binding of superoxide or other radicals [181]. In addition to enzymatic
defenses, such as superoxide dismutase, hydroperoxidases, glutathione reductase, thioredoxin, and
catalases, non-enzymatic defenses include GSH, NADPH and NADH pools, B-carotene, ascorbic

acid, and a-tocopherol [162]. The depletion of these defense mechanisms, which typically use
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thiols and thiol derivatives for action, may lead to cell death. As a result, upon the formation of

RS, thiol and antioxidant depletion has been proposed to be a mechanism of metal toxicity.

1.4.4 Metal interactions at the cell membrane

Given the initial site of contact for any incoming threat is the bacterial membrane, it has
been hypothesized that metals may act by impairing membrane function and interfering with the
uptake or export of important biomolecules. The outer membrane of bacteria contains polymers
and carbohydrates that provide ideal binding sites for incoming threats despite their primary
function, which serves as a protective barrier for the bacterial cell from the harsh extracellular
space. The outer membrane of a Gram-negative bacterium is composed of lipopolysaccharides
(LPS) and a number of proteins responsible for import/export. Specifically, the LPS is comprised
of a glucosamine disaccharide with six or seven acyl chains, and a polysaccharide core and
extended chain [182]. The external layer of a Gram-positive bacterium is comprised of
peptidoglycan, proteins and teichoic acids that constitute a polyanionic network [183]. In general,
the surfaces of bacterial cells are commonly anionic and electronegative thus providing coordinate
binding sites for various cations such as metals [184],[185]. In E. coli and S. aureus, metal exposure
has been demonstrated to reduce membrane integrity [186]-[189] through disruption or
detachment of the cell wall from the membrane.

It has also been suggested that metals may affect the activity of the electron transport chain
by inhibiting key components [17],[190],[191]. Decoupling of the proton motive force through
proton leakage may be anticipated if this were in fact a mechanism of toxicity [192]. Furthermore,
metal toxicity has been attributed to starvation-induced growth in which the metal ion interferes
with the uptake of important nutrients such as sulfates, nitrates, amino acids and even other metals

[180].
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1.4.5 Protein dysfunction and deactivation

Numerous antibiotics are designed to target protein synthesis and folding via the 30S or
50S subunit of the bacterial ribosome by preventing the binding of tRNA into the A site or
disrupting protein targeting, among other mechanisms [193]. In contrast, metals have been
proposed to attack proteins through the oxidation of amino acids of which histidine, arginine,
lysine and proline are major targets. Once oxidized, this results in loss of protein activity which
may then mark the protein for degradation. Soft metals target soft bases, such as thiols, while
borderline metals target borderline bases, such as imidazoles. These functional groups are found
in cysteine and histidine, two essential amino acids typically involved in metal coordination.
Cysteine and histidine coordinate a variety of metals including, zinc, manganese, cobalt and iron.
Regardless, it has been demonstrated both in vivo and in vitro that these metalloproteins are
particularly sensitive to oxidation, forming sulfonic or sulfinic compounds in the case of cysteine
[194],[195].

Several studies have shown that metals may target iron-sulfur clusters, particularly those
found in dehydratases [17],[196],[197]. Given the attraction of thiols for soft metals, it is no
surprise that this has been proposed to be a mechanism of metal toxicity. Upon interaction with an
iron-sulfur cluster, as the incoming threat outcompetes one or more iron ions, iron is released into
the cell offering potentiation for Fenton chemistry. This mechanism is two-fold, firstly the
inactivation of the protein may take place, secondly the production of ROS may occur after the
incoming threat has bound.

An additional mechanism of metal toxicity is metal mimicry, in which the incoming threat

may replace a specific structural or catalytic metal [198]-[200]. This in turn may cause strong
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protein inhibition. Toxicity may arise if this protein is involved in maintaining the homeostasis of

the cell, such as mediating ROS, even if the targeted protein is not essential.

1.5 Specific mechanisms of metal toxicity

The proposed mechanisms of copper, silver and gallium toxicity are introduced and
explained in this section. Use if these metals to study the mechanisms of metal resistance and
toxicity in this work were selected on the basis of several factors including their relevance in
medicine and agriculture as antimicrobials (see section 1.2.2), and their differing chemical
properties — gallium(I11) is a hard acid, copper(l1) is a borderline acid, and copper(l) and silver(I)

are both soft acids.

1.5.1 Copper toxicity in bacteria

Copper has the ability to cycle between copper(1l) and copper(l) and in higher organisms,
this element is a cofactor for over 30 known enzymes [201]. Two examples include cytochrome ¢
oxidase and NADH dehydrogenase, enzymes that are ubiquitous to aerobic organisms. Regardless
of its importance, accumulated levels of copper can lead to cell toxicity. Harm inflicted by this
metal is commonly attributed to increased ROS production generated through Fenton chemistry in
both Gram-positive [202] and Gram-negative [203] bacteria (Equation 1.2). DNA damage is a
probable consequence. This occurs through breakage, both single and double stranded [204], the
oxidation of DNA bases and the formation of crosslinks [205]. Several studies have reported on
the up-regulation of genes involved in the elimination of ROS after copper addition [206],[207].
In spite of these findings, recent studies suggest that there are alternative mechanisms responsible
for the primary effects of copper mediated death. Many Gram-positive organisms are resistant to
hydrogen peroxide, such as Lactococcus lactis [208] and copper supplementation has been found

to decrease the rate of H202 induced DNA damage in E. coli [203]. The production of ROS may
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not be the sole mechanism of copper toxicity. To further this hypothesis, Macomber and co-
workers demonstrated that copper toxicity is the greatest under anaerobic conditions, contrary to
what may be expected if oxygen radicals were responsible for cell death [209].

Cu(ll) + Oz <> Cu(l) + O2

Cu(l) + H202 — Cu(ll) + *OH + OH-
02"+ H202 ¢ O2+'0OH + OH"

Equation 1.2 Copper readily catalyzes the formation of hydroxyl radicals through the Fenton
and Haber-Weiss reactions. The intermediates of these reactions are capable of propagating lipid
peroxidation, the oxidation of proteins and DNA damage.

There is a universal order of preference for donor ligands, in which the forth row of the
periodic table gives rise to the Irving-Williams series [2]. In this series, copper is the most
competitive metal and is expected to bind tightly to ligands, particularly to sulfur and nitrogen.
Copper(l), the more highly toxic form of copper, is a strong soft metal with elevated affinity for
thiolates in aqueous solutions. Under in vitro and in vivo conditions copper is capable of disrupting
the activity of isopropyl malate dehydratase by replacing iron as it coordinates with the thiolate or
inorganic sulfur ligands of this enzyme [197]. Copper has also been demonstrated to cause the
depletion of thiols, such as glutathione as it cycles between copper(l) and (I1). (Equation 1.3).
Hydrogen peroxide is a product of this reaction and it can participate in a number of reactions
leading to the formation of other reactive species (Equation 1.2). Still, this mechanism has not
been demonstrated in vivo and cells have adapted a number of mechanisms aimed at controlling

hydrogen peroxide stress, therefore, the validity of this mechanism is in question [164].

Cu(ll) + 2RSH <> 2Cu(l) + RSSR + 2H*
2Cu(l) + 2H* + 02— 2Cu(ll) + H202

Equation 1.3 Copper readily catalyzes the formation of hydrogen peroxide via reactions with
sulfur groups found in cysteine and glutathione, among others.
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More recently, researchers have shown that c-type cytochrome assembly is a target of
copper toxicity in Rubrivivax gelatinosus [210]. Supplementary to this, in B. subtilis, copper stress
has been shown to induce the transcription of a number of proteins containing iron-sulfur clusters,
including molybdopterin, pyrimidine and biotin [211]. Similarly, in E. coli, dihydroxy-acid
dehydratase, isopropyl malate dehydratase, fumarase A and 6-phophogluconate dehydrogenase
were found to be activated by copper ions, constituting as potential copper targets [197]. It has
also been shown that excess copper leads to increased iron acquisition in both Gram-negative and
Gram-positive bacteria [197],[211]. Together, these findings may suggest that copper targets iron-
sulfur clusters and/or copper may replace iron in these sites. Relative to ROS, the liberation of iron
may also result in Fenton chemistry, under the condition that iron is not rapidly chelated or
coordinated by biomolecules in the cell [180].

Given that the initial site of copper contact occurs at the bacterial membrane, researchers
have proposed that damage may occur at the lipopolysaccharides of the outer membrane, which
has been shown to collapse under copper stress [212]. Furthermore, lipid peroxidation and loss of
membrane integrity has been attributed to be the primary cause of cell death in several studies
[213],[214]. One study observed cytoplasmic depolarization of the membrane, loss of outer
membrane integrity, inhibition of respiration and the production of ROS in E. coli 0157 [215].
More recently, it has been shown that copper alters glycolysis in Staphylococcus aureus thus
leading to adjustments in central carbon utilization [216].

Whether these are the primary or secondary pathways of copper cell toxicity in other Gram-
negative and Gram-positive organisms, and how these mechanisms translate into cell-wide effects

has yet to be explored.
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1.5.2 Silver toxicity in bacteria

Compared to copper, the mechanisms of silver toxicity have been documented to a lesser
extent. It has been thought that silver interacts with sulfhydryl groups at the surface of the cell,
replacing hydrogen atoms and forming sulfur-silver bonds. This contact can inhibit respiration and
the electron transport chain, thereby, reducing mechanisms of resistance and rescue [217]. This
observation was reported in E. coli and Vibro cholerae in which low concentrations of silver led
to substantial proton leakage [192],[218]. Silver has been typically considered to target NADH-
ubiquinone oxidoreductase [190],[219],[220], the first respiratory chain complex in many bacteria.
One study demonstrated that toxicity is independent of this enzyme and these mechanisms may be
concentrated to the outer membrane [192]. In another study, morphological changes to the cell
membranes of E. coli and S. aureus were revealed when the cells were exposed to high
concentrations of silver [186], perhaps due to the detachment of the plasma membrane form the
cell wall.

Once silver ions enter the cell, this metal is thought to interact with nucleosides like guanine
[189] initiating pyrimidine dimerization and the interreference of DNA replication [221]-[223].
Still, one of the most widely accepted mechanisms of toxicity is the interaction of silver with thiol
groups and the inactivation of enzymes for which cysteine is commonly necessary for activity
[224]-[226]. Liau and colleagues demonstrated that silver toxicity decreased in the presence of
cysteine and other thiol compounds but not non-sulfur containing amino acids, methyl cysteine
and methionine, among others [224]. Recently, the structure of the nickel-dependent enzyme
urease was crystalized with two silver ions coordinated at the edge of the active site cavity [227],
a first of its kind. This report provides details on how silver interacts with proteins, such as urease,

boarding our current knowledge to the atomic level.
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Studies have shown that silver produces ROS [228] upon iron liberation from iron-sulfur centers.
This metal is Fenton inactive at biologically relevant reduction potentials therefore a secondary
metal, such as iron, must be involved in this reaction [196]. Anaerobic growing bacteria have been
demonstrated to be less susceptible to silver, still, this mechanism has been challenged several
times. For instance, one group did not find significant differences in toxicity between aerobic and
anaerobic growing E. coli cells [229] and another group found similar results with silver nitrate
only and not with other formulations such as silver zeolite [223].

There is still much to be understood regarding the mechanisms of silver toxicity. Reports
are often contradicting and selectively compared, yet studies are performed under different
conditions, ionic species and with varying organisms. This is problematic, particularly as the
development of silver-based antimicrobials, such as nanoparticles [140],[230],[231], continues to

increase as quickly as it has.

1.5.3 Gallium toxicity in bacteria

Gallium has not been observed to be significant for cellular maintenance. This metal has a
long history as a chemotherapeutic agent for the treatment of cancer. Given the parallels between
gallium(l11) and iron(l11), such as electron affinity and nuclear radius, this metal participates in
metal mimicry. Unlike iron, gallium cannot be reduced or oxidized in biological systems [232]. If
gallium were to substitute iron within the prosthetic group of enzymes release and replacement by
the former would deactivate the protein. This may also increase the risk of ROS production via
Fenton chemistry, providing evidence for why ROS has been observed under gallium stress [18].
This theory is somewhat supported by the observation that exogenous iron rescues bacterial
viability [233]. Additionally, in P. aeruginosa, gallium has been observed to inhibit the uptake of

iron(111) in a concentration dependent manner by repressing the transcriptional regulator PvdS
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[18]. This iron-induced regulator is responsible for the expression of genes involved in the uptake
of iron(I11). By inhibiting this system, iron is unacquired and cells will die due to the lack of iron
or the direct toxicity of gallium, or both.

Since iron is key to many metabolic processes it is probable that gallium toxicity relies on
cell entry if iron mimicry is indeed a mechanism of toxicity [234]. Iron transport proteins, such as
transferrin and lactoferrin are able to form complexes with gallium in mammalian cells
[235],[236]. Compounds or complexes of gallium have been found to be promising therapeutic
agents since they have broad-spectrum activity against Gram-negative and Gram-positive bacteria
[103],[237]. The exact route of gallium entry into bacterial cells has not been made known, still,
several studies have explored the potential for metal-chelator complexes as enhanced gallium
antimicrobials [233]. These studies have been mainly completed in the P. aeruginosa since its iron
uptake abilities are eminent. Examples of gallium complexes include gallium-deferoxamine B
[103] and gallium-citrate [17], both of which demonstrate enhanced antimicrobial activities when
compared to gallium nitrate alone. This mechanism has not been replicated in other organisms,
such as E. coli, which encodes a functioning iron-citrate transport system. This provides indication
that gallium-‘chelator’ uptake may not be sufficient for antimicrobial activity; much is still

unknown regarding the activity of this metal in bacteria and humans [17].

1.6 Mechanisms of metal resistance in bacteria

1.6.1 General mechanisms of metal resistance

Resistance originates as an inherent characteristic [25] upon mutation in the microbial
chromosome, singular or sequential [238]. If the mutation is favourable, the next response is the
replacement of the inherently susceptible, or sensitive microorganisms, with the inherently

resistant [24]. Surviving susceptible organisms develop resistance mechanisms novel to their
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genome, and threat is enhanced when the sensitive organisms are pathogenic or opportunistic
microbes that can cause infection and other diseases, or the mutation encodes for a threating
response. For example, E. coli O157:H7 expresses Shiga and Shiga-like toxins [236] that cause
severe damage to the lining of the intestines and kidneys and other complications such as hemolytic
uremic syndrome [239]. Exchanging genetic information via plasmids, transposons, or
bacteriophages [24] are common modes of lateral gene transference for bacteria. As a result,
bacteria once sensitive to antibiotics can easily acquire determinants that permit resistance. This
consequence can occur a number of times, resulting in the emergence of multidrug resistant
bacteria, a process accelerated by the overuse of antibiotics and other antimicrobials.

Metal toxicity can be largely prevented by controlling the concentrations of ions inside the
cell or ensuing that they are compartmentalized. For example, if all metals were held at equal
concentrations in the cell, then all metalloproteins would become copper binding proteins based
on the Irving-Williams series [164]. Therefore, what happens when metals are in excess in the
environment? How do cells sense, regulate and abolish these threats?

Whereas no single mechanism delivers widespread metal resistance, several simplified
strategies can be generalized from the appreciable amount of literature dedicated to interpreting
physiological adaptations of metal stress [37],[228]-[230] (Figure 1.2). Some of these are
specified here. Firstly, and most commonly, microorganisms will restrict the influx of metal ions
by regulating the expression and activity of proteins involved in metal uptake. The cytoplasmic
potential of many bacterial cells is reducing. In order to maintain this state, glutathione is present
in millimolar concentrations. This compound is one of the first forms of defense through
sequestration or the reduction of dangerous reactive oxygen species, such as hydrogen peroxide,

after metal entry. Once this occurs, metal ions present in excess can be removed from the cell
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through the activation of efflux systems. Tight regulators are in control of this resistance
mechanism. Bacterial cells are also capable of repairing damaged biomolecules following direct
or indirect reactions with metals. Several bacteria have adapted mechanisms that permit chemical
modification of the metal, such as changing the redox state to a less harmful species thereby
altering the reactivity and toxicity. Furthermore, organic biomolecules intentionally secreted into
the extracellular and intracellular space can coordinate and sequester metal ions. Extracellular
examples polymers, siderophores and polysaccharides, among others. Intracellular examples
include proteins, amino acids and metal-sulfide complexes. Finally, once a metabolic protein is
inactivated, a proposed mechanism of metal toxicity, bacterial cells are capable of using alternative
pathways to bypass such damage. For more detailed information refer to the excellent review by

Hobman J. L. [38].
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Figure 1.2 Several general mechanisms of metal resistance in bacteria. Shown is a Gram-
negative bacterium however these mechanisms can be extended to a number of organisms.
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Metal resistance mechanisms are also found on transferable plasmids and transposons
[243]-[245]. Wastewater treatments plants are ecosystems with a high rate of gene transfer, and
are reservoirs for both antibiotic and metal resistance gene transfers, a process that may occur
independently or simultaneously in the case of co-resistance [246]. Co-resistance occurs when
resistance determinants are located on the same genetic element and this correlation results in co-
selection for additional resistance genes [247]. For over five decades we have been aware that
several metal and antibiotic resistant genes are linked on plasmids [248]-[250]. Studies have
concluded that a number of metal ion resistance determinants were carried on bacteria from the
pre-antibiotic era [251], and now share co-selection with antibiotic resistance genes, furthering the
propagation of antimicrobial resistance [252]. Furthermore, a number of metal resistance elements
can be found in new emerging and re-emerging pathogenic organisms that are antibiotic resistant
[38].

The development of metal resistance is not exempt from occurring, particularly as metal
antimicrobial use increases. By cause of the processes aforementioned a number of
microorganisms are capable of growing in the presence of metals, whereas others have developed

resistance mechanisms to offset this threat.

1.6.2 Copper resistance (and homeostasis) in bacteria

Given the essentiality of copper and its toxic capabilities, cells necessitate the tight
regulation of copper in the cell. Under typical conditions, bacterial organisms, such as E. coli, are
not faced with copper concentrations that exceed 10 M. However, given the excellent binding
capabilities of this metal, even 10 M can trigger complications in the cell. A key component in
mediating copper homeostasis in E. coli is the P-type ATPase CopA [253]. This protein removes

copper(l) from the cytoplasm of the cell where it causes the greatest threat, under aerobic and
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anaerobic conditions. Few copper responsive systems in Gram-negative bacteria facilitate the
export of copper from the cytoplasm, demonstrating the ability of cells to compartmentalize this
element. Disruption of CopA results in copper sensitivity and complementation restores resistance
[254]. The expression of copA is regulated by CueR, which belongs to the Mer-like transcriptional
activators [255],[256]. This family comprises a similar N-terminal helix-turn-helix DNA binding
region, a C-terminal effector binding region, and similarity in the first 100 amino acids [257]. It is
believed that for transcription of a Mer-like operon to take place, DNA conformational changes
must occur. This suggests that an effector molecule, such as copper, must bind the regulator to
trigger structural changes, distorting the DNA strand to allow for RNA polymerase accessibility.
In general, Mer-like regulators respond to environmental stimuli, like metal toxicity and oxidative
stress [257]. The sensitivity of CueR has been determined to be in the zeptomolar range, which
amounts to less than one copper(l) per cell [258],[259]. CueO is an oxidase involved in detoxifying
the cell from the more toxic form of copper, copper(l), by converting it to copper(ll) [260]. This
process is oxygen dependent and occurs in the periplasm. Furthermore, the respiratory chain in E.
coli has been demonstrated to possess cupric-reductase activity, NADH dehydrogenase-2 deficient
strains were reported to be more sensitive to growth in copper excess or limiting conditions
suggesting that this enzyme contributes to copper detoxification and homeostasis [261].

An additional copper responsive system in E. coli is the CusCBA proton-cation antiporter
complex. These proteins comprise a pump that is believed to mediate the transport of copper and
other drugs from the periplasm to the extracellular space [262]. The CusCBA system is under the
control of the CusRS two-component regulatory system. In the presence of copper under both
aerobic and anaerobic conditions [263], the cusRS regulatory system activates transcription of

cusCBA [264]. CusR is a phosphate receiver response regulator and the CusS is homologous to
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sensor histidine kinases. These genes constitute a signal transduction system. CusA is an inner
membrane protein that belongs to the resistance nodulation cell division family of proteins [262].
This protein serves as a transporter energized by protein-substrate antiport. CusB serves as a
connecter between CusA and CusC, which is an outer membrane protein that extends into the
periplasmic space [253]. These proteins belong to a family of homologous transport proteins that
are collectively involved in exporting metals and drugs. CusF, also regulated by CusRS, is a
periplasmic protein that interacts with CusB and CusC, likely functioning as a chaperone for
copper to this system [262].

Plasmid-borne copper resistance in bacteria also exists, including the copABCDRS operon
from Pseudomonas syringae found on plasmid pPT23D [265]. This system, isolated from the gut
flora of a pig fed with a copper rich diet is homologous to the Pco system found on plasmid
pRJ1004 from E. coli [266]. Often, homologs of the Pco system are encoded on genomes [164].
Briefly, PcoC shuttles copper to PcoD, which is of unknown function, in the periplasmic space,
acting as a chaperone [267]. PcoA is similar to CueO, demonstrating oxidase activity, detoxifying
copper(l) and potentially oxidizing catechol siderophores that sequester copper [267]. The function
of PcoB is uncertain but it has been suggested to be a copper sequestering protein that buffers the
periplasmic environment [164]. Finally, PcoE is a small protein that is analogous to SilE, which is
a silver binding protein belonging to the silver resistance system (see section 1.5.3). Again, the
function of this protein is unknown although it is believed to function as a metal chaperone [253].

Additional copper responsive systems exist in other bacterial species, however they
generally follow similar themes to those aforementioned, see the exceptional review [164] for

further detalil.
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1.6.3 Silver resistance in bacteria

The first silver resistant bacterium was isolated in the 1960s from a silver nitrate exposed
burn wound [268]. One of the best characterized silver resistant systems is encoded on a plasmid
pMG101. This plasmid was extracted from Salmonella enterica and confers resistance to silver,
mercury, tellurite and several antibiotics. Specifically, the genes silCFBAPRSE comprise this
system. SilP is a P-type ATPase efflux pump that may function to transport silver from the
cytoplasm to the periplasm [269]-[271]. This protein is similar to copper(l) and zinc(ll) efflux
ATPases that are found in E. coli. From here, how silver is transported to the pump or how it is
removed from the periplasm is unknown. One mechanism may rest with the protein SilE as it binds
periplasmic silver. This protein may act as the first line of defense against silver given its ability
to bind up to 38 silver ions under certain experimental conditions [272]. SilE is different from
other metalloproteins in that it has no cysteine residues, binding five silver ions using ten histidine
residues [241]. SilE is also under the control of its own promoter.

The SIICBA cation/proton antiporter complex, belonging to the heavy metal efflux
resistance nodulation cell division family, spans the entire plasma membrane. Based on sequence
homology to AcrB, SilA is thought to form a trimer in the inner membrane as a means of funneling
silver to SilC, the outer membrane component [269]. SilB is a membrane fusion protein, therefore,
this protein may connect the inner and outer membrane components of this system. How
periplasmic silver is removed or funneled to the Sil complex is unknown, although it has been
hypothesized that the last protein of this complex, SilF may transport silver to this system. The Sil
system is under the control of the two-component regulatory complex SilRS. SilS is a histidine-
containing membrane ATP kinase that senses the presence of silver in the periplasmic space and

SilR is the responder that binds DNA in order to activate the transcription of the Sil system [164].
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Chromosomal silver resistant determinants have been found in E. coli. In particular, the
cusCFBARS gene cluster has been demonstrated to confer resistance against this threat (refer to
section 1.5.2 for more information). Other strategies of silver resistance include limiting the
expression of outer membrane porins such as OmpF or OmpC to lower permeability. Further,
silver crystals have been found in the bacterial envelop as elemental silver, silver sulfide or as
crystals that contain carbon, oxygen, phosphate or chloride [273],[274] suggesting that bacteria

may possess mechanisms that allow for chemical modification.

1.6.4 Gallium resistance in bacteria

Compared to silver and copper, the mechanisms of gallium resistance have been far less
researched, and therefore, less understood. The foremost hypothesis involves iron. Gallium has
been demonstrated to replace iron in vivo (refer to section 1.4.4), however if iron acquisition were
to increase, then the threat might be lessened due to concentration dependent competition. Still,
increased levels of iron acquisition using siderophores or other iron-chelators correlates to
increased levels of toxicity since gallium influx rises simultaneously [18],[275],[276]. Decreasing
the expression of proteins containing iron-sulfur clusters and increasing the expression of proteins
involved in repair may also provide mechanisms of resistance.
Given the increasing use of this metal as an antibacterial [277], we are sure to see more evidence

of gallium resistance in the near future.

1.7 The challenges of studying metal antimicrobials and gaps in our knowledge

The activity of metal antimicrobials, such as silver, were initially studied as coatings on
catheters and other medical devices [52],[136]. The effectiveness of metals have been extensively
reported in a number of cases and use reduces the growth of pathogenic bacteria [278]. Still, several

in vivo studies have failed to display increased cell death. These results were found in silver-coated
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fixation pins [279] and silver coated catheters [280], among others. An explanation for this
inconsistency may rest in the speciation, metal availability and any resistance mechanisms that the
microorganism may retain.

One of the most apparent challenges of metal antibacterial development lies in the
difficulty of understanding the mechanisms of toxicity and resistance in bacteria. Transition metals
are capable of forming a number of different complexes in a given solution based on the electronic
configuration of the atom. This permits a number of different arrangements with ligands and many
of these are difficult to predict in vivo. For example, as mentioned in 1.4.3, one study reported
insignificant differences in silver toxicity between aerobic and anaerobic growing cells [229].
Although another group found similar results with silver nitrate, this was not observed with other
formulations of silver such as silver zeolite [223].

Reactive oxygen species are short-lived entities that react rapidly with biomolecules,
oxygen, water, thiols, and inorganic compounds. Tracking the origin and subsequent downstream
consequences of ROS is a difficult task [281]. There are many analytical techniques for measuring
ROS and reduced thiols, each with its own drawback. Several fluorescent probes do not react with
ROS or reduced thiols directly, whereas others are sensitive for only a single species. Furthermore,
since detection may involve several intermediates, unrelated chemical events, such as reactions
with proteins, inorganics, and lipids, may occur [282]. Older methods of detection, such as spin
trapping react, with radicals at a slow rate [283]. Nearly all probes, whether for the detection of
ROS or thiol depletion detect only a snapshot in time with limited abilities to monitor in real-time.
Furthermore, exact quantification of reduced or radical species is difficult to obtain. This misses
additional information regarding turnover and the redox state of a particular biomolecule. While

reactive oxygen species and reactions with thiols are proposed mechanisms of metal toxicity in
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microorganisms, detection is limited, and caution must be used when analyzing data and drawing
conclusions.

Numerous studies have concentrated effort towards examining the production of ROS
under metal stress. This hypothesis has been reputed a number of times. For example, in an elegant
study conducted by Macomber and co-workers, copper toxicity was found to be the greatest under
anaerobic conditions, contrary to what might be expected if oxygen radicals were involved in cell
death [209]. While, this study presents an interesting discovery, under aerobic and anaerobic
growth conditions, bacteria express and utilize different metabolic enzymes and pathways. For
example, pyruvate dehydrogenase, isocitrate synthase, aconitase and others involved in central
carbon metabolism, are expressed during aerobic conditions. Under anaerobic conditions these
enzymes are not expressed, rather, enzymes like lactate dehydrogenase and pyruvate formate lyase
are utilized [284]. Electron donating sources shift from fatty acids and succinate to formate and
hydrogen. Cells also respond by altering the expression of membrane bound transport proteins and
processes involved in haem and quinone synthesis. These metabolic adaptations are controlled by
the anaerobic regulator FNR and the two-component regulatory system ArcAB. These regulons
control the expression of over 1700 genes either directly or indirectly. Consequently, it is
problematic to conclude that the copper toxicity is ROS independent, since the expression profile
of the cell deviates dramatically under anaerobic condtions.

The mechanisms of copper resistance are far better understood than any other metal. Given
the ability of this metal to form stable interactions with ligands, organisms have perfected
numerous pathways aimed at controlling the homeostasis of this organsim. Still, what has yet to
be determined is how copper effects the cell after prolonged exposure and what mechanisms are

in place to ensure the organism stays alive. From a review of the literature in previous secitons a
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number of questions arrise. What other tools do organisms rely on in the absence of some of these
key copper homeostatic genes? Likewise, using what is know about copper, what are the
mechanisms in place for the silver and gallium? How do the susceptibility profiles of organisms
vary, under the same conditons but different metal?

Only a handful of studies offering a systematic approach have been presented in this field
of work. Most studies concentrate their efforts toward examining only a few
genes/proteins/enzymes. Furthermore, given that there is no agreed upon mechanism of metal
toxicity and there are numerous gaps in the pathways of metal resistance, studies are often directed
toward one mechanism as opposed to studying the cell-wide effects and indirect targets of metals.
Only four studies have been published in the last two decades in which systems-biology approach
were used to gain better insight into overlooked mechansims of copper toxicity or resistance
[206],[207],[285],[286]. Systems biology refers to the interdisciplanary field for which a holistic
approach to biologial research is utilized [287]. Some might consider that all fields of science
encompass systems biology, but to varying degrees [288]. Regardles, this type of research aims to
gather information on the entire system at a given time(s). Using this, researchers have identified
novel copper responsive genes including aldehyde dehydrogenase [286], ferric enterobactin
proteins [207], a number of flagellar biosynthesis genes and genes involved in cell envelope stress
[285], amongst many more. Given this information, it is very plausible that numerous mechanisms
of metal toxicity and resistance exist and been overlooked for other metals as well as copper.

What is clear is that determining the direct and indirect effects of metal exposure to bacteria
is not a trivial task. Understanding the mechanisms of metal toxicity and resistance requires
recognition of the complicated interplay between the electronic configuration of the metal and

ligand properties; metabolic responses and cell physiology; and direct and indirect mechanisms.

37



While the precise mechanisms of metal toxicity in microorganisms are not entirely understood, it
has not arrested the accumulation of reports that demonstrate the efficacy and wide-use of metal

antimicrobials [38].

1.8 Research goals and specific aims

The literature in the past two decades has become permeated with studies aimed at
developing novel metal-based antimicrobials as the antibiotic era faces the threat of antibiotic
resistant bacteria, biofilm related chronic infections and multidrug resistant microorganisms.
However, studies intended at uncovering mechanisms of metal toxicity are fewer in number.
Continued development and use will propagate resistance, regardless of whether the mechanisms
are made known. Yet, it is important that we gain better insight as a means of developing improved
agents and withholding resistance for as long possible.

The major questions | aimed to address in this research included how bacterial strains
respond to metal stress differently and if metals act on the same organism similarly or otherwise.
Therefore, | chose a comparative approach that allowed me to address my hypothesis that; metal-

based antimicrobials are different in their efficacies against different species, and isolates of the

same species and that there is a universal set of genes involved in metal resistance and toxicity.

With this in mind, | was able to compare various antimicrobial metals to indicator strains under
identical conditions, explore species variability, and use the model organism E. coli (BW25113)
to uncover a number of novel genes that are involved in copper, silver and gallium toxicity and

resistance.

The main objectives of this thesis were as follows:

I.  Determine how E. coli, P. aeruginosa and S. aureus respond to metal stress.
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I1.  Demonstrate how isolates of the same species respond to metal stress.
I11.  Draw comparisons between copper, silver and gallium toxicity and resistance in E. coli
BW23115.

IV.  Compare the physiological response of E. coli under metal stress.

Aims 3-4 concentrate on the mechanisms of metal toxicity on E. coli for a number of reasons
including; a) much is known about E. coli, and the experimental and curated data on this organism
is in wealth, b) many studies examining the effects of metals in bacteria have been completed using
E. coli, c) access to the Keio collection, a collection of mutants each with a different inactivated
non-essential gene and d) fast doubling time; given the time required to complete each assay robust

growth in minimal media is desirable.
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2.1 Abstract

The emergence of multidrug resistant pathogens and the prevalence of biofilm-related
infections have generated a demand for alternative antimicrobial therapies. Metals have not been
explored in adequate detail for their capacity to combat infectious disease. These compounds can
now be found in textiles, medical devices, and disinfectants — yet, we know little about their
efficacy against specific pathogens. To help fill this knowledge gap, we report on the antimicrobial
and antibiofilm activity of seven metals; silver, copper, titanium, gallium, nickel, aluminum and
zinc against three bacterial strains, Pseudomonas aeruginosa, Staphylococcus aureus, and
Escherichia coli. In order to evaluate the capacity of metal ions to prevent the growth of, and
eradicate biofilms and planktonic cells, bacterial cultures were inoculated in the Calgary Biofilm
Device (MBEC™) in the presence the metal salts. Copper, gallium, and titanium were capable of
preventing planktonic and biofilm growth, and eradicating established biofilms of all tested strains.
Further, we observed that the efficacies of the other tested metal salts displayed variable efficacy
against the tested strains. Contrary to the enhanced resistance anticipated from bacterial biofilms,
particular metal salts were observed to be more effective against biofilm communities versus

planktonic cells. In this study, we have demonstrated that the identity of the bacterial strain must
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be considered prior to treatment with a particular metal ion. As the use of metal ions as
antimicrobial agents to fight multidrug resistant and biofilm related infections increases, we must

aim for more selective deployment in a given infectious setting.

2.2 Introduction
The progression of bacterial resistance to antibiotics has led us to an era that urgently
requires alternative antimicrobial therapies. Furthermore, recent knowledge regarding antibiotic
efficacy has led to the realization that targeted antimicrobial strategies are required for use against
chronic infections — such as those caused by biofilms — which are remarkably different from acute
infections. Typically, more than half of infections are caused by organisms that are involved in
surface-attached communities immersed in a self-produced hydrated extracellular polymer matrix,
known as a biofilm [29]. This matrix has been observed to complicate wound healing by
facilitating the transition between acute and chronic infections [289], and contaminate clinical
surfaces and implanted medical devices such as catheters and endotracheal tubes [290]. The
physiological changes characteristic of biofilms results in enhanced resistant to elimination by the
host immune system and some antibiotics [291]. The use of modern antibiotics to treat infections
caused by bacteria is now a multifactorial challenge given the threat of both multi-drug resistant
bacteria and biofilm-related infections. As a consequence, the administration of metals to combat
either threat has recently regained attention. Metal compounds can now be found in wound
dressings [77], liquid formulations for hand-washing [292] impregnated into textiles such as socks
[65] and on medical devices like catheters [53].
The antimicrobial properties of metals have been documented in many bodies of work [180]
and continue to be the subject of investigation in an attempt to understand the mechanisms of metal

toxicity and resistance [197],[293]-[296]. Despite the wealth of literature committed to examining
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the antimicrobial activity of metals, less attention has been paid to determining the susceptibility
of bacteria to metals within a defined set of conditions. While the minimal inhibitory
concentrations, minimal bactericidal concentration, and minimal biofilm eradication
concentrations for many metals have been determined, the lack of consistency between techniques,
conditions and media has resulted in difficulties when comparing the susceptibilities of bacterial
strains to metal compounds. Additionally, present data on the antimicrobial properties of metals
are inadequate, which is alarming, particularly since applications have expanded into industry,
agriculture and healthcare [180].

Here we describe our observations from testing the antimicrobial and antibiofilm activity of
seven different metals with demonstrated antimicrobial activity and utility (silver, copper,
titanium, gallium, nickel, aluminum, and zinc) against three indicator strains, Pseudomonas
aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC
25922). Chemically simulated wound media (CSWM) was used to provide a rich environment for
bacterial growth, warranting that variation in susceptibility between the three strains was not a
result of nutrient limitations in the growth media. In addition, this growth media provided an
environment comparable to a wound infection — a clinical challenge where metals have a realized
potential for utility. Experiments were designed to reproduce an acute wound infection by
assessing both the prevention and eradication of biofilms as well as the susceptibility of planktonic
cultures. Using the Calgary Biofilm Device (CBD)/MBEC™, the minimal biofilm bactericidal
concentrations (MBBC), the minimal planktonic bactericidal concentrations (MPBC), and the
minimal biofilm eradication concentrations (MBEC) were determined under the various metal

challenges.
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2.3 Methods and Materials

2.3.1 Bacterial strains and culture media

Bacterial strains were stored at -70°C in Microbank™ vials as described by the
manufacturer (proLab Diagnostics, Richmond Hill, ON, Canada). The three bacterial strains
Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 25923, and Escherichia
coli ATCC 25922 were gifts from Dr. Joe J. Harrison (University of Calgary).
Throughout our studies, we have observed that the growth media chosen to culture bacterial cells
is a significant factor that dictates the efficacy of the metal challenge. Hence, we selected a media
that provides a rich environment to ensure robust bacterial growth in each strain. Chemically
simulated wound media (CSWM), modified from [297] [50% bovine serum (66g/L): 50% peptone
water (0.85% NaCL, 0.1g/L peptone)] was used for metal susceptibility testing throughout this
work. For the dilution of metal working solutions, a 2X peptone water (0.85% NaCl, 0.2g/L

peptone) solution was used.

2.3.2 Biofilm cultivation

In this work, all biofilms were cultivated using the Calgary Biofilm Device
(CBD)/MBEC™ as described in [298],[299] and by the manufacture’s guidelines (Innovotech,
Edmonton, AB, Canada). Following overnight growth of the pre-culture, colonies were suspended
in CSWM and matched to a 1.0 McFarland standard. Next, the suspended cells were diluted 30
times in CSWM. In order to cultivate the biofilm, 150 uL of the diluted inoculum was placed into
a 96-well microtitre plate (Nunclon, VWR, International) followed by placement of the CBD lid,
which contained 96 equivalent pegs. The CBD was placed on a gyrorotary shaker operating at

150rpm in a humidified incubator at 37°C for either 4hr or 24hr.
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2.3.3 Stock and working metal solutions

Silver nitrate (AgNQOs), copper (1) sulfate (CuSOa), titanium (111) chloride (TiCls), gallium
(1) nitrate (Ga(NOs)s J H20), and nickel sulfate (NiSO4 6H20) were all obtained from Sigma-
Aldrich (St. Louis, MO, USA). Aluminum sulfate (Al2(SO4)3 ¢ H20) was obtained from Matheson
Coleman and Bell (Norwood, OH, USA), and zinc sulfate (ZnSO4 ¢7H20) was received from
Fisher Scientific (Fair Lawn, NJ, USA). Stock solutions of CuSOg4, TiCls, and Al2(SO4)3 ¢H20
were made up to 1M, ZnSO4 ¢7H20 was made up to 1.5M, NiSO4 e 6H20 to 2.5M, and AgNOs3
to 500mM in distilled and deionized (dd)H20. All stock metal solutions were stored in glass vials
at 21°C for no longer than two weeks. No more than 30 minutes prior to experimental use, working
solutions were made from stock metal solutions in equal amounts of CSWM and 2X peptone water
(dilution factor of 2). In a 96-well plate (the challenge plate) serial dilutions of each metal, with a
dilution factor of 2, were prepared; reservation of the first row served as a growth control (0.0 mM

metal salt).

2.3.4 Prevention of planktonic growth and biofilm formation

In order to assess the capability of the metal salts to prevent the growth of biofilms and
planktonic cells, bacterial cultures were inoculated in the CBD in the absence — to control for
growth — and presence of the metal salt. The CBD was then placed in a 37°C humidified incubator
on a gyrorotary shaker at 150rpm for 4hr. This treatment provided the minimal planktonic
bactericidal concentrations (MPBC) and the minimal biofilm bactericidal concentrations (MBBC).
Overall evaluating if bacteria could establish a culture planktonically or as a biofilm in the presence

of the metal salts.
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2.3.5 Eradication of established biofilms

To evaluate the ability of the metal salts to eradicate established biofilms, a biofilm was
first cultivated on the pegged lid of the CBD for 24hr. The lid was then rinsed twice with 0.9%
NaCl and placed into a 96-well microtitre plate containing 2-fold serial dilutions of the metal salts;
a column was reserved for bacterial growth in the absence of the metal salts. The plate was then
incubated for 24hr in a humidified incubator at 37°C on a gyrorotary shaker at 150rpm. This
treatment was used to determine the minimal biofilm eradication concentration (MBEC) of each

metal salt.

2.3.6 Assessment of metal efficacy

To assess the susceptibility of planktonic and biofilm populations to the metal salts, the peg
lids from both treatments were first rinsed twice in 0.9% NaCl. Subsequently, the biofilms were
disrupted from the pegs by sonication using a 250HT ultrasonic cleaner (VWR, International) for
10 minutes into 200 uL of Lysogeny Broth (LB) media [25 g/L] containing 0.1% Tween®20 and
universal neutralizer (UN) [146] [0.5 g/L histidine (Sigma, USA), 0.5 g/L-cysteine (Sigma, USA),
and 0.1 g/L reduced glutathione (Sigma, USA) in (dd)H20]. To establish the MBBC and MBEC
of the disrupted biofilm populations, 6 dilutions, with a dilution factor of 10, in 0.9% NaCl were
performed. The samples were spot plated on tryptic soy agar plates in order to determine the viable
cell numbers from the biofilm, and subsequently incubated overnight at 37°C. To determine the
MPBC of the planktonic populations 8 serial dilutions, with a dilution factor of 10, were carried
out into 96-well plates with 0.9% saline and UN. Similarly, spot plating the diluted samples onto
TSA plates and incubating overnight at 37°C generated viable cell counts. The concentrations at
which each metal salt gave rise to no viable microbial colonies were determined to be the MPBC,

MBBC and MBEC.
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2.4 Results

2.4.1 Various metal salts can prevent planktonic growth and biofilm formation

To determine the capacity of metal salts in preventing the formation of biofilms of the

selected indicator strains, P. aeruginosa ATCC 27853, S. aureus ATCC 25923, and E. coli ATCC

25922, were grown for 4hr in the presence of the metal salts. This approach gave rise to the

minimal planktonic bactericidal concentration (MPBC) (Figure 2.1 a) and in parallel, the minimal

biofilm bactericidal concentration (MBBC) (Figure 2.1 b). In order for the biofilms to form in the

presence of the metal ions, the planktonic cells would need to survive the metal concentrations

long enough to permit attachment and expression of biofilm related genes. Therefore, this

experiment measures both cell attachment and biofilm proliferation in the presence of metal salts.
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Figure 2.1 The prevention of bacterial biofilms is attained upon 4hr exposure to various metal
salts. The Calgary Biofilm Device was inoculated with P. aeruginosa (ATCC 27853), S. aureus
(ATCC 25923) or E. coli (ATCC 25922) in the presence of AgNOs, CuSOs, TiCls,
Ga(NO3)zeH20, NiSO4e6H20, Al2(SO4)3eH20 or ZnSO4e7H20. The bacteria were grown over a
concentration range defined by 2-fold serial dilutions of each metal. After this incubation, the
viable cells were counted to determine the (a) MBPC and (b) MBBC. Values are represented as
the mean = the SD n=3. #Note: all metal stock solutions were prepared at equal molar
equivalents of metal molecule. Hence the concentrations found in this figure are reflective of the
concentrations of metal and not the compounds themselves.

For all three strains the MPBC (Figure 2.1 a) and MBBC (Figure 2.1 b) of Cu, Ga and Ti
were reached within the tested concentrations. A lower concentration of Cu, as opposed to Ga, was
needed to prevent P. aeruginosa attachment and growth (Table S2.1). This was not observed for
E. coli, in which a greater concentration of Ga, in comparison to Cu, was needed to attain the
MBBC and MPBC (Table S2.2). S. aureus biofilms were 4-fold more resistant to Ti than their
planktonic counterparts indicated by the MBBC and MPBC (Table S2.3). A 4-fold higher
concentration of Cu was needed to prevent planktonic growth than the formation of biofilms in P.
aeruginosa (Table S2.1).

The metals Ag and Al were successful in preventing P. aeruginosa and E. coli biofilm
formation (Figure 2.1 b). However, only Al was capable of eliminating planktonic populations in
these two strains following the concurrent 4hr metal exposure and incubation period (Figure 2.1
a). Notably, the MBBC for Al was found to be 250-fold lower for P. aeruginosa compared to E.
coli. In addition, a greater concentration of Al was needed to reach the MPBC as opposed to the
MBBC for P. aeruginosa. In the concentrations of Ag tested, little change in viable planktonic
cells was observed for P. aeruginosa and E. coli (Figure 2.2). The MPBC and MBBC for S. aureus
were not reached within the concentrations of Al examined, although a 1-log decrease in biofilm

formation and ~2 log decrease in planktonic cells was observed based on the reduction in viable

cell numbers (Figure 2.2). Higher concentrations of Al were not explored due to the solubility of
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this metal in (dd)H20. Finally, the MPBC and MBBC of Ag for S. aureus were not reached within
the concentrations tested. The addition of Ag at a concentration >500mM to the CSWM led to

extensive precipitation; thus, concentrations greater than 500mM could not be explored.
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Figure 2.2 The eradication of biofilms is achieved upon exposure to various metal salts. The
Calgary biofilm device was inoculated with P. aeruginosa (ATCC 27853), S. aureus (ATCC
25923) or E. coli (ATCC 25922) in order to establish biofilm growth following 24hr incubation.
The established biofilms were then treated with serial dilutions (2-fold) of AGQNOs, CuSOa,
TiCls, Ga(NOs3)3eH20, NiSO4e6H20, Al2(SO4)3eH20 or ZnSO4e7H20. Viable cell count was
used to determine the MBEC for each metal. VValues are represented as the mean + SD, n=3.
#Note: all metal stock solutions were prepared at equal molar equivalents of metal molecule.
Hence the concentrations found in this figure are reflective of the concentrations of metal and not
the compounds themselves.
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For S. aureus, only the MBBC was reached upon challenge with Ni (Figure 2.1 b), while
a 2-fold reduction in planktonic growth was observed (Figure 2.2). Ni did not inhibit planktonic
growth or biofilm formation in P. aeruginosa or E. coli (Figure 2.1). Zn could not prevent the
formation of biofilms and planktonic cell growth of P. aeruginosa (challenge with Zn or Ni
resulted in a 1-log and 2-log reduction in planktonic (Figure 2.2) and biofilm viable cell numbers
(Figure 2.2), respectively. For S. aureus, the attachment of biofilms and planktonic growth was
prevented upon incubation with Zn, yet only biofilm attachment was prevented for E. coli. Lastly,
there was no observed reduction in planktonic or biofilm viable cell numbers after exposure of E.

coli to Ni for 4hr (Figure 2.2).
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2.4.2 Certain metal ions are capable of eradicating established biofilms

The eradication of biofilms by various metal salts was assessed in a similar manner as the
prevention of biofilms. However, to determine the concentration needed to eradicate an established
biofilm, biofilms were established by incubating the inoculum in a CBD for 24hr. This was
followed by exposure to 2-fold serial dilutions of the metal salts for an additional 24hr. After metal
exposure, it was observed that the metals Cu, Ag, Ga, Ti and Al were able to eradicate biofilms of
all three of the tested strains (Figure 2.3). Although Ni and Zn were found to be effective at
eradicating S. aureus and E. coli biofilms after 24hr metal exposure, P. aeruginosa biofilms were
not eliminated, rather a 50% decrease in viable cell numbers was observed (Figure 2.4). A higher
concentration of Ag, more so than any other metal, was needed to eradicate S. aureus, whereas the

opposite was observed for E. coli (Figure 2.3)
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Figure 2.3 Growth tolerance of P. aeruginosa (ATCC 27853), S. aureus (ATCC 25923) and E.
coli (ATCC 25922) to several metal salts. The Calgary Biofilm Device was inoculated with
bacteria in the presence of AQNOs, CuSQs4, TiClz, Ga(NO3)3eH20, NiSO1e6H20, Al2(SO4)3eH20
or ZnSO4e7H20. The cells were exposed to serial dilutions (2-fold) of each metal for 4hr
followed by determination of the A) MBPC and B) MBBC by viable cell count. Values are
represented as the mean £ SD n=3. #Note: all metal stock solutions were prepared at equal molar
equivalents of metal molecule. Hence the concentrations found in this figure are reflective of the
concentrations of metal and not the compounds themselves.
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Figure 2.4 Biofilm eradication tolerance to several metal salts for P. aeruginosa ATCC 27853.
The Calgary Biofilm Device was inoculated following 24hr incubation. The established biofilm
was then treated with serial dilutions (2-fold) of AgNOs, CuSOa, TiCl3, Ga(NOs)3eH:0,
NiSO4e6H20, Al2(SO4)30H20 or ZnSO4e7H20. The MBEC was determined by viable cell count
for the various metal compounds. Values are represented as the mean £ SD, n=3. #Note: all
metal stock solutions were prepared at equal molar equivalents of metal molecule. Hence the
concentrations found in this figure are reflective of the concentrations of metal and not the
compounds themselves.
2.5 Discussion

Numerous accounts of resistance, from bacterial biofilms to conventional antimicrobials,
have been reported since the 1990’s [29]. We are entering an era where our options to treat acute
and chronic infections are limited. Consequently, alternative strategies to combat biofilm bacterial
resistance and tolerance are being investigated [300]-[303]. Among these alternate strategies is
the use of metal compounds as antimicrobial agents that are capable of disrupting growth and/or
eradicating biofilms [180]. Despite their reemerging use, little effort has been directed toward
comparing the susceptibility of planktonic cells and biofilm communities to metals under a defined
set of conditions. Here, we demonstrate how a reproducible screening method was used to compare
the susceptibility of bacterial strains to several metal salts. Chemically simulated wound media
was used to provide a rich environment containing proteins, lipids, and a large variety of ions for
promoting bacterial growth. The aim of this study was to provide a robust comparison between the

efficacy of various metals against three defined indicator strains, namely P. aeruginosa, S. aureus,

and E. coli.
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Ag has been studied for its efficacy at disrupting and/or eliminating biofilms [304]. Contrary
to such studies, the MPBC and MBBC for S. aureus were not reached in the concentrations tested
in this work (Figure 2.1). Decreased antimicrobial susceptibility may be regarded as the most
consequential phenotype of bacterial biofilms, and for many antimicrobial agents this concept
holds true [305]. Despite this, data has suggested that under particular growth conditions, residence
within a biofilm does not always provide enhanced resistance against antimicrobials
[31],[306],[307], and several of our observations support this. In fact, Ag was successful at
preventing the formation of P. aeruginosa and E. coli biofilms (Figure 2.1 b), however, this metal
was incapable of inhibiting planktonic growth within these two strains (Figure 2.1 a).

Cu is known to increase intracellular levels of reactive oxidative species (ROS)
[61],[214],[215], catalyze hydroxyl radical formation [203], and target enzymes in the iron-sulfur
dehydratase family [197]. Both Cu(ll) and Ag(l) are thiophilic metals and share similar selectivity
for biological donor ligands in the bacterial cell [180]. Yet, one key difference between the two
metals is their biological function. Cu(Il) is an essential metal for a number of cellular redox
enzymes, while Ag(l) is a non-essential metal in which the precise manner of toxicity within all
cell types still remains unclear. In this work, we found Cu to be effective for preventing biofilm
attachment (Figure 2.1 b) and eradicating established biofilms (Figure 2.3). In addition, this metal
was capable of preventing the growth of planktonic cells (Figure 2.1 a), different from what was
observed with Ag. In general, we determined that the tendency of Ag to precipitate in CSWM
proved its efficacy as an antimicrobial agent against cells in either cellular state to be secondary to
Cu. Nonetheless, the efficacy of Ag as an antimicrobial agent continues to be observed [19], and

a substantial amount of effort has gone into developing silver-based materials [308].
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Certain transition metals have a documented capacity to disrupt cellular donor ligands that
coordinate the essential ion Fe(lll) [180]. Destruction of [Fe-S] clusters may release additional
Fenton-active Fe into the cytoplasm increasing intracellular ROS formation [196],[294],[296].
Ga(lll) has been found to target solvent-exposed [Fe-S] clusters since many biological systems are
unable to distinguish between Ga(lll) and Fe(l11) [232]. In fact, we observed that this metal was
effective at inhibiting biofilm and planktonic cell growth in all three strains (Figure 2.1 and Figure
2.3). The use of Ga as an antimicrobial agent is not novel, and in parallel with our data, the
antimicrobial properties of this metal have been demonstrated both in vitro and in vivo against a
number of microorganisms [233]. It should be noted however, that upon comparison to other
bodies of work we observed that a higher concentration of Ga were needed to eliminate all three
strains [18],[293]. This observation provides insight into the influence of experimental conditions
on biofilm and planktonic antimicrobial susceptibility. In fact, we have repeatedly observed that
different media formulations give rise to exceedingly different tolerance levels (unpublished data).

AI(I1T), like Ag(l), is also a non-essential metal in which the precise mechanism of cellular
uptake has yet to be determined. This metal was found to be effective at preventing the formation
of biofilms and planktonic cells in P. aeruginosa and E. coli (Figure 2.1). Contrary to this, Al was
not effective at preventing biofilm formation and planktonic cell growth in S. aureus in the
concentrations tested, however, a single-fold reduction in viable cell numbers was observed during
a 4hr metal exposure (Figure 2.2). Since the MBEC was reached for S. aureus in the presence of
Al during the 24hr incubation, we speculate that the mechanism of Al toxicity is subject to longer
metal exposure. E. coli cells were found to comply similarly based on the concentrations needed
to reach the MBBC and MBEC, again, a reflection into the requirement of prolonged metal

exposure for the efficacy of some metals [31].
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Contrary to what was observed for Ag and Al, the biofilms of each indicator strain were found to
be less susceptible to Tiwhen compared to the planktonic cells (Figure 2.1). This was particularly
evident for S. aureus, in which there was a 4-fold increase in the concentration of Ti needed to
prevent the formation of a biofilm when compared to the concentration needed to eliminate the
planktonic cells.

The MBBC was reached upon the addition of Zn in E. coli and S. aureus in the
concentrations tested (Figure 2.1). For both strains the MBBC were found to be comparable to
work completed in other studies, in which biofilm growth was found to decrease by at least 50%
upon exposure to ZnSO4[309]. P. aeruginosa was found to be tolerant to this metal salt within the
concentrations tested since no change in the growth of planktonic cells and biofilms were observed
after 4hr and 24hr treatments (Figure 2.1 and Figure 2.3). Upon longer metal exposure, E. coli
and S. aureus biofilms were eradicated, again, giving insight into the time-dependence of metal
toxicity (Figure 2.3).

Ni, similar to Zn, was also observed to be less effective against all three strains. In P. aeruginosa
and E. coli no change in viable cell numbers were found upon Ni exposure. This metal was only
capable of preventing the assembly of a biofilm in S. aureus (Figure 2.1 b). The results suggest
that a concentration well above 650 mM may be needed to reach the MPBC for all three strains,
the MBBC for P. aeruginosa and E. coli, and the MBEC for P. aeruginosa in the conditions tested.
Still this would be problematic as at these concentrations the metal salts precipitate. Nonetheless,
this does not preclude the use of Ni and Zn as surface contact antimicrobials for certain infectious
settings [180].

The literature suggests a variety of mechanisms responsible for metal toxicity, and it is likely

that each metal has different cellular targets and resultant toxicological effects [180]. Here, we
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observed that a comparison between the seven metals gave rise to remarkably different efficacies
when comparing between three bacterial species. In fact, comparing the susceptibilities of the three
strains to even a single metal revealed pronounced differences. Upon further analysis, we revealed
that the planktonic and biofilm cells of P. aeruginosa appeared to behave similarly with a 4hr
metal exposure (Figure 2.3 a). This trend was not observed for E. coli and S. aureus, in which the
concentrations capable of inhibiting growth were different between planktonic cells or those
residing within a biofilm. The planktonic cells of the Gram-negative strains demonstrated similar
MPBCs for Ti, Ag and Ni, however, the biofilms did not share these similarities (Figure S2.1 a).
Furthermore, differences were found in biofilm susceptibility of S. aureus and E. coli, revealing
the greatest degree of dissimilarity between the MBBCs within the experimental conditions used
in this study. Finally, upon biofilm establishment followed by 24hr metal exposure, the biofilms
of S. aureus and E. coli had similar MBECs following Al, Cu, Zn and Ni addition (Figure S2.1

b).

2.6 Conclusion

Based on the MPBC, MBBC and MBEC data generated in this study, Cu, Ti and Al were
the most effective metals for preventing the formation of, and eradication P. aeruginosa biofilms.
Meanwhile, against S. aureus and E. coli biofilms, Cu, Ti and Ga were the most effective metals
tested. From our observations in this study, Cu, Ti and Ga were found to have extended activity
against planktonic cell growth, the attachment of biofilms and biofilm proliferation. This leads us
to conclude that Cu and Ti are the only metals that have reasonable broad-spectrum efficacy
against the strains used in this study. However, an overarching theme of this study is that no metal
should be considered a ‘silver bullet’. The study of metal resistance genes during the 1990’s has

revealed that specific resistance mechanisms exist for almost all metals studied to date [241].
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Nonetheless, reports have demonstrated that certain metals can enhance antimicrobial activity
[101] and broaden the antibacterial spectrum of antibiotics [310]. Therefore, as a follow up to this
study, future directions include examining the ability of metals to increase bacterial susceptibility
to antibiotics and antibiotic activity against bacterial biofilms.

With the ever-increasing use of metal ion formulations and nanoparticles as antimicrobials, we
must heed to the evolution of antibiotic resistance and aim for more responsible use of
antimicrobial metals — a situational approach of the appropriate metal, at the appropriate

concentration for a given infectious setting.

2.7 Chapter 2 Supplementary

Table S2.1 Metal concentrations required to prevent planktonic growth (MPBC), prevent biofilm
growth (MBBC) and eradicate established biofilms (MBEC) in P. aeruginosa (ATCC 27853)."

Metal salt MPBC (mmol L) MBBC (mmol L) MBEC (mmol L?)*
AgNO3 >0.50 6.25 x 102 1.56

CuSOq 6.25 1.56 7.81

TiCls 1.95 1.95 0.98

Ga(NOs); oH,0 15.63 15.63 7.81
Al(SOs);8H,0  1.95 9.77 x 10 7.81

ZnSO, e7H,0 > 375 >375 > 250

NiSO4 > 625 > 625 > 625

“Values represented as the means of n=3.
T Growth in the presence of metal salt for 4hr incubation.
! Establishment of biofilms for 24hr followed by growth in the presence of metal salt for 24hr.

Table S2.2 Metal concentrations required to prevent planktonic growth (MPBC), prevent biofilm
growth (MBBC) and eradicate established biofilms (MBEC) in E. coli (ATCC 25922)."

Metal salt MPBC (mmol L1)* MBBC (mmol L1)* MBEC (mmol L?)#
AgNO3 >10 1.56 x 101 3.90 x 102

CuS0O, 12.50 3.13 3.125

TiCls 1.95 9.77 x 10! 1.22

Ga(NO3); oH,0 31.25 31.25 7.81
Al(SO4)s®H,0 250 125 4.88 x 10!

ZnSO, e7H,O > 650 23.44 2.93

NiSO4 > 625 > 625 9.77 x 10!
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“Values represented as the mean of n=3.
T Growth in the presence of metal salt for 4hr incubation.
t Establishment of biofilms for 24hr followed by growth in the presence of metal salt for 24hr.

Table S2.3 Metal concentrations required to prevent planktonic growth (MPBC), prevent biofilm
growth (MBBC) and eradicate established biofilms (MBEC) in S. aureus (ATCC 25923)."

Metal salt MPBC (mmol L))" MBBC (mmol L*)f MBEC (mmol L*)*
AgNO3 > 125 > 125 10.00

CuSO, 12.50 12.50 3.13

TiCls 1.95 7.81 1.46

Ga(NO3); eH,0 15.63 7.81 15.63
Aly(SO)soH,0 > 250 > 250 9.77 x 10*

ZnSO, ¢7H,0O 23.44 1.46 2.20

NiSO4 > 625 1.22 1.22

“Values represented as the means of n=3.
T Growth in the presence of metal salt for 4hr incubation.
! Establishment of biofilms for 24hr followed by growth in the presence of metal salt for 24hr.
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Figure S2.1 Heatmaps for the MPBC, MBBC and MBEC of the three bacterial strains tested.
Analysis generated from the (a) MPBC (planktonic), MBBC (biofilm) and (a) MBECs (biofilm),
in the presence of AgNO3, CuSQOg4, TiClz, Ga(NO3z)z eH20, NiSO4 ¢6H20, Al2(SO4)3 ¢H20 or
ZnSO4 ¢7H20. The metals that could not prevent and/or eradicate growth in the concentrations
tested were included in the heatmaps and recorded as the maximum dilution tested. For precise
concentrations refer to Table 2.1 — 2.3.
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3.1 Abstract

In response to the occurrence of antibiotic resistance, the development of metal-based
antimicrobials is on the rise. It is largely assumed that metals provide broad-spectrum microbial
efficacy, however, studies have shown that this is not always the case. Therefore, in this study, we
compared the susceptibilities of 93 clinical isolates belonging to the species Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus against six metals: aluminum, copper,
gallium, nickel, silver and zinc. To provide qualitative comparative information, the resulting
zones of growth inhibition were compared to the minimal inhibitory concentrations of three
indicator strains E. coli ATCC 25922, P. aeruginosa ATCC 27853 and S. aureus ATCC 25923.
Here, we demonstrate that the metal efficacies were species and isolate specific. Only several
isolates were either resistant or sensitive to all of the six metals, displaying great variability,
however, the greatest degree of similarity was found with the E. coli isolates. On the contrary, the
susceptibilities of the remaining two collections, S. aureus and P. aeruginosa, were more highly
dispersed. Using this information, we have shown that metals are not equal in their efficacies,
hence, their use should be tailored against a particular microorganism and care should be taken to

ensure the correct concentration is used.
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3.2 Introduction

At this time, the incidence of antibiotic resistance is a familiar concern that continues to
provide challenges in infection control and disease prevention [311],[312]. In response, in the last
several decades, we have seen an increase in the development of alterative antimicrobials including
peptides [313] and polymers [314], and modifications to traditional therapeutic regimes, such as
combination treatments [315]. Metals and metal-based antimicrobials are among these alternative
agents presently being investigated (see review [278] for more information).

Essential metals, such as zinc, copper and iron, are just that — essential to the biochemistry
of life. In fact, it has been estimated that at least one-third of all proteins require metals
[2],[3],[316]. Despite this, elevated concentrations cause microbial toxicity. Non-essential metals,
including silver, gallium and tellurium, offer similar fate but at considerably lower concentrations
[31],[317]. Presently, advancements in the biomedical applications of metals primarily take the
form of diagnostic procedures and the prevention of diseases following the discovery that metals
can disrupt antibiotic resistant biofilms [1],[18],[31],[45] and kill multidrug resistant bacteria [46]—
[49] at low concentrations. For example, metals are now being impregnated into textiles including
socks and wound bandages [318],[319], coated onto surfaces such as medical devices
[64],[65],[320], and incorporated into liquid formulations [321]. Likewise, metal-based
antimicrobials such as nanoparticles, generally highlighted for their elevated toxicity, are seeing
an increase in development and use [46],[106],[111],[322]. A number of metal infused hydrogels
and polymers, which provide slow and concentrated release, have been developed and tested
against microorganisms [119],[323]. Moreover, metals are being combined with existing
antimicrobials, such as antibiotics as a means of improving their efficacy and repurposing agents

that are no longer useful against multidrug resistant bacteria [122],[324].
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Metals and metal-based antimicrobials target shared biomolecules and are thereby generally
regarded as board-spectrum [180]. Still, a number of studies have shown that metal ions [1],[325],
like metal nanoparticles [326],[327] are not equivalent in their toxicity towards different strains.
This is problematic particularly since metal-based antimicrobials are being used in consumer
products such as activewear, deodorant and washing machines [328]. There is now strong evidence
that metal resistance exists [38],[145],[242],[249],[329]-[331] and this increase is likely to drive
antibiotic resistance further [247],[332]-[335] since the mechanisms of antibiotics resistance, such
as reduced toxin import, drug inactivation and mutation of toxin targets, among others, are
common mechanisms of metal resistance as well (Refer to review [247] for more detailed
information). As a result, it is imperative that the precise toxicity of metals against microorganisms
is identified to ensure that the correct concentrations of metal ions are utilized against the
appropriate organism.

In this study, the antimicrobial efficacies of six metals, aluminum, copper, gallium, nickel,
silver and zinc, were tested against 34 Staphylococcus aureus, 27 Pseudomonas aeruginosa and
32 Escherichia coli clinical isolates using the disk diffusion assay. The results were compared to
the minimal inhibitory concentrations of the corresponding indicator strains S. aureus ATCC
25923, P. aeruginosa ATCC 27853 and E. coli ATCC 25922 in order to normalize and provide
context to the zones of growth inhibition measured. Here, we found the efficacies of the metals to
be strain and isolate specific. The E. coli collection revealed the greatest degree of similarity, still,
disparities were observed between a number of isolates. There were sharp differences in the
susceptibilities of the S. aureus and P. aeruginosa isolates to aluminum, copper, gallium and silver,
and these observations were variable. Silver displayed the greatest efficacy followed by aluminum

and gallium. Whereas the least efficacious metal was nickel. In this work, we demonstrated that
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metals are not equivalent in their antimicrobial abilities and isolates of the same species have
varying susceptibilities. As a result, the use of metal-based antimicrobials should be tailored to a

specific organism at a precise concentration.

3.3 Materials and Methods

3.3.1 Bacterial strains and storage

All organisms, including those identified as strains, such as P. aeruginosa PAOL, are
referred to as isolates in this work for ease of mention. The strains, S. aureus ATCC 25923, P.
aeruginosa ATCC 27853 and E. coli ATCC 25922 are distinguished as indicator strains, noted by
the American Type Culture Collection.

The Pseudomonas aeruginosa isolates and uropathogenic Escherichia coli CFTO73 were
generous gifts from Dr. J. Harrison (University of Calgary). All bacterial stains and isolates were
stored in Microbank™ vials at -80°C as described by the manufacturer (ProLab Diagnostics,
Richmond Hill, ON, Canada). Prior to the disk diffusion assay, the strains and isolates were
streaked out on Luria-Bertani (LB) media agar (1.5%) plates and grown overnight at 37°C. Our
choice of growth medium is reflected in other works that have also used this medium to monitor

the susceptibility of microorganisms to metals.

3.3.2 Determination of the effective metal concentrations and metal storage

The minimal planktonic bactericidal concentrations (MIC) of the indicator strains, S.
aureus ATCC 25923, P. aeruginosa ATCC 27853 and E. coli ATCC 25922, were determined in
a previous report by Gugala et al. (Chapter 2) [1]. These concentrations, which were determined
under identical conditions as in this study, were used as a means of normalizing and drawing

context to the zones of growth inhibition produced upon performing the disk diffusion assay.
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Silver nitrate (AgNQOs3), copper sulfate (CuSQOa), gallium nitrate [Ga(NOs)s] and nickel sulfate
(NiSO4e6H20) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Aluminum sulfate
[Al(SOa4)3eH20] was obtained from Matheson Colman and Bell (Norwood, OH, USA) and zinc
sulfate (ZnSO4e7H20) was obtained from Fisher Scientific (Fair Lawn, NJ, USA). The working
stock solutions of each metal are as follows; Silver nitrate — 0.5 M, copper sulfate — 2.0 M, gallium
nitrate — 1.0 M, nickel sulfate — 2.5 M, aluminum sulfate — 1 .0 M, zinc sulfate — 1.5 M. All stock
solutions were stored in distilled and deionized water (dd)H20 at 21°C. Finally, to ensure growth
was not impeded by the accompanying counter ion, stock solutions of sodium nitrate (NaNO3) and
sodium sulfate (NaSOa), at 1.5 M and 2.5 M, respectively, were made, tested and stored for no
longer than two weeks in (dd)H20 at 21°C. Neither the blank disks nor the counterion loaded disks

were found to influence the measured zones of growth inhibition.

3.3.3 Bacterial growth and the agar disk diffusion method

All chemicals were obtained from VWR international, Mississauga, Canada. Bacterial
growth and susceptibility testing using the disk diffusion assay followed the Clinical and
Laboratory Standards Institute’s guidelines for bacterial testing [336]. Firstly, the bacterial isolates
were grown for 16 hours in filter-sterilized chemically simulated wound fluid (CSWF) modified
from Werthén et al. [297] [50% peptone water (0.85% NaCl, 0.1 g/L peptone): 50% bovine serum
albumin (66 g/L)]. Mueller Hinton media is the selected medium used for disk diffusion assays.
Despite this, we predicted that the supplemented acid hydrolysate of casein may lead to increased
metal chelation owing to the high level of amino acids found in this ingredient. In other works,
amino acids are used as a means of sequestering metal ions when performing susceptibility testing
[1],[19],[337]. Therefore, the rich medium, CSWF, which closely mimics a wound environment,

was selected. The following day, sterile 6 mm filter disks were soaked in each metal for 30 minutes.
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Any remaining metal solution was removed to ensure the disks were not oversaturated. Moreover,
to prevent crystallization, the disks were not permitted to dry. Next, 250 uL of inoculum,
standardized to an optical density of 1.00 (Asco), was added onto fresh LB agar (1.5%) plates,
spread uniformly and allowed to dry. The metal loaded and control disks were placed on solid agar
plates and incubated overnight at 37°C. The following day the zones of growth inhibition were
measured to the nearest millimeter.

Each biological trial included two technical replicates and the indicator strain
corresponding to the isolates tested. In total, three biological trials were completed, for a total of

six replicates.

3.3.4 Normalization and statistical analyses

As aforementioned, the indicator strains, E. coli ATCC 25922, P. aeruginosa ATCC 27853 and S.
aureus ATCC 25923, were included as a means of normalizing and providing context to the zones
of growth inhibition, largely due to the variability between trials and the lack of clinical breakpoint
information for the given strains under metal ion challenge.

Firstly, technical replicates within the same biological trial were averaged and these means
were used for subsequent analyses. Next, working within a biological trial, the means of the
isolates were normalized against the mean of reference indicator strain and finally the scores of
each isolate under a given metal challenge were averaged. A score of 1.0 signified no difference
in susceptibility when compared to the indicator strain. Isolates with scores <1.0 were noted as
resistant since the zones of grow inhibition for these isolates were less than the corresponding
indicator strain. Those with scores >1.0 were regarded as sensitive since the zones of growth
inhibition were larger than the indicator strain. Furthermore, since the MICs of the indicator strains

were known and since these strains were used to normalize the dataset, a qualitative concentration
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— to which we refer to as the breakpoint value — can be attributed to each isolate. As a result, a
score of 1.0 is equal to the MIC of the reference indicator strain under the given metal stress. A
score <1.0 indicates that the breakpoint value is >MIC and a score >1.0 indicates that the
breakpoint value <MIC.

Lastly, to account for the different metal concentrations used, the scores were normalized
against the working stock solutions, which in turn disclosed the most efficacious metal. Here, the
efficacies are only compared between each metal and the breakpoint value is no longer applicable.
This normalization is based on the assumption that the metals diffuse through the agar

equivalently.

3.4 Results

In this study the efficacies of six metals, aluminum, copper, gallium, nickel, silver and zinc
were tested against 93 bacterial isolates using the disk diffusion assay, which allows for high-
throughput susceptibility testing. In order to account for independent variables and provide
reference, the zones of grow inhibition were normalized against the three pathogenic indicator
strains, S. aureus ATCC 25923, P. aeruginosa ATCC 27853 and E. coli ATCC 25922 for which
the MICs in chemically simulated wound fluid (CSWF) are known (Table Al). Since the MICs of
the indicator strains were identified, a qualitative concentration — to which we refer to as the
breakpoint value — can be given to each isolate. A score of 1.0 is equal to the MIC of the reference
indicator strain under the given metal stress. Whereas a score <1.0 means the breakpoint value is
>MIC and a score >1.0 means the breakpoint value <MIC.

Less variability between the E. coli isolates was observed when compared to the P.
aeruginosa and S. aureus collections (Figure 3.1 a-f). The three E. coli isolates, CFTO73,

0127:H6 and O157:H7 (the latter noted as multidrug resistant [MDR] [338]) displayed resistance
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to all the metals except silver. When examining the E. coli collection in more detail, there were a
number of isolates, including E009, E011, E012 and E056, that presented scores distant from the
normalized score when grown in the presence of gallium, nickel, silver and zinc, respectively
(Figure 3.1 c and d-f). The scores of these isolates were below 1.0, therefore, the breakpoint values
were >31.25 mM, >625 mM, >0.50 mM and >650 mM, respectively (Table S3.1). Note that Tables
S.1-S.3 report the average diameters and the standard deviations in order to show the variability in
the data sets and therefore our reasoning for normalizing the values; Figure 3.1 is not entirely

comparable to Tables S.1-S.3.
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Figure 3.1 Bar plots signifying the normalized score for each isolate against the corresponding
indicator strain, for which the value is 1.0 (grey line). This score represents the MIC of the
indicator strain under the given metal stress. Orange denotes a resistant isolate. For these
isolates, the zone of growth inhibition was less than the corresponding indicator strain (<1.0).
Purple represents the isolates that fall above the normalized score since the zones of growth
inhibition were larger, these are noted as sensitive isolates (>1.0). Each score represents the
mean of three biological trials, each with two technical replicates. The MICs are as follows in the
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order: E. coli ATCC 25922, P. aeruginosa ATCC 27853 and S. aureus ATCC 25923: (a)
aluminum: 250 mM, 1.95 mM and >250 mM, (b) copper: 12.5 mM, 6.25 mM and 12.5 mM, (c)
gallium: 31.25 mM, 15.63 mM, 15.62 mM, (d) nickel: >625 mM, >650 mM and >625 mM, (e)
silver: >0.5 mM, >0.5 mM and >0.5 mM, (f) zinc: >650 mM, >375 mM and 23.44 mM.

In general, the P. aeruginosa isolates were sensitive to all six metals. Several isolates were
found to have scores that were 2-fold higher than the normalized score of the indicator strain. For
example, PCF5 under gallium exposure, TB161 and DK122B07 under nickel exposure, PT56593
under silver exposure, and KR080603 under zinc exposure. The sensitivities of these isolates were
pronounced in the presence of these metals but not with the remaining metal antimicrobials.
Gallium was found to be efficacious against the P. aeruginosa isolates, yet this metal demonstrated
variable efficacy against the S. aureus and E. coli isolates (Figure 3.1 c). Within the concentrations
tested, the efficacy of silver was the greatest against the Pseudomonas collection (Figure 3.1 e);
all but three isolates had breakpoints values <0.50 mM (Table S3.2).

In the presence of aluminum and copper, a number of the S. aureus isolates, such as
MER155, ME101T and MES92, presented scores that were nearly 1.5-fold greater than S. aureus
ATCC 25923 (Figure 3.1 a and b). Here, the breakpoint values were >250 mM and >12.50 mM,
respectively (Table S3.3). This trend was not met by the other metals. In fact, many of the
aforementioned isolates were resistant to the concentration of silver tested in this study. Nearly all
the MRSA (methicillin resistant) and MSSA (methicillin sensitive) isolates were resistant to
aluminum, nickel and silver, thus, the breakpoint values were >250 mM, >625 mM and >125 mM,
respectively (Table S3.3).

The clustering of Escherichia and the dispersity of the Pseudomonas and Staphylococcus
collections are fostered in Figure 3.2 and Figure 3.3. These plots demonstrate that the

susceptibilities of the P. aeruginosa isolates were more dispersed than the S. aureus isolates in the

presence of aluminum, a trend that was inverted for the metal gallium (Figure 3.2 a and c). Still,
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the overall spread of the two species is the same in the presence of copper. Upon comparison
between the overall scatterings of the three species, the scores of the Pseudomonas collection
dispersed to a greater degree (Figure 3.3). Further, when considering all six metals together, the

E. coli isolates clustered closely, yet the P. aeruginosa and S. aureus isolates did not (Figure 3.3).
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Figure 3.2 Dot plots illustrating the dispersity between the normalized scores of the E. coli (red),
P. aeruginosa (green) and S. aureus (blue) isolates. The zones of growth inhibition for the
isolates were normalized against the zones of the indicator strains. A value of 1.0 signifies the
minimal inhibitory concentration corresponding to the indicator strain. Scores >1.0 are

considered sensitive and scores <1.0 are noted as resistant. Each score represents the mean of
three biological trials each with two technical replicates.
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Figure 3.3 Clustering of the 93 isolates belonging to the species E. coli (red), P. aeruginosa
(green) or S. aureus (blue) using principle component analysis. Collections were highlighted to
show positioning of each isolate in respect to the remaining collection. Here, each isolate was
normalized against the corresponding indicator strain in the presence of the six metals,
aluminum, copper, gallium, nickel, silver and zinc. Data collected from the mean of three
biological trials, each with two replicates.

Overall, all the isolates varied in sensitivity to the six metals (Figure 3.4), however, the
working metal solutions in this study were not equal. To account for these differences the scores
were normalized against the respective concentrations (Figure 3.5). Here, the metals can only be

compared to each other, regardless, the overall trends between the isolates of a given metal remain
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the same. In general, the scores were found to be the highest for the metal silver, followed by

aluminum and gallium. Opposing this was the metal nickel (Figure 3.5).
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Figure 3.4 Heatmap signifying the normalized zones of growth inhibition. Score of 1.0 was
given to the zone of growth inhibition for the indicator strain This value also represents the MIC
of that organism under metal challenge. The isolates were normalized over the corresponding
strain to yield comparable values. The color red denotes a sensitive hit (>1.0) and the color
purple was given to the isolates that displayed enhanced resistant (<1.0). Data collected from the
mean of three biological trials, each with two replicates; note that the working stock solutions
were not equivalent. The MICs (score = 1.0) for the given data are as follows in the order: E. coli
ATCC 25922, P. aeruginosa ATCC 27853 and S. aureus ATCC 25923: aluminum: 250 mM,
1.95 mM and >250 mM, copper: 12.5 mM, 6.25 mM and 12.5 mM, gallium: 31.25 mM, 15.63
mM, 15.62 mM, nickel: >625 mM, >650 mM and >625 mM, silver: >0.5 mM, >0.5 mM and
>0.5 mM, zinc: >650 mM, >375 mM and 23.44 mM.
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Figure 3.5 Heatmap representing the zones of growth inhibition normalized against the
concentration of metal. Each metal was provided an equivalent score of 1.0. Red specifies isolate
sensitivity, therefore, it was interpreted that a concentration of 1.0 M would ensure eradication.
Purple indicates resistance, hence a concentration greater than 1.0 M is required to eradicate the
organism in the growth medium used in this study. Data collected from the mean of three
biological trials, each with two replicates.
3.5 Discussion

In this study, the efficacies of six metals, aluminum, copper, gallium, nickel, silver and zinc,
against 93 bacterial isolates were compared using the disk diffusion assay. To our knowledge, no

breakpoint values have been reported for the three indicator strains, E. coli ATCC 25922, P.

aeruginosa ATCC 27853 and S. aureus ATCC 25923 under metal challenge. Using a preceding
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study completed by our group, the same MICs were used to provide breakpoint values. Further, a
rich growth medium, chemically simulated wound fluid (CSWF), containing bovine serum
albumin among other components was used to simulate a wound environment. The zones of
growth inhibition were measured, normalized and compared to the indicator strains.

Metal antimicrobials are generally regarded as board-spectrum [278], nonetheless, studies have
demonstrated that this is not always the case. In agreement with this, we have shown that metal
antimicrobials vary in efficacy against different species and different isolates of the same species
and these differences are not uniform. For example, the isolate with the highest gallium sensitivity
was P. aeruginosa KR080603, yet, this microorganism presented substantially less copper
sensitivity than the remaining P. aeruginosa isolates. In fact, the most sensitive copper isolate was
MES192, a S. aureus isolate. If metals behaved similarly in the presence of different
microorganisms and their mechanisms of action were similar or the same, a gallium sensitive
isolate would display comparable copper sensitivity. We have demonstrated that was not the case
since variable sensitivities were observed.

Intraspecies variability may be a result of a number of factors, including the presence of
inherent or acquired metal resistant elements [339]. Some of these mechanisms include toxin
export, reduced uptake [242] and changes to the extracellular biofilm [180]. The source of an
isolate, such as an antibiotic exposed wound versus the lungs of a cystic fibrosis patient, likely
plays a large role in mediating the aforementioned factors. For example, isolates obtained from a
burn wound undergoing treatment are likely conditioned and therefore present elevated resistance
when compared to those obtained elsewhere, such as a urine sample. Studies have demonstrated
that agents other than antibiotics, such as metals, can select for antibiotic resistance

[247],[340],[341], and the opposite may also hold true. As a result, an isolate obtained from a
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wound sample may demonstrate greater metal resistance, regardless of the species, since it has
undergone selective pressures that permit the expression of antimicrobial resistant factors [337].
Further, if an isolate was extracted from a multispecies consortium, horizontal gene transfers and
changes to the metabolic profile of an organism may have large effects on the susceptibility of an
organism to an external challenge [342]. For instance, our group has shown that in the presence of
metals a dual-species biofilm composed of P. aeruginosa and S. aureus demonstrates elevated
resistance when compared to a single species biofilm and other microbe combinations [337].

Differences amid interspecies susceptibility may be a result of the same factors that
influence intraspecies variability, including genetic differences thereby causing alterations in the
proteomic and metabolic profile of the organism. Still, additional influences are likely to exist,
such as differences in the LPS — or lack thereof in the case of Gram-positive organisms, substantial
changes to the surrounding biofilm, its constituents and in the biomolecules exerted by the
organism [242], and varying ratios of lipids. For example, whereas both E. coli and P. aeruginosa
are Gram-negative bacteria, inner membrane lipid ratios differ. Within the membrane of P.
aeruginosa, and not E. coli, three additional lipids are found as foremost components, including
phosphatidylcholine, ornithine lipid and alanyl-phosphatidylglycerol [343].

Finally, to account for differences in the metal concentrations the isolate scores were
normalized against the working stock solutions (Figure 3.5). Our data conveys that if the working
concentration of silver increased from 0.5 M to 1.0 M, 100% of the isolates would have sensitive
profiles, as observed in Figure S3.3. This concentration would guarantee the prevention of
bacterial growth against the organism tested under the conditions used. To no surprise, we
pronounced silver as the most efficacious metal. The utilization of this metal for both commercial

and medical use is far greater than the remaining metals [36],[308],[344], and for valid reason.
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Copper is also finding its way into healthcare settings and being used for commercial purposes
[345]. Nonetheless, under the concentration of copper used in this study, only approximately 50%
of the microorganisms tested were marked as sensitive. Therefore, we conclude that whilst still a
useful metal antimicrobial, in comparison to silver, greater care must be taken when using this
metal. Nickel was found to be the least effective metal, and not surprisingly since the use of nickel
as an antimicrobial is not acclaimed [1],[346], likely due to the efficient and tightly regulated
uptake, trafficking and storage of this metal [16]. Copper, which is also tightly regulated in the cell
displays higher binding affinity to biomolecules, based on the Irving-Williams series [143], when
compared to nickel and zinc. In fact, intracellular metal concentrations are generally inversely
correlated with Irving-Williams series in that the greater the binding affinity of a cation the lower
the intracellular concentration, and therefore greater the toxicity when present.

In this work, we asked whether the efficacies of metal antimicrobials were comparable
between species and amongst isolates of the same species. Using the standard method of testing —
the disk diffusion assay, we were able to validate that species respond dissimilarly to metal stress
and isolates of the same species display different metal susceptibilities. Despite the perception that
metals are board-spectrum antimicrobials, certain metals perform better against particular isolates
and species. In summary, great care must be taken when using metal-based antimicrobials both in
healthcare, industrial and consumer settings, due to their variable efficacies.

3.6 Chapter 3 Supplementary

Table S3.1 Minimal inhibitory concentrations previously determined by Gugala et al. in
chemically simulated wound fluid [1].

Aluminum
[Al(SO2)s  H:0] 220 ™M 1.95 mM > 250mM
Copper (CuSOs)  12.5mM 6.25 mM 12.5 mM
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Gallium

[Ga(NO3)s o 31.25 mM 15.63 mM 15.63 mM
H20]

Nickel (NiSOa) >625 mM >625 mM >625 mM
Silver (AgNOs) >0.50 mM! >0.50 mM! >0.50 mMm*!

Zinc (ZnSO4 e

7H20)
IMaximum concentration of silver reached before significant precipitation occurred, see Gugala
et al. [1] for more information

>650 mM > 375mM? 23.44 mM
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Table S3.2 Escherichia coli zones of growth inhibition (mm) and the corresponding breakpoint value® in the presence of the given
metal, which were determined using the MIC of the indicator strain? E. coli ATCC 25922 as previously observed by Gugala et al [1].

Break- Break- Break- Break- Break- Break
Isolate Aluminum S/Sa)ilrlljte Copper 52:3; Gallium 5;:3; Nickel 52:3; Silver 52:3; Zinc 5;:3;
(mM) (mM) (mM) (mM) (mM) (mM)
Atcc 25922 17.2+2.3 250 19.7+1.2 125 13.7+2.8 31.25 25.0+2.1 >625 12.6 £2.2 >0.50 25.0+1.4 >650
E061 18.1+0.2 <250 19.4+0.5 >125 154+0.2 <31.25 229412 119412 21.0+3.2
E056 16.8 +1.8 >250 195404 >125 14.7+0.4 <31.25 23.3+2.3 10.0£1.1 23.5+0.9
EO057 18.1+1.3 <250 19.8+1.9 <125 15.0+1.5 <31.25 25.0+£1.1 >625 11.8 +0.6 241+1.6
E014 18.3+1.4 <250 20.5+0.7 <125 156 +0.2 <31.25 24112 12.1 £0.7 23.3+1.1
E060 16.9 +2.7 >250 20.0+0.4 <125 155+2.8 <31.25 24.4 +0.5 124 +1.6 24.0£0.7
E006 17.0+2.8 >250 18.8+1.8 >125 135+21 >31.25 22.5+0.7 12.4 +0.2 22.5+0.0
E047 17.8+1.8 <250 19.1+41.2 >125 155+40.7 <31.25 243 +0.4 129+1.2 >0.50 243104
E015 19.140.2 <250 224405 <125 144+1.6 <31.25 255+1.4 >625 12.8+1.8 >0.50 24.1+0.9
EQ007 20.0 £0.7 <250 20.0+£0.7 <125 15.4+0.9 <31.25 241+1.2 11.4+0.5 23.9+0.2
E022 18.9 0.5 <250 204+1.2 <125 131437 >31.25 24.0+0.0 111423 26.0+1.4 >650
E045 18.5+0.7 <250 21.04+0.7 <125 125435 >31.25 239105 11.9+0.2 23.6+0.9
E004 20.0 £0.7 <250 24.3+0.4 <125 15.3+0.4 <31.25 27.5+0.7 >625 14.0+0.7 >0.50 27.1+0.2 >650
E029 19.0+2.8 <250 20.1+19 <125 19.0+3.0 <31.25 248 +2.1 12,5 +0.7 245425
E033 17.1+0.5 >250 19.1405 >125 174+1.6 <31.25 22.140.2 11.4+1.6 23.3+0.4
E012 18.0 £2.5 <250 19.3+1.4 >125 154+16 <31.25 23.3+2.1 10.1+£0.9 240+1.4
E009 19.8 1.8 <250 20.8+1.1 <125 15.0+0.4 <31.25 23.4 0.2 11.6 £0.2 23.4+0.9
EO005 15.6 +2.3 >250 18.6 +0.2 >125 13.3+0.4 >31.25 19.34+25 11.4+0.2 21.8+1.4
EO011 18.6 2.7 <250 18.8+0.4 >125 13.0+1.4 >31.25 23.3+3.2 115421 23.6+1.9
E112 18.1 2.7 <250 18.9+3.3 >125 13.9+2.7 <31.25 244 +1.6 13.8+0.0 >0.50 24.3 0.7
E086 18.6 £0.2 <250 19.5+0.7 >125 139409 <31.25 234+1.6 11.8+2.9 23.9+1.9
E109 17.3+1.1 <250 21.143.0 <125 129433 >31.25 24.4 +0.5 129+2.3 >0.50 22.6 £0.5
E001 18.1 £3.9 <250 16.5+2.1 >125 143+1.1 <31.25 225411 11.8+1.9 23.5+0.7
E105 17.1+2.3 >250 20.3+04 <125 13.6+2.7 >31.25 254+0.2 >625 139+1.9 >0.50 24.9+0.5
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E092 16.3+2.1 >250 19.9+05 <125 119405 >31.25 23.8+£1.8 13.3+2.8 >0.50 22.9+0.5
E097 17.3+25 <250 219405 <125 144416 <31.25 245+0.7 13.6+2.3 >0.50 246 £0.2
E100 16.8 £2.5 >250 19.3+1.1 >125 13.0+2.1 >31.25 25109 >625 13.8+0.7 >0.50 25.1+0.2 >650
E055 179429 <250 218432 <125 144437 <3125 265128 >625 13.3+25 >0.50 255+1.8 >650
E096 19.3£2.5 <250 225425 <125 141427 <31.25 265104 >625 144+09 >0.50 26.510.7 >650
E107 17.9£2.5 <250 19.8+25 <125 119427 >31.25 259104 13.6+0.9 >0.50 24.9 0.7
0157:h7 151427 >250 18.0+£0.0 >125 128+0.9 >31.25 224 +£19 8.8+1.6 23.0+0.2
0125sc:h6 15.0£0.0 >250 18.8+1.4 >125 133104 <31.25 22.3+1.1 10.4£0.9 22.510.0
Cft073 13.8£1.1 >250 185+1.4 >125 12.0+1.4 >31.25 224 £1.2 9.9+0.2 22.0+0.7
F2348 15.0£0.0 >250 17.6+09 >125 129405 >31.25 22.3+£1.8 10.8+1.4 23.31£0.4

!Blank indicates that the breakpoint value cannot be provided, since the precise MIC was not determined in chemically simulated wound fluid due to metal
precipitation
2 These values are included in the first row of the table
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Table S3.3 Pseudomonas aeruginosa zones of growth inhibition (mm) and the corresponding breakpoint value! in the presence of the
given metal, which were determined using the MIC of the indicator strain? P. aeruginosa ATCC 27853 as previously determined by
Gugala et al [1].

Break- Break- Break- Break- Break- Break
Isolate Aluminum Cgilzte Copper 52:3; Gallium 52:3; Nickel 52:3; Silver 52: S; Zinc 5;:3;
(mM) (mM) (mM) (mM) (mM) (mM)
'26\;;;3 15.0 0.8 1.95 16.5+1.3 6.25 12.7 1.7 >15.63 21.9+16 >625 13.2+3.2 >0.50 159415 >375
Mm 080p03 | 15.6 +0.9 <1.95 155+14 >6.25 18.1+0.9 <15.63 26.6+1.6 17.3+25 228432
Dk 122b07 20.1£0.2 <1.95 19.9+05 <6.25 151416 <15.63 33.1£2.7 18.0+1.4 19.8 +3.2
Ks 6999 16.3+1.1 <1.95 106 £1.9 >6.25 20.1+2.3 <15.63 28.3+1.8 14.8 +0.4 149405 >375
Ls 13901 16.8 +0.4 <1.95 18.1+0.5 <6.25 125+1.4 >15.63 28.4+0.2 19.5+0.7 19.9+1.9
Kr 080603 189+£05 <1.95 22.1+1.2 <6.25 26.3+1.8 <15.63 27.6+2.3 16.8 +0.4 28.5+2.1
Ar 091006 175414 1.95 19.140.9 <6.25 17.3+1.1 <15.63 28.4+£0.5 20.0+2.1 18.0 £0.0
Ss 1708 15.8+1.1 <1.95 128+1.8 >6.25 16.6 +0.5 <15.63 23.3+1.1 14.0+1.4 19.0+1.4
Cds 17.5+0.7 <1.95 19.5+0.7 <6.25 16.0£0.7 <15.63 29.0 £0.0 15.0 +2.8 21.0+2.1
Tb 16199 18.3+0.4 <1.95 19.8+0.4 <6.25 21.0+£35 <15.63 31.9+0.2 19.5+0.7 22.0+3.5
Pa01 15.8 +0 <1.95 15.3+0.4 >6.25 15.3+1.8 <15.63 28.8 £3.2 17.510.7 16.9 £0.9
Np 104491 15.8+1.1 <1.95 185+0.4 <6.25 175+40.0 <15.63 29.0£0.7 17.9+40.5 17.3+0.4
P62 18.0 £0.7 <1.95 17.3+09 <6.25 16.4+0.9 <15.63 27.3+1.1 12.5+0.7 >0.50 20.0 +2.3
P6077 17.0+1.3 <1.95 18.3+2.0 <6.25 13.143.0 <15.63 23.0+25 144 +1.3 17.310.4
Pcf5 16.8 3.1 <1.95 20.3+1.1 <6.25 242 +2.7 <15.63 29.8+3.8 13.1+2.1 >0.50 27.9+0.8
Pmsh3 16.2 +0.3 <1.95 15.2+0.8 >6.25 12.2+2.7 >15.63 245+1.0 14.1+0.4 16.4 +0.8
Pcf39s 17.7 £0.8 <1.95 19.9+0.9 <125 1591423 <15.63 27.2+1.4 143+1.1 19.7+2.4
Px13273 17.3+2.0 <1.95 16.7+1.9 <125 139+1.3 <15.63 23.3+1.2 13.6 0.8 17.7+15
Pe2 16.7 £0.3 <1.95 17.8+0.3 <125 146 +0.9 <15.63 255+£1.0 12.0+1.0 >0.50 17.4+0.4
Im 11008 17.0 £0.0 <1.95 148104 >6.25 159+43.0 <15.63 24.5+0.0 15.3+1.8 18.3+0.4
LI14837 18.8 £0.4 <1.95 185+0.7 <125 146 £1.6 <15.63 26.3£3.2 14.0+1.1 18.0+1.4
TF-f7783 15.3+0.4 <1.95 16.0+1.4 <125 13.1+2.3 <15.63 23.8+2.5 14.3+0.4 20.0+2.8
Pt56593 15.3 0.3 <1.95 15.7+0.3 >6.25 13.2+1.0 <15.63 23.4+40.4 12.5+0.0 >0.50 17.8 £1.5
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Pt53616 15.8+1.2 <1.95 16.3+0.7 <125 13.8+1.9 <15.63 20.8 £0.7 11.8+2.0 >0.50 17.2+£1.8
Pcf127 18.8 £1.6 <1.95 19.0+25 <125 155+41.7 <15.63 27.1+1.7 13.7+0.8 18.6t1.4
Ps54868 16.3£1.4 <1.95 15.7+1.0 >6.25 146+2.3 <15.63 22.6+£3.9 12604 >0.50 16.1£1.8
Pjj629 16.8 0.4 <1.95 17.8+1.8 <125 143 +0.4 <15.63 27.9£1.9 13.3+1.1 20.5+0.7
Pu2504 16.0 £0.7 <1.95 19.1+16 <125 13.8+04 <15.63 23.6+2.3 13.0+2.1 >0.50 17.8+1.1

1Blank indicates that the breakpoint value cannot be provided, since the precise MIC was not determined in chemically simulated wound fluid due to metal
precipitation
2 These values are included in the first row of the table
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Table S3.4 Staphylococcus aureus zones of growth inhibition (mm) and the corresponding breakpoint value! in the presence of the
given metal, which were determined using the MIC of the indicator strain? S. aureus ATCC 25923 as previously observed by Gugala
etal [1].

Break- Break- Break- Break- Break- Break
Isolate Aluminum E’/Zilzte Copper 52: S; Gallium \F/)gli S; Nickel 52: S; Silver 52: S; Zinc 5;:3;

(mM) (mM) (mM) (mM) (mM) (mM)
ATCC 25923 | 10.9+1.5 >250 147407 125 9.8 +0.6 15.63 206109 >625 11.0+£0.9 >0.50 18.7 £0.8  23.44
MRSA362 12.9+2.7 149+12 <125 9.81+0.4 15.63 19.4+2.3 10.3+0.3 >0.50 215404 <23.44
MRSA94 12.940.2 185404 <125 10.3+0.4 <15.63 20.0 £2.1 11.0+0.7 >0.50 20.8+1.1 <23.44
MRSA147 11.6 0.2 144409 >125 9.8+0.4 15.63 21.3+1.1 >625 10.8+1.1 >0.50 206 +0.2 <23.44
MRSA148 10.3+1.1 >250 144402 >125 9.8+0.4 15.63 20.1+£2.7 9.6 £0.9 >0.50 20.3+0.4 <2344
MRSA166 11.8+25 151416 <125 9.3+0.0 >15.63 195414 10.1+09 >0.50 179405 >23.44
MSSA124 13.1+2.7 16.3+1.1 <125 10.1+1.2 <15.63 20.8+1.1 >625 11.3+0.7 21.0+0.0 <23.44
MSSA103 125414 18.3+1.1 <125 11.0 £0.7 <15.63 209409 >625 10.8+0.8 >0.50 19.0+0.0 <23.44
MSSA387 10.3+£1.1 >250 179419 <125 10.6 £0.5 <15.63 194412 10.3+1.8 >0.50 20.4+0.2 <23.44
MSRA145 12.0+2.8 165428 <125 14.0+2.8 <15.63 16.8 +2.8 12.0+14 18.3+0.4 >23.44
MRSA206 10.3+0.4 >250 159405 <125 9.9 +£0.2 <15.63 20.5+0.7 10.5+0.7 >0.50 20.0+0.0 <23.44
MES26 149 +1.6 21.34+04 <125 13.3+04 <15.63 209+09 >625 10.0+0.0 >0.50 295128 <23.44
MES242 14.5+0.0 16.3+1.1 <125 11.0+2.1 <15.63 224405 >625 9.8+1.1 >0.50 23.3+1.1 <2344
MES84 14.8 £+0.4 21.0+2.1 <125 125+1.8 <15.63 234409 >625 11.0+1.4 >0.50 239109 <23.44
MES172 14.6 £0.5 18.8+0.4 <125 12.1+£0.2 <15.63 243+1.1 >625 9.5+0.7 >0.50 243104 <2344
MES116 14.4+0.5 16.8+0.4 <125 8.940.2 >15.63 23.040.7 >625 109409 >0.50 23.0+0.7 <23.44
MRSA222 10.0 0.7 >250 16.3+1.8 <125 8.9 0.2 >15.63 20.4 £0.2 9.0£0.0 >0.50 22.8+0.4 <23.44
MRSA104 10.5 +0.7 >250 16.540.7 <125 9.5+0.0 >15.63 21.1+1.2 >625 9.8 0.7 >0.50 21.8+0.4 <23.44
MRSA164 15.0 0.7 16.1+0.2 <125 9.0 £0.0 >15.63 22.1+16 >625 10.1+1.2 >0.50 23.8+1.1 <2344
MER142 13.8£0.7 1854+0.2 <125 10.0 0.0 <15.63 23.0+1.6 >625 101412 >0.50 228+1.1 <2344
MSSA323 10.3+0.4 >250 16.6 0.5 <125 10.3+1.1 <15.63 19.0+0.4 10.1+0.9 >0.50 20.8+1.1 <2344
MES92 145 +0.0 244416 <125 11.3+11 <15.63 22.3+04 >625 12.8+0.4 255+0.7 <23.44
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MSSA102T
MES104K
MES103
MES101T
MER257
MER117
MER118
MER204
MER212
MER108
MER237
MER22
MRSA204
MER155

10.0 £0.0
13.3+1.8
14.3 £2.5
16.3£0.4
11.8+3.2
14.0 £0.7
14.6 £0.2
10.3+0.4
143 £0.4
145 +0.0
15.6 £0.2
15.8£0.4
10.8 £0.0
16.5+0.0

>250

>250

>250

17.4£1.2
18.0 £0.7
16.0 0.0
18.0+0.7
20.0£7.1
23.813.2
17.3£1.8
15.0+0.7
17.3£0.4
16.8 0.4
215+2.1
243104
15.8 2.1
240+2.1

<12.5
<125
<125
<125
<125
<125
<125
<12.5
<125
<12.5
<12.5
<125
<12.5

10.4 £0.2
9.0+0.0
9.0 +£0.0
9.0+0.0
11.3+25
10.9£0.2
10.8 £1.8
9.3+0.4
9.3+0.4
8.5+0.0
13.5+0.7
14.8£1.8
10.0 0.0
15.0+2.1

<15.63
>15.63
>15.63
>15.63
<15.63
<15.63
<15.63
>15.63
>15.63
>15.63
<15.63
<15.63
<15.63
<15.63

20.0£0.0
21.3+0.4
19.5 0.7
23.1+0.5
20.8 £3.2
235114
20.0£0.0
20.0£0.7
23.0+0.0
21.6+0.2
23.0£0.7
23.310.4
21.8+0.4
23.8+0.4

>625

>625

>625

>625
>625
>625
>625
>625

9.5+0.7
9.8+1.1
10.3£0.4
10.6 £0.2
9.5+0.0
11.0£21
10.4 £0.5
9.5+0.0
10.0 £0.0
9.6 +0.2
10.3+0.4
10.8 0.4
10.6 £0.4
11.3+04

>0.50
>0.50

>0.50

>0.50

21.1+05
25.0£0.0
24.8 0.4
23.0+0.0
240+2.1
24.0 £0.7
19.0 £0.7
20.3£1.8
25.0 0.7
20.0 0.0
24.0£0.0
26.8+0.4
19311
248 +£1.8

<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44
<23.44

!Blank indicates that the breakpoint value cannot be provided, since the precise MIC was not determined in chemically simulated wound fluid due to metal
precipitation
2 These values are included in the first row of the table
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4.1 Abstract

It is essential to understand the mechanisms by which a toxicant is capable of poisoning the
bacterial cell. The mechanism of action of many biocides and toxins, including numerous
ubiquitous compounds, is not fully understood. For example, despite the widespread clinical and
commercial use of silver (Ag), the mechanisms describing how this metal poisons bacterial cells
remains incomplete. To advance our understanding surrounding the antimicrobial action of Ag,
we performed a chemical genetic screen of a mutant library of Escherichia coli — the Keio
collection, in order to identify Ag sensitive or resistant deletion strains. Indeed, our findings
corroborate many previously established mechanisms that describe the antibacterial effects of Ag,
such as the disruption of iron-sulfur cluster containing proteins and certain cellular redox enzymes.
However, the data presented here demonstrates that the activity of Ag within the bacterial cell is
more extensive, encompassing genes involved in cell wall maintenance, quinone metabolism and
sulfur assimilation. Altogether, this study provides further insight into the antimicrobial

mechanism of Ag and the physiological adaption of E. coli to this metal.
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4.2 Introduction

For centuries, metal compounds have been deployed as effective antimicrobial agents [278].
The use of silver (Ag) for antimicrobial purposes is a practice that dates back thousands of years
[347] and is still implemented for medical purposes in an effort to curtail the rise of antimicrobial
resistant pathogens [1],[19],[308],[344], a threat that has once again surfaced as a clinical
challenge [23],[24],[238],[348].

Applications of Ag-based antimicrobials include: wound dressings [75] and other textiles
[349], antiseptic formulations [97], nanoparticles [70], coatings [134], nanocomposites [91],
polymers [191], and part of antibiotic combination therapies [310]. Many of these approaches have
proven to be effective in controlling and eradicating pathogenic microorganisms.

Presently, research in this field focuses on finding new formulations and utilities for Ag-based
antimicrobials. Despite this, the identity of the cellular targets that are involved in Ag antimicrobial
activities are known to a far lesser degree [180]. This current knowledge gap hinders the potential
utility of Ag-based antimicrobials, and in turn the expansion of this metal as a therapeutic agent.

Previous studies examining the mechanisms of Ag resistance and toxicity have not
provided a complete understanding of the global cellular effects of Ag exposure on the bacterial
cell. Further, several studies fail to build upon preceding work and the literature is replete with
contradicting reports, in part due to non-standardized conditions of study. Furthermore, it has been
demonstrated that the speciation/oxidation state of Ag has substantial influence on toxicity, a factor
that is dependent on the source of Ag ions [19], growth conditions, and further complicated by the
organism (species and strain) of interest [1].

Proposed mechanisms of metal toxicity include the production and propagation of reactive

oxygen species through Fenton chemistry and antioxidant depletion, the disruption of iron-sulfur
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clusters, thiol coordination and the exchange of a catalytic/structural metal that leads to protein
dysfunction, interference with nutrient uptake, and genotoxicity [180]. Microorganisms are able
to withstand metal toxicity through several mechanisms such as reduced uptake, efflux,
extracellular and intracellular sequestration, repair, metabolic by-pass, and chemical modification
[242]. Whether these mechanisms are solely responsible for cell death or resistance has yet to be
determined. Still, what is understood is that metals demonstrate broad-spectrum activity and
decreased target specificity [180] when compared to conventional antimicrobials.

In this work, we hypothesized that Ag exerts its effects on multiple targets both directly
and indirectly, and thus various cellular systems may be altered by Ag exposure. To test this, we
performed a genotypic screening workflow of a mutant library composed of 3985 strains, each
containing a different inactivated non-essential gene in Escherichia coli. Using a comparable
genome-wide workflow [350] and by use of transcriptomic profiling [22], [23], similar approaches
have been implemented in order to study the mechanisms of action caused by Ag. Despite this,
genes conferring resistance to Ag when absent have been studied and compared to a far lesser
degree than those that result in sensitivity when absent. Further, many previous approaches aimed
at studying Ag toxicity and resistance have primarily examined the effects of Ag shock or rapid
pulses of exposure, followed by the evaluation of gene expression. Hence, as a means of
complementing existing work, we have identified a number of genes that are implicated in
prolonged Ag resistance and/or toxicity, and mapped their metabolic function to their respective

cellular system.
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4.3 Materials and Methods

4.3.1 Stock Ag solution
Silver nitrate (AgNO3z) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Stock
solutions of Ag were made at equivalent molarities of Ag in distilled and deionized (dd)H20 and

stored in glass vials for no longer than two weeks.

4.3.2 Determination of the minimal inhibitory concentration and controls
The minimal inhibitory concentration was determined using a known Ag sensitive strain

(cusB) and negative control strains (lacA and lacY). CusB is a part of the CusCFBA copper/silver
efflux system [353], therefore it was anticipated that the absence of this gene would confer toxicity,
denoted as a Ag sensitive hit. Further, LacA and LacY, are not expected to be involved in Ag
resistance or toxicity. The aforementioned strains, along with the parent strain [wild type (WT)]
were grown at 37°C on M9 minimal media and Noble agar (1%) in the presence or absence of Ag
at varying concentrations. The Ag concentration found to visibly decrease colony size in the cusB
mutant and demonstrate no changes in colony size in the lacA and lacY mutants was selected.
Furthermore, the latter mutants and the WT were grown in the presence of 100 uM ionic nitrate to
ensure growth was not impeded by the accompanying counter ion. The full chemical genetic screen

was challenged at time zero of inoculation in the presence of 100 uM AgNOs.

4.3.3 Screening

M9 minimal media Noble agar (1%) plates were prepared two days prior to use. Colony
arrays in 96-format were produced and processed using a BM3 robot (S&P Robotics Inc., Toronto,
ON, Canada). The strains were spotted using a 96-pin replicator, allowing for uniform application.
Cells were transferred from the arrayed microtiter plates using the replicator onto LB agar plates.

These plates were then grown overnight at 37°C. Once grown, the colonies were spotted using the
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replicator onto two sets — with and without 100 uM AgNO3s — of M9 minimal media Noble agar
plates, and subsequently grown overnight at 37°C. Images of both sets of plates were acquired
using the splmager (S&P Robotics Inc., Toronto, ON, Canada) and colony size, which is a measure
of fitness, was determined using integrated image processing software. For each 96-colony array,
four technical trials per strain were combined onto a single plate in 384-colony array format and

three biological trials were performed. Therefore, each strain was tested a total of 12 times.

4.3.4 Normalization

Experimental factors such as incubation time and temperature, local nutrient availability,
colony location, gradients in the growth medium and neighboring mutant fitness were all
considered as independent variables that could contribute to systematic variation, and subsequently
affect colony size. As a result, the colonies were normalized and scored using Synthetic Genetic
Array Tools 1.0 (SGATools) [354]. Firstly, all of the plates were normalized to establish identical
median colony size working on the assumption that most colonies exhibited WT fitness. Next, to
ensure the colonies were directly comparable, colonies were rescaled, a factor that is primarily
important for colonies close to the edge of the plate. Further, spatial smoothing accounted for
partialities in each plate owing to inconsistencies, such as the thickness of the agar. Very large
colonies, likely an indication of contamination among other factors, and those that were different
from the corresponding technical replicates were removed. Lastly, colonies that were larger than
anticipated and located next to colonies that were found to be smaller than anticipated were marked
as potential false-positive hits.

Following this normalization, the colonies were scored. Here, paired evaluation was
completed by comparing the colony size (in the presence of Ag) to a matched control (in the

absence of Ag). Fitness values were established, and the subsequent scores represented deviation
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from the fitness of the WT strain. Once normalized and scored, colonies displaying a reduction in
size were indicative of a Ag sensitive hit and those displaying an increase in colony size qualified
as a Ag resistant hit. Finally, the p-value was calculated as a two-tailed t-test and significance was
determined using the Benjamini-Hochberg procedure, as a means of lowering the false discovery

rate, which was selected to be 0.1.

4.3.5 Data mining and analyses

Subsequent analyses were conducted using Pathway Tools Omics Dashboard, which
surveys against the EcoCyc database [355]. This allowed for clustering of the hits into systems,
subsystems, component subsystems, and lastly, into individual objects. It is important to note that
genes can be found in multiple systems since many are involved in a number of cellular processes.

Further, in order to identify biological processes most prominent under Ag challenge,
enrichment analyses were conducted for the Ag resistant and Ag sensitive hits. To analyze the
gene list, the DAVID bioinformatics resource was utilized [356],[357]. Lastly, as a means of
exposing the direct (physical) and indirect (functional) protein-protein connectivity between the
gene hits, the STRING database [358] was used. Interactive node maps, based on experimental,
co-expression and gene fusion studies were generated based on genes defined in our chemical

genetics screen.

4.4 Results and Discussion

4.4.1 Genome-wide screen of Ag resistant and Ag sensitive hits
The chemical genetic screen completed in this work provided a method for genome-wide
probing of non-essential genes involved in Ag sensitivity or resistance in E. coli. A total of 3810

non-essential genes were screened for growth in the presence of 100 uM AgNOs (Appendix B).
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3073 mutants displayed little change in colony size in the presence of Ag with a normalized fitness
score between £0.1 (Figure 4.1). The statistical colony size cut-off that indicated a significant
difference in fitness was selected to be +0.15, or two standard deviations from the mean. This
resulted in 225 gene hits, which represents approximately 5% of the open reading frames in the E.
coli genome. The remaining gene hits were not regarded as significant hits in this work based
solely on the cut-offs selected. In general, the normalization was performed on the assumption that
Ag does not specifically interact with the deleted gene but rather impedes growth due to
environmental stress. In short, those displaying hits between the cut off values were assumed to

have non-specific or neutral interactions with Ag.
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Figure 4.1 Synthetic Array Tools (version 1.0) was used to normalize and score the Ag resistant
and sensitive gene hits as a means of representing the growth differences in Escherichia coli K12
BW25113 in the presence of 100 uM AgNOs. Only those with a score greater or less than +0.15,
respectively, were selected for further analysis. Hits between +£0.15 were regarded as having
neutral or non-specific interactions with Ag. The p-value was a two-tailed t-test and significance
was determined using the Benjamini-Hochberg procedure; false discovery rate was selected to be
0.1. Each individual score represents the mean of 12 trials.
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It is important to note that when reflecting on the data generated from our chemical genetic
screen, it is the absence of the gene that imparts the Ag resistant or sensitive phenotype. Upon Ag
exposure, an increase in colony size (>0.15) is suggestive of a Ag resistant hit and therefore the
presence of this gene is proposed to confer toxicity. On the contrary, a decrease in colony size (<-
0.15) was designated to be a Ag sensitive hit, therefore the presence of this gene is proposed to
confer resistance. In total, the deletion of 106 and 119 genes resulted in Ag resistance and
sensitivity, respectively (Table 4.1 and Table 4.2). These gene hits were mapped to their
corresponding cellular systems using EcoCyc (Figure 4.2 and Figure S4.1 — Figure S4.3). In
short, genes were found in multiple cellular systems, validating our hypothesis that Ag cytotoxicity
and the corresponding physiological responses of E. coli involve a number of cellular mechanisms.
Table 4.1 Ag resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits, each with a score >0.15 and a false discovery rate of 0.1%2,

Central Dogma Transcription alaS crp dicC gadE

gcvR lysR ogrK putA
yciT yhjB vyiif yjiR

Translation alaS ettA
DNA Metabolism cffC dam recT
RNA Metabolism rluF alaS gluQ trmL

crp dicC gadE gcvR
lysR ogrK putA yciT
yhjB vyiif yjiR yjtD

Protein Metabolism arge envZ lipB sdhE
IdcA pepB prc
rhsB rzpD

Cell Exterior Transport malE nhaB exbB btuB

dppF gIlcA ompG IptB
mngA vyejF

Cell wall biogenesis/organization idcA

Lipopolysaccharide Metabolism wcal

Pilus yrak

Flagellum fliL fliR

Outer membrane bbtuB csgF nlpE ompA
ompG rhsB
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Biosynthesis

Degradation

Other pathways

Energy

Cellular process

Plasma membrane

Periplasm
Amino acid biosynthesis

Nucleotide biosynthesis

Amine biosynthesis

Carbohydrate biosynthesis
Secondary metabolite biosynthesis
Cofactor biosynthesis

Other

Amino acid degradation

Carbohydrate degradation

Secondary metabolite degradation
Polymer degradation

Inorganic nutrient metabolism
Detoxification
Activation/inactivation/interconversion
Other

TCA cycle
Fermentation
Aerobic respiration
Other

Cell cycle/Division
Cell death

Genetic transfer
Biofilm formation
Adhesion
Locomotion

Viral response
Bacterial response
Host interaction

Response to stimulus Heat
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agaD cyoC cysQ damX
dppF envZ ettA exbB
fliL fliR glcA IptB
malE mngA nhaB ppx
prc putA yaiP yccF
yejF ygdD yifK

yojl  yafA

malE nlpE prc

arge cysk serC proC
serA serC metL

trpB trpD

dcd pyrF

gss

mdh

fldB

bioC bioF nudB lipB
nadA nadB nadC gss
thiS serC

aroC metL argE alaS
astA cysK gadA putA
galM yigL gIcE

idcA

idcA

cysC cysD cysH cysl
gadA sodA

cysC cysD

ahpF bglB cysQ dam
gluQ pepB ppx prc
purU rluF trmL

yfaU yjhG
mdh

mdh

cyoC putA
bioC bioF mdh
dam damX dicC
ldcA

ompA ygcO
csgF

yraK

fliL malE rzpD
ompA rzpD
rzpD

ompA rzpD
sodA



DNA damage dam malE ompA recT

yaiP yciT
pH SodA
Oxidant detoxification SodA
Other ahpF btuB crp cysC

cysD cysH cysl dcd
dppF envZ exbB fliL
nhaB prc putA recT
rzpD ybaM yejF
yigL yojl
L Each individual score represents the mean of 12 trials — three biological and four technical.
2 Two-tailed t-test and significance was determined using the Benjamini-Hochberg procedure
3 Gene hits can be mapped to more than one system and subsystem.

Table 4.2 Ag sensitive hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits, each with a score <-0.15 and a false discovery rate of 0.1,

Central Dogma Transcription arcB exuR fis galR
ginL higB hupB rapA
rfaH sspA rhoL

ybeY yfjR
Translation higB prfC rhaH rpll
tufB ybeY
DNA Metabolism fis hsdS hofM
ruvA mutL
RNA Metabolism arcB exuR fis galR

ginL higB hupB rapA
rfah rhoL rsmE rraB
SSpA ybeY vyfjR ygfZ
Protein Metabolism arcB ginL higB hybD
iadA mobA pflA prfC
pqgL rfaH rpll tufB
ybeY ygeY yicR
Cell Exterior Transport chbB clcA cusB cysA
cysP dtpB fepA feoB
tdcC tolC trkH

tyrP yiaN
Cell wall biogenesis/organization amiB rfe
Lipopolysaccharide metabolism kdsD rfaD rfe waaG
Pilus yfcQ
Flagellum flgH
Outer membrane fepA flgH Ipp tolC
yraP
Plasma membrane arcB atpB atpE atpF
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Biosynthesis

Degradation

Other pathways

Energy

Cellular processes

Response to
Stimulus

Periplasm

Cell wall components

Amino acid biosynthesis
Nucleotide biosynthesis

Fatty acid and lipid biosynthesis
Carbohydrate biosynthesis
Cofactor biosynthesis

Other

Amino acid degradation
Nucleotide degradation

Amine degradation
Carbohydrate degradation
Secondary metabolite degradation
Aromatic degradation

Other

Glycolysis

Pentose phosphate pathway
Fermentation

ATP synthesis

Cell cycle and division
Cell death

Genetic transfer
Biofilm formation
Adhesion

Locomotion

Viral Response
Starvation

Heat

DNA damage

Osmotic stress
pH
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bcsF clcA clcB  cstA
cysA dtpB feoB glInL
glvB hokD hycB ppdB
rfe sanA tdcC tolC
trkH tufB tyrP ydcV
ydjZ ygeY vygiZ yhaH
yhjD vyiaB yiaN yibN
yiiG yqiJ

amiB cusB cysP hmp
Ipp sanA tolC yfdX
yjfY yraP ytfJ

rfe

hisA ilvG lysC

add

fabF wag clsB

yggF rfaD kdsD
mobA ubiE gshB
aroL lysC

ilvG pfiB

add

caiC

yidA ulaG

IsrF

hcaD mhpC

amiB higB hmp hsdS
iadA mutL nfsB nudF
pflA qorB rsmE ruvA
yogF

rpiA

hycB pflB

atpB atpE atpF
amiB minC

hokD

ydcV

yfiR

yfeQ

flgH

fis

cstA sanA sspA

nudf ybeY yobF

add feoB hisA mutL
pflA ruvA ybiX

yiaB yqiJ

flgH

clcA



Detoxification cusB
Other arcB cstA dtpB fis
ginL hcaD hmp hsdS
mhpC sanA sspA tolC
tufB yfdS yggX
L Each individual score represents the mean of 12 trials — three biological and four technical.
2 Two-tailed t-test and significance was determined using the Benjamini-Hochberg procedure
3 Gene hits can be mapped to more than one system and subsystem.
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Figure 4.2 Ag resistant and sensitive gene hits mapped to component cellular processes. The cut-
off fitness score implemented was -0.15 and 0.15 (two standard deviations from the mean) and
gene hits with a score less or greater than, respectively, were chosen for further analyses. The
hits were mined using the Omics Dashboard (Pathway Tools), which surveys against the EcoCyc
Database. Several gene hits are mapped to more than one subsystem. The p-value was calculated
as a two-tailed t-test and significance was determined using the Benjamini-Hochberg procedure;
false discovery rate was selected to be 0.1. Each individual score represents the mean of 12 trials.

Comparable numbers of Ag resistant and sensitive hits were mapped in the systems
‘Response to stimulus’ — starvation, heat, cold, DNA damage, pH, detoxification, osmotic stress,
and other, ‘Cellular processes’ — cell cycle and division, cell death, genetic transfer, biofilm
formation, quorum sensing, adhesion, locomotion, viral response, response to bacterium, host

interactions with host, other pathogenesis proteins, and ‘Degradation’ — amino acids, nucleotide,

amine, carbohydrate/carboxylate, secondary metabolite, alcohol, polymer and aromatic, the cell
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exterior, and regulation. A greater number of Ag resistant than sensitive hits were mapped to the
processes  ‘Biosynthesis’ — amino acids, nucleotides, fatty acid/lipid amines,
carbohydrate/carboxylates, cofactors, secondary metabolites, and other pathways and ‘Other
pathways’ — detoxification, inorganic nutrient metabolism, macromolecule modification,
activation/inactivation/interconversion and other enzymes (See Chapter 4 Supplementary, Table
S4.1 for complete list of each comprising subsystem).

In total, 49 and 73 resistant and sensitive hits, respectively, were found to be a part of the
‘Cell exterior’ — transport, cell wall biogenesis and organization, lipopolysaccharide metabolism,
pilus, flagellar, outer and inner membrane, periplasm, and cell wall components. Compared to the
latter cellular processes, non-essential genes comprising ‘Energy’ processes — including
glycolysis, the pentose phosphate pathway, the TCA cycle, fermentation, and aerobic and
anaerobic respiration were found to be involved in Ag toxicity or resistance the least, by more than
seven-fold when compared to genes mapped to the ‘Cell exterior’.

Based on the fold enrichment, metal binding proteins were affected to the same degree in
both Ag resistant and sensitive groups, displaying an enrichment score <5 (Figure 4.3). However,
when examining proteins involved with specific metals in more detail, such as zinc and
magnesium, fold enrichment values were >5, but only for the Ag sensitive hits (Figure 4.3).
Cellular and anaerobic respiration were represented by the Ag sensitive hits only, while processes
involved in amino acid biosynthesis were heavily enriched for by the Ag resistant hits. A number
of hits were found to be involved with the cell membrane using EcoCyc’s system of classification,
but this was not detected in the fold enrichment analysis. Here, cell membrane proteins were
affected three-fold less than the most highly represented clusters, which were amino acid

biosynthesis and phosphoproteins for the Ag resistant and sensitive hits, respectively (Figure 4.3).
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Figure 4.3 Functional enrichment among the Ag resistant and sensitive gene hits. The DAVID
gene functional classification (version 6.8) database, a false discovery rate of 0.1 and a score cut-
off of -0.15 and 0.15 (two standard deviations from the mean) were used to measure the
magnitude of enrichment against the genome of Escherichia coli. Processes with a p-value
<0.05, fold enrichment value >3 and gene hits >3 are included only. Each individual score
represents the mean of 12 trials.

4.4.2 Ag resistant gene hits
4.4.2.1 Regulators of gene expression

When examining processes of the ‘Central dogma’ — systems involved in replication, and
transcription to translation — in more detail, each subsystem had a mean score between 0.211 and

0.294 (Figure S4.1 a). Despite this consistency, transcription and RNA metabolism contained the
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greatest number of Ag resistant hits, 12 and 16, respectively. The protein EttA — energy-dependent
translational throttle protein [359], can be found within the subsystems translation and protein
metabolism. EttA is sensitive to the energy state of the cell. This protein represses translational
elongation in response to high ADP/ATP, stimulating dipeptide bond synthesis in the presence of
ATP (cell high energy state) and vice versa. As a result, EttA may inhibit translation in Ag treated
cells due to the occurrence of high ADP/ATP ratios. The absence of EttA might allow for increased
translation of proteins, such as RecA [360] or CusB [353], which may result in Ag resistance.
Furthermore, six proteins involved in proteolysis were found to confer resistance when absent,
such as Prc. This enzyme is a periplasmic protease, which processes and degrades specific proteins,
that has been found to provide resistance against a number of small hydrophilic antibiotics and
cause the leakage of periplasmic proteins when absent [361]. Antibiotic resistant mechanisms have
been compared to those of metal ions, drawing on similarities such as substrate modification or
sequestration. The leakage of the periplasmic proteins in prc mutants may result in Ag
sequestration, thereby causing metal resistance.
4.4.2.2 Cell membrane proteins

It has been demonstrated that Ag may exert toxicity and potentially impede growth by
acting on the cell membrane [71],[186]. In this study, 49 coding genes that resulted in Ag resistance
when absent were determined to be a part of the ‘Cell exterior’, which includes proteins of the cell
membrane, periplasm and extracellular structures (Figure 4.2 and Figure S4.1 b). Of these, 25
genes coded for plasma membrane proteins and while Ag has been observed to enter bacterial cells
[352], the exact mechanism of import has yet to be determined. Loss of the porin genes ompC and
ompF has been observed to confer resistance to Ag [111]. While these two genes were not detected

within our cut-offs, we did recover two additional porin genes (ompA and ompG) as conferring Ag
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resistance when deleted. Relative to this, it has been demonstrated that a mechanism of entry for
zinc into the cell is co-transport with low molecular weight metabolites via transport proteins found
within the membrane [362]. Further, ExbB, a Ag resistant hit with a score of 0.241, is part of the
energy transducing Ton system that transports iron-siderophore complexes and vitamin B12 across
the outer membrane [363]. Collectively, these findings provide insight into possible mechanisms
of Ag import, such as entry through porins, co-transport with metabolites or the replacement of
Ag with other ions predetermined for import. The enrichment analysis offered further evidence for
this hypothesis, as a number of ion transport proteins and proteins pertaining to the cell membrane
were involved in Ag resistance when absent (Figure 4.3). Furthermore, MngA, a permease that
simultaneously phosphorylates 2-O-a-mannosyl-D-glycerate in a process called group
translocation, contains two putative phosphorylation sites His®” and Cys'% [364]. Thiols are
regarded as soft bases, and according to the hard-soft acid base theory, which is key to the
reactivity and coordination of metals [365], cysteine, and to a lesser degree methionine and
imidazole, chemically interact with Ag(l) with high affinity. Therefore, proteins with key structural

or catalytic thiols/imidazoles are possible Ag interacting sites.

4.4.2.3 Biosynthetic enzymes

Eight hits were found to be involved in the biosynthesis of amino acids and ten hits were
found to be involved in cofactor/prosthetic group/electron carries catabolism (Figure S4.1 c).
When examining the functional enrichment analysis, serine, glycine, threonine, arginine and
proline biosynthetic processes were highly enriched, on average 3-fold more than the remaining
cellular processes (Figure 4.3). The third step in the synthesis of NAD* from L-aspartate occurs
via the enzyme NadC — quinolinate phosphoribosyltransferase[366] and based on our data the

absence of this protein confers resistance in E. coli. In fact, the genes coding for the first and
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second steps of de novo NAD* synthesis, NadB — L-aspartate oxidase and NadA — quinolinate
synthase, respectively, were also found to be Ag resistant hits. NadA contains a [4Fe-4S] cluster
that is required for activity [367]. Soft metals have the capacity to inactivate dehydratases in vitro
via iron-sulfur cluster degradation, possibly leading to the bridging of the sulfur atoms [196]. As
a result, proteins with iron-sulfur centers are of possible interest when examining the interactions
of Ag with cellular biomolecules. Furthermore, it has been demonstrated that H202 formation is
diminished via the addition of precursors involved in the synthesis of NAD* [368]. The absence
of one gene involved in NAD* biosynthesis may result in metabolite accumulation, since there is
no evidence of negative precursor feedback inhibition. Therefore, there is a possibility that the
deletion of nadA, nadB or nadC may confer resistance if H20z2 is generated in the presence of Ag.

Using the STRING database, several points of interaction were revealed. Amongst the Ag
resistant hits, the latter genes involved in de novo NAD* production were connected to proteins a

part of amino acid biosynthesis, including trpB, aroC, and metL (Figure 4.4)
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Figure 4.4 Connectivity map displaying the predicted functional associations between the silver-
resistant gene hits; disconnected gene hits not shown. The thicknesses of the lines indicate the
degree of confidence prediction for the given interaction, based on fusion, co-occurrence,
experimental and co-expression data. Figure produced using STRING (version 10.5) and a
medium confidence score of 0.4.

4.4.2.4 Catabolic enzymes
Genes encoding enzymes functioning in the catabolism of metabolites, such as amino

acids, fatty acids, carbohydrates and polymers, were underrepresented compared to anabolism
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(Figure 4.2 and Figure S4.1 d). In fact, in the functional enrichment analysis, degradation
processes were not represented within the cut-offs selected (Figure 4.3). The gene idcA — L, D-
carboxypeptidase, a component of secondary metabolite and polymer degradation, had an elevated
score of 0.311. IdcA is essential for murein turnover [369]. Murein processing is an important
energy-conserving activity that transports cell wall components from the exterior of the cell to the
cytoplasm [370]. Evidence has demonstrated that during logarithmic growth, the idcA mutant
strain displays a decrease in the overall cross-linkage of murein, causing a reduction in turnover
and the abundance of murein transported into the cell. In turn, this may result in the transport of
fewer Ag ions which may have bound to the cell wall into the cell, thereby, prompting increased
resistance in the idcA mutant strain. Metal nanoparticles have been proposed to target the outer
membrane regions of bacteria due to strong electrostatic interactions and coordination of the metal
with the LPS or similar cell wall structures [371]. The particles are proposed to release ionic Ag,
likely triggering toxicity through membrane damage and facilitating the entry of excess Ag ions.
4.4.2.5 Sulfur metabolism proteins

Within the subsystem inorganic nutrient metabolism, a part of ‘Other pathways’, which
also includes processes such as macromolecule modification and
activation/inactivation/interconversion, one pathway was found to be affected by Ag exposure —
sulfur metabolism. CysH — phosphor-adenylsulfate reductase is involved in assimilatory sulfate
reduction by catalyzing the reduction of 3’-phospho-adenylylsulfate to sulfite and adenosine 3°,5-
biphospahte (PAP). This protein contains highly conserved cysteine residues that become oxidized
to form a disulfide bond [372] — possible targets based on the affinity of Ag for sulfur. Moreover,
the cysC, cysD and cysl genes, also involved in the pathway sulfate reduction I (assimilatory) via

phosphorylation, adenylation and reduction, respectively, were also Ag resistant hits. These sulfate
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assimilatory proteins are linked to the Ag resistant hit CysQ, which is involved in the recycling of
PAP and has been experimentally determined to be the main target of lithium toxicity [373]
(Figure 4.4). The protein Cysl, contains a siroheme and one [4Fe-4S] cluster per polypeptide chain
[374]. Comparably, it has been demonstrated that the exposure of Ag nanoparticles upregulates
the expression of several genes involved in iron and sulfate homeostasis [351], including those
aforementioned. A decrease in the activity of this pathway reduces the amount of hydrogen sulfide
required for processes such as L-cysteine biosynthesis, and since Ag interacts with sulfur
compounds well, such as hydrogen sulfide — the final product of sulfate reduction | — fewer Ag
targets may be available when genes of this pathway are deleted. CysH had the highest score of
0.360 out of all four sulfur assimilatory genes, and since this protein interacts with thioredoxin,
the absence of CysH may free reduced thioredoxin, thus providing elevated resistance in presence

of reactive oxygen species that may arise under Ag stress.

4.4.2.6 Biofilm formation

In total 19 genes in the ‘Cellular processes’ system, which includes subsystems such as —
genetic transfer, quorum sensing, adhesion and locomotion, were found to confer resistance when
absent (Figure 4.2). Three hits were involved in cell cycle and division, and two were found to be
involved in biofilm formation, such as CsgF —an outer membrane protein that initiates curli subunit
polymerization, and therefore involved in the colonization of surfaces and biofilm formation [373].
In the absence of CsgF, less biofilm is formed, and according to our results, Ag resistance is
generated. Biofilms commonly provide resistance in the face of fluctuating or threatening
environments [375], however studies have shown that bacterial residence within a biofilm does
not always provide enhanced resistance against metals [1],[45],[307], an observation supported by

this work. An explanation for this may reside in the ability of biofilms to sequester Ag ions by
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attracting them to varying components of the extracellular polymeric matrix. While this may
provide resistance, it may also concentrate ions within a localized area, thereby causing greater
sensitivity. Similarly, Ag nanoparticles have shown to inhibit E. coli biofilm formation by
potentially targeting curli fibers [376], therefore the absence of curli fibers may promote Ag
resistance. Lastly, previous studies that have found that biofilm formation is a source of Ag
resistance [32] were completed under differing culture conditions, therefore direct comparisons
are challenging.
4.4.2.7 DNA damage and repair

The effect of Ag exposure on DNA damage and repair in E. coli has been inconsistent from
several studies involving gene deletion strains. Radzig et al. (2013) showed that several deletion
strains lacking in the ability to excise DNA bases were sensitive to Ag exposure, but not the ArecA
strain, which is involved in SOS repair [111]. In contrast, the ArecA deletion strain showed Ag
sensitivity in a previous study [377]. From our list of Ag resistant hits, six mutants were identified
within the DNA damage subsystem (Figure S4.1 h) including the Adam strain. Dam is
methyltransferase that functions in mismatch DNA repair in E. coli and may also play a role in
controlling oxidative damage. Based on this protein’s function, we expect that the deletion strain
of the gene would exhibit Ag sensitivity potentially due to a deficiency in DNA repair of oxidative
damage. However, the damiA strain exhibits an upregulation of RecA and constitutive SOS
activity which may be the nature of the Ag resistance exhibited in this mutant [111]. Moreover,
we also identified several other Ag resistant strains from our screens (purF, damX, dcd, ruvC and

ompA) that are also known to possess RecA-mediated constitutive SOS activity [377].
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4.4.3 Ag sensitive hits
4.4.3.1 Central dogma and cell exterior proteins

Within the ‘Central dogma’ 56 mutants resulted in Ag sensitivity (Figure S4.2 a). For
example, ruvA, a gene found to be involved in DNA repair, had a normalized score of -0.430 [378].
Direct DNA damage has not been attributed to Ag exposure, however in the presence of reactive
oxygen species potentially triggered by Ag exposure, the propagation of Fenton active iron may
cause DNA damage [180],[379].

In total 73 genes were mapped to the system ‘Cell exterior’. The gene ygiZ, which codes
for a putative inner membrane protein, had a score of -0.751, the lowest value of any protein in
this screen. A common resistance mechanism employed by microbes is the export of the challenge
from the periplasm or interior of the cell to the extracellular space [242]. The fold enrichment
analysis supported this finding — cell membrane proteins and those involved in the ion transport
were highly enriched (Figure 4.3). In total 13 transport proteins conferred Ag sensitivity when
absent, such as cusB, which encodes for a component of the copper/silver export system CusCFBA
in E. coli, and contains several methionine residues important for function [380]. In the absence of
this protein sensitivity is anticipated since the cell is unable to expel Ag ions. Another Ag sensitive
hit was Lpp, considered to be the most abundant protein in E. coli [379]. Cells lacking Lpp have
been found to be hypersensitive to toxic compounds [379], potentially because there is less protein
available to sequester the incoming threat. In addition, the protein TolC was a Ag resistant hit.
This protein is required for the function of a number of efflux systems including the AcrAB
multidrug efflux system, which is involved in the export of a number of toxic exogenous
compounds [381]. In contrast to efflux proteins, we identified the cysA and cysP genes — thiosulfate

and sulfate permeases — to be sensitive hits when absent. CysA and CysP function in the first step
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of cysteine biosynthesis, which may be important in Ag resistance since this metal may target

cysteine residues via thiol side chains [377].

4.4.3.2 Lipopolysaccharide biosynthetic genes

In total 18 Ag sensitive hits were mapped to ‘Biosynthesis processes’ (Figure S4.2 c).
Processes associated with lipopolysaccharide biosynthesis were highly represented in the
enrichment analysis (Figure 4.3). FabF, a key protein involved in fatty acid biosynthesis, and clsB
— cardiolipin synthase B were found to be Ag sensitive hits. If Ag targets the cellular membrane,
lipid biosynthesis/regeneration could serve as a mechanism of Ag resistance and consequently, Ag
toxicity would be increased if either of these processes were compromised via the deletion of these
candidate genes.

Processes of biomolecule degradation were affected to a lesser degree than biosynthesis
(Figure 4.2). Only nine hits were mapped to this system (Figure S4.2 d). In this screen, the mutant
hcaD had the second lowest score of -0.707. This protein is a predicted ferredoxin reductase

subunit that is involved in the degradation of aromatic acids as carbon sources.

4.4.3.3 Three Ag sensitive hits comprise the ATP synthase Fo complex

Seven hits were mapped to ‘Energy processes’ (Figure S4.2 f). Of these, three are
components of the ATP synthase Fo complex — AtpB, AtpE and AtpF. Ag has been suggested to
damage the respiratory chain of E. coli [382], thereby preventing the efficient pumping of protons
across the membrane. Small disruptions to the Fo complex may amplify this consequence and
render this biological process hypersensitive. If this mechanism is correct and the cytoplasmic
membrane becomes more permeable to protons, than the cell will attempt to compensate for this
increase in acidity via several mechanisms, one being the reversal of ATP synthase in order to

pump protons outward (if ATP is not limiting) and decrease cytoplasmic proton concentrations
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[383]. If the ATP synthase complex exhibits decreased activity due to disruptions in any of the
subunits, this resistant mechanism may be unable to function properly, resulting in greater Ag
sensitivity. Several nodes of interaction based on the STRING connectivity maps were made
evident within this cluster of proteins such as the association of atpF and atpB to gshB and several
putative membrane proteins, tufB — elongation factor Tu and ppgL — a putative zinc peptidase

(Figure 4.5).

Figure 4.5 Connectivity map displaying the predicted functional associations between the silver-
sensitive gene hits; disconnected gene hits not shown. The thicknesses of the lines indicate the
degree of confidence prediction for the given interaction, based on fusion, co-occurrence,
experimental and co-expression data. Figure produced using STRING (version 10.5) and a
medium confidence score of 0.4.

4.4.3.4 Oxidative stress response genes
Out of the 31 proteins mapped to ‘Response to Stimulus’, 24 were involved in mediating

DNA damage and other processes (Figure S4.2 h). The gene coding for glutathione synthetase —
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gshB was found to be a Ag sensitive hit. Strains overexpressing either GshA or GshB are more
resistant to oxidative damage, and this system has been shown to mediate metal resistance [384].
As a result, the deletion of either gene is anticipated to cause Ag sensitivity. Furthermore, the
putative Fe*? trafficking protein, YggX was found to have a score of -0.450. This protein is
proposed to play a role in preventing the oxidation of iron-sulfur clusters [385], a proposed
mechanism of Ag toxicity. The absence of this protective protein may result in sensitivity since it
can be found at elevated concentrations in vivo and it is involved in mediating oxidative damage
[386]. Further, the protein Hmp, a flavohemoglobin with nitric oxide dioxygenase activity [387]
had a score of -0.254. This protein has been shown to protect respiratory cytochromes in E. coli

[362], which is a possible mechanism of Ag toxicity [60], [66].

4.5 Conclusion

In this work, a chemical genetic screen of a mutant library was performed as a means of
drawing insight into the mechanisms of Ag toxicity and resistance in bacteria. In total, 3810 mutant
strains containing single deletions of non-essential genes in E. coli were screened, and subsequent
hits were bioinformatically evaluated in order to highlight processes and pathways that are affected
by Ag exposure. This systematic mutant screen involved a low but prolonged concentration of Ag
exposure on solid minimal media to avoid indirect secondary and acute responses, while also
attempting to directly target direct relevant genes. Here, resistant hits represented genes involved
in enhancing the cytotoxicity of Ag, while in contrast, sensitive hits represented genes functioning
in tolerance to Ag including physiological responses that mitigate toxicity.

In short, processes involved with the cell exterior and the central dogma were found to be
affected by Ag exposure to a greater extent than other processes analyzed. However, when further

examining the fold enrichment, the cell membrane and transport were involved in Ag exposure to
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a lesser degree. In fact, proteins involved in amino acid biosynthesis (Ag sensitivity),
phosphoproteins and metalloproteins (Ag resistance) were most densely represented as hits in this
work — trends that were supported by the protein-protein interaction networks.

Our work supports many previously proposed mechanisms of Ag toxicity — disruption of iron-
sulfur cluster containing proteins and certain cellular redox enzymes, and DNA damage; Ag
resistance — toxin export and sequestration. However, the data presented here also demonstrates
that the activity of Ag within the bacterial cell is more extensive than previously suggested,
involving genes a part of the cell wall structure, quinone metabolism, ATP synthesis and sulfur
reduction.

The use of Ag as an antimicrobial is a practice garnering considerable popularity, as the
introduction of Ag-based compounds, such as combination treatments, nanomaterials, and
formulations make way. In order to continue the development of this metal as a therapeutic agent,
it is imperative that we gather more understanding into the accompanying mechanisms of Ag
toxicity and resistance. This study provides a vast number of biomolecular mechanistic hypotheses

to the community investigating the mechanisms of action of Ag and other metals.

4.6 Chapter 4 Supplementary

Table S4.1 Systems and comprising subsystems cited in this study. The resistant and sensitive
hits were surveyed against the EcoCyc database permitting the clustering of the hits into systems,
subsystems and component subsystems??2,

Regulation Signalling, sigma factor regulon,
transcription factor, and transcription
factor regulons

Response to Stimulus Starvation, heat, cold, DNA damage,
pH, detoxification, osmotic stress, and
other

Cellular processes Cell cycle and division, cell death,

genetic transfer, biofilm formation,
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Energy

Other pathways

Degradation

Biosynthesis

Cell exterior

Central Dogma

quorum sensing, adhesion,
locomotion, viral response, response to
bacterium, host interactions with host,
other pathogenesis proteins
Glycolysis, the pentose phosphate
pathway, the TCA cycle, fermentation,
and aerobic and anaerobic respiration
Detoxification, inorganic nutrient
metabolism, macromolecule
modification,
activation/inactivation/interconversion,
and other enzymes

Amino acids, nucleotide, amine,
carbohydrate/carboxylate, secondary
metabolite, alcohol, polymer and
aromatic, the cell exterior, and
regulation

Amino acids, nucleotides, fatty
acid/lipid amines,
carbohydrate/carboxylates, cofactors,
secondary metabolites, and other
pathways

Transport, cell wall biogenesis and
organization, lipopolysaccharide
metabolism, pilus, flagellar, outer and
inner membrane, periplasm, and cell
wall components

Transcription, translation, DNA
metabolism, RNA metabolism, protein
metabolism and protein folding and
secretion
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Figure S4.1 Ag resistant gene hits plotted against respective cellular processes. Y -axis
representative of the normalized score, smaller circles represent the individual hits and the larger
circles represent the mean of each subsystem. The p-value was calculated as a two-tailed t-test
and significance was determined using the Benjamini-Hochberg procedure; false discovery rate
was selected to be 0.1. Each individual score represents the mean of 12 trials. (a) Central
Dogma; (b) Cell exterior; (c) Biosynthesis; (d) Degradation; (e) Other pathways; (f) Energy; (g)
Cellular processes; and (i) Response to stimulus. Plots constructed using Pathway Tools, Omics

Dashboard.
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Figure S4.2 Ag sensitive gene hits plotted against respective cellular processes. Y -axis
representative of the normalized score, smaller circles represent the individual hits and the larger
circles represent the mean of each subsystem. The p-value was a two-tailed t-test and
significance was determined using the Benjamini-Hochberg procedure; false discovery rate was
selected to be 0.1. Each individual score represents the mean of 12 trials. (a) Central Dogma; (b)
Cell exterior; (c) Biosynthesis; (d) Degradation; (e) Other pathways; (f) Energy; (g) Cellular
processes; and (i) Response to stimulus. Plots constructed using Pathway Tools, Omics

Dashboard.
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Figure S4.3 Resistant (a) and sensitive (b) gene scores plotted against subsystems involved in
cell regulation. The small circles represent the individual hits and the large circles represent the
mean of each subsystem. Each individual score signifies the mean of 12 trials — three biological
and four technical. The p-value was calculated as a two-tailed t-test and significance was
determined using the Benjamini-Hochberg procedure; false discovery rate was selected to be 0.1.
Plots constructed using Pathway Tools, Omics Dashboard.
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5.1 Abstract

The diagnostic and therapeutic agent gallium offers multiple clinical and commercial uses
including the treatment of cancer and the localization of tumors, among others. Further, this metal
has been proven to be an effective antimicrobial agent against a number of microbes. Despite the
latter, the fundamental mechanisms of gallium action have yet to be fully identified and
understood.

To further the development of this antimicrobial, it is imperative that we understand the
mechanisms by which gallium interacts with cells. Therefore, we screened the Escherichia coli
Keio mutant collection as a means of identifying genes that are implicated in prolonged gallium
toxicity or resistance and mapped their biological processes to their respective cellular system. We
discovered that the deletion of genes functioning in response to oxidative stress, repair of DNA or
iron-sulfur clusters, and nucleotide biosynthesis were sensitive to gallium, while Ga resistance was
comprised of genes involved in iron/siderophore import, amino acid biosynthesis and cell envelope
maintenance. Altogether, our explanations of these findings offer further insight into the

mechanisms of gallium toxicity and resistance in E. coli.
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5.2 Introduction

The therapeutic capabilities of gallium(l1l) (Ga) have been and continue to be exploited for
a number of clinical applications, which include: the treatment of cancer, autoimmune and
infectious diseases, for the localization of tumors, inflammation and infection sites, and the
reduction of accelerated bone resorption [388],[389]. At the nuclear level, certain characteristics
of this abiogenic metal permit essential metal mimicry, owing its similarities to iron (Fe). In
particular, the pharmacological characteristics of Ga are likely a result of its Fe(lll)-like
coordination chemistry and its ability to form stable six-coordinated complexes through ionic
bonding [390]. This metal is trivalent and a hard acid in solution, according to the hard-soft acid-
base theory [391], binding well with strong Lewis bases. As a result, Ga tends to form bonds with
oxygen predominantly forming Ga(OH)4 and other hydroxide species at pH 7.4 [392].
Despite Ga’s similarities to the essential metal Fe, these metals share two main differences; 1) Ga
cannot be reduced under biologically relevant reduction potentials, whereas Fe can be readily
changed to and from a reduced state, and ii) the concentration of unbound Fe(l1l) in solution is
extremely low, localized primarily as a neutral complex with organic compounds, whereas
Ga(OH)47, which is anionic, can exist at significant concentrations [393].

As an Fe(111) mimetic, Ga(lll) can incorporate itself into proteins and enzymes replacing

Fe and effectively halting several essential metabolic processes
[18],[103],[232],[234],[237],[276],[394],[395]. Since the bioavailability of Fe is scarce,
organisms, such as bacteria, have produced a variety of biomolecular chelating scavenging systems
including siderophores and Fe-chelating proteins. Cells rapidly multiplying are more susceptible
to Ga toxicity due to their high Fe demands [388]. As a result, this metal is both US FDA (Ganite®,

Genta, NJ, USA) approved for the treatment of cancer-associated hypercalcemia and has been
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tested as an antimicrobial agent against a variety of organisms including Mycobacterium
tuberculosis [396],[397], Pseudomonas aeruginosa [18],[102],[103], Staphylococcus aureus
[398], Rhodococcus equi [399], Acinetobacter baumannii [400] and Escherichia coli [1].

In general, proposed mechanisms of toxicity for metal-based antimicrobials include the
production and propagation of reactive oxygen species, the disruption of Fe-sulfur centers, thiol
coordination, the exchange of a catalytic or structural metal, which in turn may lead to protein
dysfunction, obstructed nutrient uptake, and genotoxicity [180]. The route by which Ga enters the
cells is unknown, although, it is predominantly assumed that this metal crosses the cytoplasmic
membrane by exploiting Fe-uptake routes, such as siderophores [233]. Several studies have
explored the use of Fe-chelators as ‘Trojan horses’ as a means of improving the delivery and
toxicity of this metal in bacterial cells [276]. Still, there is insufficient research demonstrating that
complexes of Ga and Fe-chelators/siderophores, such as Ga-citrate, increase the antibacterial
abilities of this metal mainly since the import of this metal is not suggested to be the limiting step
[233]. Furthermore, Ga exposure has been demonstrated to trigger the production of reactive
oxygen species (ROS) in vitro [394],[395]. Upon the cytoplasmic replacement of Fe with Ga, the
available Fe pool is thought to increase, in turn fostering Fenton chemistry [180].

Bacteria have developed mechanisms of resistance as a means of withstanding metal
toxicity. Some mechanisms include extracellular and intracellular sequestration, efflux, reduced
uptake, repair, metabolic by-pass and chemical modification [242]. Microbial resistant
mechanisms associated with Ga have been studied to a far lesser degree, nonetheless, studies have
shown that Ga is not as effective as postulated. For example, Ga resistance in P. aeruginosa and
Burkholderia cepacia has been identified, suggested to be the result of decreased Ga import and

the formation of bacterial biofilms [330],[401].
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Currently, research in this field is directed toward discovering novel utilities for this metal,
still, the expansion of Ga as a therapeutic antimicrobial has been delayed compared to other metal-
based antimicrobials, such as silver and copper. In short, it is essential that the mechanisms of Ga
action in microbes are explored to greater degree in order to further the development of this
antimicrobial agent.

In this work, we hypothesized that Ga exerts toxicity on multiple targets. Furthermore, we
believe that there are several mechanisms of resistance that are fundamental to an organism’s
adaptive response under sub-lethal concentrations of Ga. To evaluate this, we performed a
genotypic screening workflow of an E. coli mutant library composed of 3985 strains. Each strain
contains a different inactivated non-essential gene. Genome-wide toxin/stressor-challenge
workflows have been used to study silver [350],[352],[402],[403], copper [285],[286], cadmium
[404], cobalt [404] and zinc [405], however no such study has been implemented to examine the
effects of Ga. Therefore, as a means of complementing existing work, we have identified a number
of genes that may be involved in Ga toxicity or resistance and mapped their biological processes

to their respective cellular system in E. coli.

5.3 Materials and Methods

Methods and materials are as described in Chapter 4 (section 4.3). Unless otherwise stated

all materials were obtained from VWR International, Mississauga, Canada.

5.3.1 Escherichia coli strains
The Keio collection [406] consisting of 3985 single gene Escherichia coli BW25113
mutants (lacl® rrnBri4 AlacZwiie hsdR514 AaraBADan33 ArhaBADLpzs), was obtained from the

National BioResource Project E. coli (National Institute of Genetics, Shizuoka, Japan).
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5.3.2 Determination of the minimal inhibitory concentration and controls

The sublethal inhibitory concentration, a concentration below the minimal inhibitory
concentration that is found to visibly challenge selected mutants under prolonged metal exposure,
was determined using ArecA, AlacA and Alacy strains from the Keio collection. RecA is involved
in a number of processes, including homologues recombination and the induction of the SOS
response in reaction to DNA damage [407]. Evidence may suggest that Ga causes the formation
of reactive oxygen species (ROS) although the precise mechanism of production is unknown. As
a result, the absence of this gene was anticipated to confer the Ga sensitive phenotype, implied by
a decrease in colony formation, since it is thought to be involved in mitigating ROS stress. Further,
the protein products of lacA and lacY were not anticipated to be involved in Ga resistance or
toxicity, therefore mutant strains of these genes were used as negative controls. Strains ArecA,
AlacA and AlacY, and the WT were grown overnight at 37°C on M9 minimal media plates (6.8
g/L NazHPO4, 3.0 g/L KH2PO4, 1.0 g/L NH4Cl, 0.5 g/L NaCl, 4.0 mg/L glucose, 0.5 mg/L MgSO4
and 0.1 mg/L CaCl2) containing Noble agar (1.0%) in the presence and absence of Ga at varying
concentrations. The concentration of Ga that visibly decreased colony formation in the recA
mutant and produced no growth changes in the negative control strains was selected as the
sublethal inhibitory concentration. Furthermore, ArecA, AlacA and AlacY and the WT strain were
grown overnight in the presence of ionic nitrate at the equivalent molarity as the sublethal
inhibitory concentration to ensure growth was not influenced by the accompanying counter ion
(data not included). In order to identify Ga sensitive and resistant genes in this study, the Keio
collection was exposed to 100 uM Ga(NOs3)s (Ga). Gallium nitrate was obtained from Sigma
Aldrich, St. Louis, MO, USA. Stock solutions of Ga were prepared with deionized H20 and stored

in glass vials for no longer than two weeks.
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Similarly, ArecA, AlacA and AlacY and the WT strain were grown on M9 minimal media
plates in the presence of varying concentrations of hydroxyurea (HU), obtained from USBiological
Salmen, MA, USA, or sulfometuron methyl (SMM) obtained from Chem Service, West Chester,
PA, USA, dissolved in ddH20 and dimethyl sulfoxide, respectively. Select mutants from the Keio
collection were exposed to a final concentration of 5.0 mg/mL HU and 5.0 ug/mL SMM in the

presence and absence of 100 uM Ga.

5.3.3 Screening

M9 minimal media and Noble agar (1.0%) plates, with and without the addition of Ga,
were prepared two days prior to use. Here, Ga was added directly to the liquid agar and swirled
before solidification. Colony arrays in 96-format were produced and processed using a BM3 robot
and splmager (S&P Robotics Inc., Toronto, ON, Canada), respectively. Cells were transferred
from the arrayed microtiter plates using a 96-pin replicator onto LB media agar plates and grown
overnight at 37°C. Colonies were then transferred using the replicator onto two sets of M9 minimal
media Noble agar plates, with and without 100 uM Ga(NOs3)s. Plates were then grown overnight
at 37°C. All images were acquired using the splmager and colony size, a measure of Ga sensitivity
or resistance, was determined using integrated image processing software. Three biological trials
were conducted and each of these trials included four technical replicates originating from the 96-
colony array, which were combined and expanded onto a single plate in 384-colony array format;
n (trials) > 9. Strains presenting less than nine replicates were excluded (refer to section 4.3.4 for
more information).

Select mutants were exposed to HU or SMM at sublethal inhibitory concentrations.

Identical conditions were maintained to enable direct comparisons between mutants grown in the
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presence of Ga only, and those grown in the presence of Ga and either HU or SMM. Here HU or

SMM were added to the M9 minimal media plates directly before solidification.

5.3.4 Normalization

In this study, incubation time and temperature, nutrient availability, colony location, agar
plate imperfections, batch effects, and neighboring mutant fitness were considered independent
variables that could influence colony size and subsequently cause systematic variation. As a result,
the colonies were normalized and scored using Synthetic Genetic Array Tools 1.0 (SGATools)
[354],[408], a tool that associates mutant colony size with fitness, thereby enabling quantitative
comparisons. All the plates were normalized to establish average colony size, working on the
assumption that the majority of the colonies would exhibit WT fitness since the concentration of
Ga used in this study was below the minimal inhibitory concentration.

Mutant colony sizes in the presence (challenge) and absence (control) of Ga were
quantified, scored and compared as deviation from the expected fitness of the WT strain. This
assumes a multiplicative model and not an additive effect originating from the challenge. Once
scored, mutants displaying a reduction in colony size were indicative of a Ga sensitive hit and
those displaying an increase in colony size were recovered as Ga resistant hits. Finally, the p-value
was calculated as a two-tailed t-test and significance was determined using the Benjamini-
Hochberg procedure, as a method of lowering the false discovery rate, which was selected to be

10%.

5.3.5 Data mining and analyses
Data mining was performed using Pathway Tools Omics Dashboard, which surveys against

the EcoCyc database [355] and Uniport [409]. This allowed for the clustering of the Ga resistant
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and sensitive data sets into systems, subsystems and individual objects. Here, genes can be found
in multiple systems since many are involved in a number of cellular processes.

Enrichment analyses were performed using the DAVID Bioinformatics Resource 6.8 [356],[357].
Moreover, as a means of revealing the direct (physical) and indirect (functional) protein
interactions amongst the gene hits, the STRING database [358] was utilized. Node maps based on
experimental, co-expression and gene fusion studies were generated using the Ga resistant and

sensitive hits found in our screen.

5.4 Results and Discussion

5.4.1 Genome-wide screen of Ga resistant and sensitive hits

In this work, the chemical genetic screen provided a method for the identification of the
non-essential genes that may be involved in Ga resistance or sensitivity. A total of 3985 non-
essential genes were screened for growth in the presence of 100 uM Ga(NO3)s and from here, 3641
hits, in which n > 9, were used for subsequent statistical analyses (Figure 5.1 and Appendix D).
The statistical cut-off that suggested a significant difference in fitness when compared to the WT,
indicated by a change in colony size, was selected to be two standard deviations from the mean or
a normalized score of +0.162 and -0.154. This resulted in 107 gene hits, which represents
approximately 2.5% of the open reading frames in the E. coli K-12 genome. In general, the
normalization was performed with the assumption that hits presenting scores within two standard
deviations from the mean had non-specific or neutral interactions with Ga. Therefore, the

remaining hits were not regarded as significant based exclusively on the cut-offs selected.
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Figure 5.1 Synthetic Array Tools (version 1.0) was used to normalize and score the Ga resistant
and sensitive hits as a means of representing the growth differences in Escherichia coli K12
BW25113 in the presence of 100 uM Ga(NOs3)s. Each individual score represents the mean of 9-
12 trials.

In this work, the absence of the gene was inferred to give rise to the Ga resistant or sensitive
phenotype. A decrease in colony size (normalized score < -0.154) signified a Ga sensitive hit,
which implied that the presence of this gene increased Ga resistance. Here, 58 genes were found
to cause Ga sensitivity when absent (Table 5.1). Likewise, an increase in colony size (normalized
score > 0.162) signified a Ga resistant hit, therefore the presence of this gene may suggest an
increase in toxicity. Comparably, 49 genes were found to impart resistance when absent (Table
5.2), within the cut-offs applied.

Table 5.1 Ga sensitive hits organized according to system and subsystem mined using the Omics

Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
sensitive hits with scores < -0.154.

Central dogma Transcription evgA  -0.166
hns -0.175
IgoR -0.401
nagC -0.191
rseA -0.260
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Translation
DNA metabolism

RNA metabolism

Protein metabolism

Protein folding and secretion
Cell exterior Transport

Pilus

Flagellum

Outer membrane
Plasma membrane

Periplasm

Biosynthesis Amino acid
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ulaR
bipA
holC
holD
ruvC
intR
recA
recD
rbfA
rim
mnmA
rnt
ygfZ
evgA
hns
IgoR
nagC
rseA
SSpPA
ulaR
lipA
pphA
slyD
slyD
zunC
tolC
ugpC
ybgO
fliG
tolC
clsA
cysQ
fdnl
fliG
gspA
hokA
nuoK
rseA
ubiG
ugpC
znuC
tolC
yebF
dml
metL
mtn

-0.556
-0.204
-0.327
-0.217
-0.184
-0.270
-0.309
-0.199
-0.350
-0.298
-0.212
-0.322
-0.373
-0.166
-0.175
-0.401
-0.191
-0.269
-0.214
-0.556
-0.318
-0.198
-0.273
-0.273
-0.361
-0.539
-0.290
-0.163
-0.235
-0.539
-0.171
-0.203
-0.251
-0.235
-0.199
-0.181
-0.247
-0.269
-0.265
-0.290
-0.361
-0.539
-0.268
-0.418
-0.189
-0.329



Degradation

Energy

Cellular processes

Response to stimulus

Nucleoside and nucleotide
Fatty acid/lipid
Carbohydrate

Secondary metabolites

Cofactor

Other

Amino acid

Nucleoside and nucleotide
Amine

Carbohydrate

Glycolysis

TCA cycle
Fermentation
Aerobic respiration
Anaerobic respiration
Other

Biofilm

Adhesion
Locomotion

Viral response
Host interaction

Symbiosis
Starvation
Heat

Cold

DNA damage

Osmotic stress
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purT
clsA
mdh
mtn
fdx
fdx
gshA
lipA
pabA
pabC
ubiG
metL
astD
mtn
purT
garK
dmlA
gpmA
mdh
mdh
nuoK
fdnl
nuoK
mdh
nuokK
hns
ybgO
fliG
recA
intR
intR
slyD
slyD
SSpPA
ugpC
bipA
gloB
slyD
bipA
rbfA
rbfA
recA
recD
ruvC
gshA

-0.216
-0.171
-0.287
-0.329
-0.168
-0.168
-0.165
-0.318
-0.224
-0.258
-0.265
-0.189
-0.301
-0.329
-0.216
-0.173
-0.418
-0.175
-0.287
-0.287
-0.247
-0.251
-0.247
-0.287
-0.247
-0.175
-0.163
-0.235
-0.309
-0.270
-0.270
-0.273
-0.273
-0.290
-0.214
-0.204
-0.297
-0.273
-0.204
-0.350
-0.350
-0.390
-0.199
-0.184
-0.165



ubiG  -0.265

Other evgA  -0.166
fliG -0.235
grxD  -0.266
holC  -0.327
holD  -0.217
pphA  -0.198
rseA -0.269
SSpPA -0.214
tolC -0.539
ugpC  -0.290

Other pathways Inorganic nutrient metabolism  fdnl -0.251
nuoK  -0.247

Detoxification gloB -0.297
grxD  -0.266

Macromolecule modification mnmA -0.212
rnt -0.322

Other enzymes bfr -0.170
cysQ  -0.203
pphA  -0.198
recD -0.199
ruvC -0.184
slyD -0.273

1 Gene hits can be mapped to more than one system and subsystem.
2 Each individual score represents the mean of 9-12 trials.
3 Two-tailed t-test and significance was determined using the Benjamini-Hochberg procedure;
false discovery rate 10%.

Table 5.2 Ga resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits with scores > 0.162.

Central dogma Transcription ivy 0.215
metR 0.372

odhR 0.353

DNA metabolism hofM 0.620

xerD 0.168

cas2 0.177

RNA metabolism symE 0.177

ilvy 0.215

metR 0.372

pdhR 0.353

Protein metabolism mrcB 0.249

Protein folding and secretion yral 0.180

Cell exterior Transport cysU 0.362
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Cell wall biogenesis

LPS metabolism
Outer membrane

Plasma membrane

Periplasm

Cell wall component

Biosynthesis Amino acid
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fepG
tonB
caiT
yiaO
par
alr
evnC
mrcB
yral
cspG
rfaC
par
pqiC
atpE
atpH
caiT
cycU
envU
fepG
mrcB
pqiC
tonB
torC
rfaC
yaaU
yafU
yifk
ansB
asr
envC
mrcB
pgiC
tolB
tonB
torC
yiaO
yral
mrcB
torC
alr
avtA
leuA
leuC
metA
proB
trpB

0.312
0.341
0.403
0.600
0.266
0.353
0.203
0.249
0.180
0.204
0.201
0.266
0.345
0.172
0.176
0.403
0.362
0.203
0.312
0.249
0.345
0.341
0.259
0.201
0.237
0.214
0.180
0.204
0.247
0.203
0.249
0.345
0.200
0.341
0.259
0.600
0.180
0.249
0.259
0.353
0.384
0.302
0.205
0.241
0.258
0.611



Degradation

Energy

Cellular processes

Response to stimulus

Other pathways

Fatty acid/lipid
Carbohydrate

Cofactor, prosthetic groups,
electron carrier

Cell structure
Other
Amino acid

Fatty acid/lipid
Glycolysis
Fermentation
Anaerobic respiration
ATP biosynthesis

Other
Cell cycle/division

Cell death
Adhesion
Viral response

Symbiosis

Heat
DNA damage

pH
Other

Other enzymes

trpD
rfaC
cpsG
rfaC
bioF
bioH
coaA
thiE
mrcB
aroF
alr
ansB
atoA

pykF

pykF
torC

atpke
atpH
hydN
envC
tolB
xerD
envC
tonB
cas2
tonB
tonB
pykF
par
symE
yiaO
oXC
asr
caiT
cas?2
envC
mrcB
tolB
tonB
torC
xerD
yaaU
(0)(o
sepG

0.273
0.201
0.204
0.201
0.183
0.194
0.193
0.226
0.249
0.236
0.353
0.204
0.246
0.169
0.169
0.259
0.172
0.176
0.249
0.203
0.200
0.168
0.203
0.341
0.177
0.341
0.341
0.169
0.266
0.177
0.600
0.519
0.247
0.403
0.177
0.203
0.249
0.200
0.341
0.259
0.168
0.237
0.519
0.201

! Gene hits can be mapped to more than one system and subsystem.

2 Each individual score represents the mean of 9-12 trials.
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3 Two-tailed t-test and significance was determined using the Benjamini-Hochberg procedure;
false discovery rate 10%.

Using Pathway Tools, which surveys against the EcoCyc database, a number of gene hits
were mapped to more than one system and subsystem (Table 5.1 and Table 5.2). In general,
comparable numbers of hits were mapped to the system ‘Response to stimulus’, ‘Cellular
processes’, ‘Energy’ and ‘Biosynthesis’ (Figure 5.2). Still, ‘Regulation’, ‘Degradation’ and
proteins of the ‘Cell exterior’ contained more resistant hits. Whereas ‘Other pathways’ and
proteins involved in processes of the ‘Central dogma’ were represented by the Ga sensitive hits at
least 2-fold more than the Ga resistant hits (Figure 5.2). Proteins residing or involved in
maintaining cell envelope homeostasis were not enriched in the resistant hits, however, 2-fold
more hits were mapped to the system ‘Cell exterior’ using EcoCyc’s system of classification when
compared to the sensitive hits (Figure 5.2). (See Chapter 4 Supplementary, Table S4.1 for

complete list of each comprising subsystem)

Regulation
Response to stimulus

Cellular processes

Sensitive

Energy HEl Resistant
Other pathways
Degradation
Biosynthesis
Cell exterior
Central dogma

s 8 s & 8 s

Number of strains

Figure 5.2 Ga resistant and sensitive gene hits mapped to component cellular processes. Several
gene hits are mapped to more than one subsystem. The cut-off fitness score was selected to be
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two standard deviations from the mean and recovered gene hits with a score outside this range
were chosen for further analyses. The hits were mined using the Omics Dashboard (Pathway
Tools), which surveys against the EcoCyc database. Each individual score represents the mean of
9-12 trials.

Despite similar numbers of resistant and sensitive hits scored in this screen, a greater
number of categories were enriched for by the resistant hits, such as the biosynthesis of the vital

coenzyme — biotin, when surveyed using the DAVID gene functional classification (Figure 5.3).

[ Sensitive
Hl Resistant

Cytosolic proteins

ATP binding

Malate metabolic process
Maturation of small subunit rRNA
Homologous recombination
Transferase

Coenzyme pyridoxal phosphate
Magnesium ion binding
Secondary metabolite biosynthesis
Biotin biosynthesis

Valine, leucine and isoleucine biosynthesis
Aromatic amino acid biosynthesis

Branched amino acid biosynthesis

Q N N BN 0 N
Fold Enrichment

Figure 5.3 Functional enrichment among the Ga resistant and sensitive gene hits. The DAVID
gene functional classification (version 6.8) database, a false discovery rate of 10% and a cutoff
score two standard deviations from the mean was used to measure the magnitude of enrichment
of the selected gene hits against the genome of Escherichia coli K-12. Only processes with gene

hits >3 were included.
In addition, a number of amino acid biosynthetic processes and cytosolic proteins were
enriched in the resistant hits, whereas proteins involved in the processing of 20S pre-rRNA and

malate metabolic processes were enriched in the sensitive hits (Figure 5.3). In general, the

enrichment profile of the resistant and sensitive hits provides insight into the dissimilarities
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between the mechanisms of Ga toxicity and resistance since there was no overlap in enrichment
(Figure 5.3). Based on previous reports [410],[411] several mutants belonging to the Keio
collection, such as those involved in the synthesis of amino acids, did not grow in M9 minimal
media, contrary to what we observed in this study. We attribute this observation to the presence of
residual resources, such as amino acids, that were carried over from the LB media agar plates onto
the M9 minimal media agar plates. Once these resources are exhausted, dying cells may provide a
source of nutrients for surviving cells. Furthermore, previous studies have provided cut-off values
as markers of growth, such as one-third the average ODsoo [411]. Mutants displaying growth below
the cut-off are regarded as non-growers despite possible survival. As a follow up, we grew a
number of mutants overnight, including leuC, metA, proA, ilvB, trpD, lacA and the WT strain in
liquid M9 minimal media from existing culture stocks and transferred 20 pL. onto M9 minimal
agar plates in the absence and presence of Ga. These strains were then grown overnight. Growth
was only observed for the WT strain and the lacA mutant. When the same procedure was
completed with liquid LB medium and agar plates, colony formation was evident for each mutant
tested (data not included). As a result, in this study we were able to test mutants that have otherwise
been reported to not grow on minimal media due to the lack of essential nutrients, such as amino

acids.

5.4.2 Ga sensitive systems
5.4.2.1 Iron homeostasis and transport, and Fe-sulfur cluster proteins

Ga has been shown to disrupt the function of several enzymes containing Fe-sulfur clusters,
likely by competing for Fe-binding sites [394]. E. coli contains over ten Fe-acquisition systems,
encoded by over 35 genes [412], providing an abundance of Ga potential targets, such as the

sensitive hit fdx (ferredoxin). The protein product of fdx serves as an electron transfer protein in a
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wide variety of metabolic reactions, including the assembly of Fe-sulfur clusters [413],
consequently, Ga resistance is probable if this metal is damaging Fe-sulfur centers. Ferredoxin
may also serve as a binding site since the exchange of Fe may cause Ga sequestration. Furthermore,
the sensitive hit lipA (lipoyl synthase) codes for an enzyme that uses ferredoxin as a reducing
source, and catalytic Fe-sulfur clusters to produce lipoate [414]. LipA’s requirement for ferredoxin
may provide an explanation for the 2-fold score decrease observed in the lipA mutant when
compared to the fdx mutant. Furthermore, our screen recovered the hit ygfZ, which codes for a
folate-binding protein that is implicated in protein assembly and the repair of Fe-sulfur clusters
[415]. The loss of ygfZ results in sensitivity to oxidative stress, likely due to the generation of ROS,
which subsequently may lead to the inhibition of Fe-sulfur cluster assembly or repair [416]. In
addition, disruption of Fe-sulfur clusters has been found to downregulate the uridine thiolation of
particular tRNAs as a means of decreasing sulfur consumption [417]. This process appears
important in coupling translation with levels of sulfur-containing amino acids. We recovered trmU,
which encodes a tRNA thiouridylase as a Ga sensitive hit in this study.

The redox pair Fe(ll)/Fe(l11) is well suited for a number of redox reactions and electron
transfers. Accordingly, bacteria have developed a number of Fe-acquisition systems, such as
siderophores and Fe-chelating proteins [418]. Siderophores, such as enterobactin are synthesized
internally and exported extracellularly to scavenge Fe(l11) from the environment [419]. The ferric-
siderophore complex is imported into the cell and then degraded to release Fe(Ill) [419] and since
Ga is an Fe mimetic [420], this metal has been demonstrated to bind certain siderophores [233].
TolC is an outer membrane carrier required for the export of the high-affinity siderophore
enterobactin from the periplasm to the external environment [421]. The Ga sensitivity of the AtolC

strain may be due to the periplasmic accumulation of Ga-enterobactin complexes. If TolC is
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inactivated then less enterobactin is exported outside the cell, in turn providing more Ga targets
and as a result, Ga-enterobactin complexes may accumulate inside the cell. Further, EvgA is part
of the EVgAS two-component system involved in the transcriptional regulation of tolC [422].
Therefore, loss of evgA is expected to display a similar defect in enterobactin export as a tolC
mutant, thus resulting in Ga sensitivity. Finally, bacterioferritin (bfr) was recovered as a sensitive
hit in this work. This protein, which binds one haem group per dimer and two Fe atoms per subunit,
functions in Fe storage and oxidation [423]. The sensitivity phenotype of the Abfr strain may be
associated with a failure to mitigate Fe-mediated ROS production due to the disruption of Fe
homeostasis in the presence of Ga (see section 5.3.2.2).
5.4.2.2 Oxidative stress

The production of ROS has been shown to be a mechanism of metal toxicity. Exposure to
hydrogen peroxide or other agents that catalyze the production of ROS, such as superoxide causes
DNA and protein damage to macromolecules including proteins, lipids, nucleic acids and
carbohydrates [424]. This in turn causes the upregulation of genes encoding ROS-scavenging
enzymes [424]. An increase in cytoplasmic Fe intensifies ROS toxicity by catalyzing the exchange
of electrons from donor to hydrogen peroxide [180]. Consequently, this may require the assistance
of cellular antioxidants such as glutathione, and enzymes such as catalase, superoxide dismutase
and peroxidase [425]. Ga is Fenton inactive and therefore the induction of ROS in the presence of
Ga is likely to result in the release of Fe in the cytoplasm. One study observed higher levels of
oxidized lipids and proteins in Pseudomonas fluorescens exposed to Ga [394]. In turn, the
oxidative environment stimulated the synthesis of NADPH via the overexpression of NADPH-

producing enzymes, invoking a reductive environment.
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In this screen, several sensitive Ga hits effective in ROS protection were recovered,
including y-glutamate-cysteine ligase, or gshA. Strains lacking this gene have been shown to be
hypersensitive to thiol-specific damage generated through mercury and arsenite exposure [426].
Similarly, strains lacking glyoxalase Il (gloB), also a sensitive hit in this study, accumulate S-
lactoylglutathione and demonstrate depleted glutathione pools [427]. If this antioxidant is depleted,
then the potential for ROS-mediated protection is lowered. Furthermore, the gene grxD, which
codes for a scaffold protein that transfers intact Fe-sulfur clusters to ferredoxin, was also recovered
as a Ga sensitive hit. The presence of this abundant protein is further upregulated during stationary
phase [428] and one study demonstrated, using the Keio collection, that a grxD mutant is sensitive
to Fe depletion [429]. Based on this observation, Ga exposure may prompt toxicity via Fe
exhaustion, or the introduction of this toxin may result in ROS production thereby leading to Fe-
sulfur damage. Finally, bacterioferritin (bfr) was also identified as a sensitive hit in this work. This
protein acts to prevent the formation of hydrogen peroxide from the oxidation of Fe(ll) atoms
[423]. The sensitivity phenotypes of the AgshA, AgloB, AgrxD and Abfr strains may be associated
with Fe-mediated ROS production upon the disruption of Fe homeostasis in Ga exposed cells.

The sensitive hit ubiG, involved in the production of ubiquinol-8, a key electron carrier
used in the presence of oxygen or nitrogen, was recovered in this screen. The production of
ubiquinol from 4-hydroxybenzoate and trans-octaprenyl diphosphate necessitates the use of six
enzymes and UbiG twice [430]. Mutant strains deficient in ubiquinol demonstrate higher levels of
ROS in the cytoplasmic membranes, a threat lessened via the addition of exogenous ubiquinol
[431]. Furthermore, the AubiG strain exhibited reduced fitness when exposed to oxidative stress

[431]. Altogether, the presence of this hit can be explained by the exacerbation in the production
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of ROS due to Ga exposure alongside the compromised oxidative stress response of the AubiG

strain.

5.4.2.2 Deoxynucleotide and cofactor biosynthesis, and DNA replication and repair

Compounds targeting ribonucleotide reductase (RNR), a key enzyme involved in the
synthesis of deoxynucleotides from ribonucleotides, have long been regarded as cancer
therapeutics [432]. In mammalian cells, Ga targets RNR through at least two mechanisms. These
mechanisms include the inhibition of cellular Fe uptake resulting in decreased Fe availability at
the M2 subunit of the enzyme [433] and direct inhibition of RNR activity [434], leading to a
reduction in the concentration of nucleotides in the cell. This mechanism is not limited to
mammalian cells. Ga has been shown to inhibit RNR and aconitase activity in Mycobacterium
tuberculosis [397]. If RNR inhibition is in fact a mechanism of Ga toxicity, then we predict that
gene deletions resulting in decreased deoxynucleotide levels may cause hypersensitivity.
Consequently, the deletion of the gene purT, which is involved in purine nucleotide biosynthesis
[435], resulted in Ga sensitivity in this study.

Chromosomal replication is delayed in E. coli cells when the deoxynucleotide pool is
depleted when RNR function is inhibited [436]. If this is the case, then a defect in DNA replication
may result in hypersensitivity to Ga. Our observation that the loss of the DNA polymerase Ill
subunits HolC and HolD causes Ga sensitivity appears to support this hypothesis. Another
potential consequence of RNR inhibition is an increase in stalled replication forks, which are prone
to DNA strand breakage [436]. Resumption of stalled replication forks and double strand breaks
due to defective RNR function require the activity of recombination repair enzymes such as the
RuvABC, RecBCD and RecA [437],[438]. Our results support these observations since the

deletion of recA, recD or ruvC triggered the Ga sensitive phenotype. It is important to note that
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genes involved in base and nucleotide excision repair were not retrieved as Ga sensitive hits
suggesting that DNA damage associated with Ga exposure may be predominantly in the form
double stranded breaks.

A number of sensitive hits were mapped to the subsystem ‘Biosynthesis of cofactors,
prosthetic groups and electron carriers’. Processes affected include folate, lipoate, quinol, quinone,
ubiquinol and thiamine biosynthesis. The gene products of pabA and pabC, which encode an
aminodeoxychorismate synthase and an aminodeoxychorismate lyase, respectively, are involved
in the biosynthesis of p-aminobenzoic acid [439], a precursor of folate. In both prokaryotes and
eukaryotes, folate cofactors are necessary for a range of biosynthetic processes including purine
and methionine biosynthesis (Figure 5.4) [440]. Folate biosynthesis has long served as an
antibiotic target in prokaryotes since this cofactor is synthesized only in bacteria yet actively
imported by eukaryotes using membrane associated processes [441]. Similar to purT, the Ga
sensitivity of 4pabA and ApabC strains may be a result of the reduction in deoxynucleotide levels

caused by the inactivation of RNR.
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Figure 5.4 Connectivity diagram displaying the predicted functional associations between the Ga
sensitive gene hits; disconnected gene hits not shown. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on fusion, curated databases,
experimental and co-expression evidence. Figure generated using STRING (version 10.5) and a
medium confidence score of 0.4.

To test the potential connection between Ga and RNR activity, we exposed the holC, holD,
recA, recD, ruvC, and purT mutants to hydroxyurea (HU), which is a known inhibitor of RNR
activity [442]. Further, we included a number of mutants involved in DNA synthesis, such as ruvA
and recR, that were not uncovered in our initial screen. In E. coli, HU has been shown to increase
ribonucleotide pools and decrease total deoxyribonucleotide concentrations, thus negatively
affecting the synthesis of DNA [443]. We exposed these mutants to sublethal concentrations of
HU and normalized the cellular effect of this agent. Using this reagent, the sensitivity of the holC,
ruvC, and recD mutants in the presence of HU and Ga was found to increase (Table 5.3).

Furthermore, ruvA, which assists in recombinational repair together with ruvB [378], was also

found to be a sensitive hit in the presence of this inhibitor. The genes purT and holD were not
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uncovered as either sensitive or resistant hits based on the cut-offs applied and no changes in the
sensitivity or resistance of either lacA or lacY, negative controls in this work, were found.
Table 5.3 Hydroxyurea sensitive and gene hits involved in the synthesis of DNA, normalized to

include only the effects of Ga exposure; those with a score two deviations from the mean are
included.

ruvA N/A -0.257
recA -0.309 -0.299
ruvC -0.184 -0.299
holC -0.327 -0.351
recD -0.199 -0.561

L Each individual score represents the mean of 9-12 trials.
2 Two-tailed t-test and significance was determined using the
Benjamini-Hochberg procedure; false discovery rate 10%.

5.4.3 Systems involved in Ga resistance

5.4.3.1 Fe transport systems

In E. coli, the mechanisms by which Ga is transported into the cell have yet to be identified.
In this screen, we identified a number of transport proteins that confer resistance against Ga when
absent. Metal resistance mechanisms may involve decreased import or enhanced export of the
toxin. Therefore, the loss of a gene in which the product mediates import of the toxin into the cell
would prevent its accumulation and result in resistance. FepG and TonB are two proteins that
demonstrate close interaction (Figure 5.5) and fit the latter criterion, both involved in the import
of Fe-siderophores. FepG is an inner membrane subunit of the ferric enterobactin ABC transporter
complex. When fepG is inactivated, E. coli cells lose ferric enterobactin uptake abilities
[444],[445]. TonB is a component of the Ton system which functions to couple energy from the
proton motive force with the active transport of Fe-siderophore complexes and vitamin B12 across

the outer membrane [369]. Since Ga entry into the bacterial cell can occur through siderophore
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binding and it is an Fe mimetic [233],[420], we hypothesize that in the absence of fepG and tonB,

Ga import and intracellular accumulation is reduced.

Figure 5.5 Connectivity diagram displaying the predicted functional associations between the Ga
resistant gene hits; disconnected gene hits not shown. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on fusion, curated database,
experimental and co-expression evidence. Figure generated using STRING (version 10.5) and a
medium confidence score of 0.4.

OmpC is a promiscuous porin that permits the transport of 30+ molecules, and is postulated
to be a transporter of copper(l) and copper(ll) [446] and potentially other metal species [164]. It
has been hypothesized that Ga can cross the membrane of E. coli via porins [233]. While this
hypothesis has not been demonstrated in E. coli directly, other works have confirmed findings in
P. aeruginosa [18], Mycobacterium smegmatis [447] and Francisella strains [237]. Further
evidence for the importance of OmpC in Ga resistance can be visualized using the STRING map

(Figure 5.5). Here, OmpC is connected to two proteins that comprise the ATPase complex through

the periplasmic protein TolB. TolB has been shown to physically interact with porins such as
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OmpC and is required for their assembly into the outer membrane of E. coli cells [448]. The
resistance recovered in the AtolB strain may be due to a disruption in OmpC function, thereby
hindering Ga import. In addition, CysU, which is involved in the uptake of sulfate and thiosulfate
was also recovered as a resistant hit [449]. According to the hard-soft acid-base theory, Ga
coordinates well with sulfate or thiosulfate [391]. A reduction in the uptake of these metabolites
may prove useful against Ga stress due to decreased toxin import.

Genes involved in Fe import in other organisms have been shown to confer Ga resistance
when deleted, or Ga sensitivity when overexpressed. A 3-fold increase in Ga resistance was
displayed upon the deletion of the gene hitA, which codes for a Fe-binding protein in P. aeruginosa
[401]. The Haemophilus influenzae proteins FopABC, which are involved in the delivery of Fe
from the periplasm to the cytoplasm, were expressed in E. coli as a means of investigating their
impact on Ga import, which increased in the presence of these genes [450]. Furthermore, earlier
studies have examined the use of metal-chelators as antimicrobial enhancements. Although the
majority of studies regarding Ga import have been performed in P. aeruginosa, some findings can
be compared. For example, it has been demonstrated that the siderophore complex Ga-
deferoxamine (DFO) was slightly more effective at killing cells than Ga alone [103] and more
promising results have been made with the complex Ga-protoporphyrin IX [451]. Altogether, these
studies and our work suggest that Ga enters the cell via siderophore transport systems or Fe-
binding transporters.
5.4.3.2 Amino acid biosynthesis

Ga resistant hits were functionally enriched for the synthesis of amino acids (Figure 5.3),
classified in the subsystem, ‘Amino acid biosynthesis’ (Table 5.2) and highly connected in the

functional map (Figure 5.5). The genes recovered were found to be mainly involved in the
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biosynthesis of branched (ilvB, ilvY, leuA, leuC) and aromatic (aroF, trpB, and trpD) amino acids,
methionine (metA and metR) and proline (proA and proB). The demand for NADPH in biosynthetic
pathways of branched and aromatic amino acids, as well as methionine and proline are among the
highest [452]. It is plausible that a defect in the synthesis of these amino acids may increase levels
of NADPH, which has been shown to neutralize the oxidative stress elicited from Ga exposure
[394].

To further test this hypothesis, we exposed a number of the resistant hits mapped to
branched amino acid biosynthesis to sublethal concentrations of sulfometuron methyl (SMM), an
inhibitor of acetolactate synthase [453], a key enzyme involved in the synthesis of branched amino
acids. The resistance score of ilvY and leuA increased in the presence of SMM (Table 5.4). SMM
inhibits acetolactate synthase, which in turn may increase the liable NADPH pool. In fact, ilvY is
a positive regulator of ilvC [454], which encodes a reductoisomerase, and is the only enzyme in
this pathway that directly uses NADPH. Here, ilvB and other genes involved in branched amino
acid biosynthesis did not make the statistical cutoffs owing to large standard deviations. Finally,
no changes in the sensitivity or resistance of lacA or lacY, negative controls in this work, were
found.

Table 5.4 Sulfometuron methyl resistant gene hits, involved in the synthesis of amino acids,

normalized to include only the effects of Ga exposure; only those with a score two deviations
from the mean are included.

leuA 0.302 0.341
ilvy 0.215 0.300
L Each individual score represents the mean of 9-12 trials.
2 Two-tailed t-test and significance was determined using the Benjamini-Hochberg
procedure; false discovery rate 10%.
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It has been postulated that the oxidation of amino acids is a common and damaging effect
of metal-induced oxidative stress [455]. Certain side chains, such as Arg, Cys, His, Lys and Pro
residues are major targets, leading to protein damage and intra/inter-crosslinking [455],[456]. If
Ga targets amino acids, both free and within proteins, a possible explanation for the recovery of
amino acid gene resistant hits in this study may rest in the cell’s requirement to repair or replace
damaged amino acids. If these genes are absent fewer Ga targets remain and the cell expends less
energy rebuilding these targeted biomolecules, while directing more energy elsewhere, such as
scavenging and importing required metabolites. Furthermore, the oxidation of these amino acid
side chains may lead to the propagation of ROS, and therefore a deficiency in amino acids may

minimize damage by slowing the advancement of amino acid metal-induced oxidative stress.

5.4.3.3 Lipopolysaccharides and peptidoglycan

The E. coli envelope is composed of lipopolysaccharides (LPS), which surround and
protect the cytoplasm, and the cross-linked polymer peptidoglycan (PG), which is the primary
stress-bearing biomolecule in the cell [457].In this study, a number of genes involved in LPS or
PG biosynthesis/maintenance was observed to cause Ga resistance when absent. These genes
include cpsG and rfaC (LPS), and alr, envC and mrcB (PG). Many of these genes are RpoS-
regulated and participate in maintaining membrane integrity in response to pressure [458]. Loss of
mrcB, which encodes for an inner membrane enzyme functioning in transglycosylation and
transpeptidation of PG, has been shown to result in reduced surface PG density when absent [459].
The protein RfaC is essential in LPS production [460] and cells lacking this gene contain defects
in the core heptose region [461]. The protein EnvC, which is a divisome-associated factor has been
shown to have PG hydrolytic activity and result in decreased cell envelope integrity when deleted.

Furthermore, tolB plays a role in maintaining the structure of the cell envelope and was also a Ga
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resistant hit. Cells deficient in tolB have been shown to release periplasmic proteins into the
extracellular space [462]. An explanation for the appearance of mrcB, envC and tolB in this study
may reside in the ability of PG to bind metals. Metal ions are known to bind the LPS or PG layer
of Gram-negative and Gram-positive bacteria [184], and the presence of anionic groups such as
carboxylic acids [185] and other hard acids within the cell envelope, provide suitable binding
sights for free metal ions like Ga. Although the major ionic form of Ga is Ga(OH)4’, free Ga ions
produced through equilibrium may be quickly bound by hard acids such as alcohols, carboxylates
and hydroxyls, which comprise the bulk of the PG. Despite their presence at low concentrations
these species may further impede cell health and cause toxicity. However, if the LPS or PG layer
is reduced, as would be the case in the absence of mrcB, rfaC, envC and tolB, then a reduction in
Ga-cell envelope binding may occur. In the case of the AtlB strain, the potential release of
periplasmic proteins with Ga-binding sites into the extracellular space may also provide protection
via sequestration, which is a common bacterial resistance mechanism [242]. Another possible
explanation for Ga resistance associated with LPS and PG genes may include the structural
alteration of the cell envelope, which may disrupt Fe import systems. Inhibition of lipid
biosynthesis prevents proper assembly and insertion of porins into the outer membrane since LPS-
porin interaction sites have been shown to be important in their biogenesis [463],[464]. Therefore,
compromised function of siderophore receptors or porins in these mutants could decrease Ga

import and mitigate toxicity.

5.5 Conclusion
In this study, the Keio collection was used as a means of drawing insight into the mechanisms
of Ga toxicity and resistance in Escherichia coli BW25113. In total, 3895 non-essential genes were

screened and 3641 of these were normalized and scored. Genes demonstrating resistance or

142



toxicity were mined to highlight processes and pathways affected by Ga exposure. Mutants
demonstrating an increase in colony formation were observed at resistant hits, in that the presence
of the gene results in Ga sensitivity. In contrast, a decrease in colony size was regarded as a Ga
sensitive hit, consequently it was assumed that the presence of this gene would impart the resistant
phenotype and mitigate the toxicity of prolonged Ga exposure.

Overall, comparable numbers of resistant and sensitive hits were mapped to each subsystem
using Pathway Tools, which surveys against the EcoCyc Database. When examining the fold
enrichment data, no biological process was enriched comparably between the two data sets. One
general observation made evident from the latter conclusion is that distinct pathways are affected
by Ga when comparing the mechanisms of toxicity and resistance since no overlap in functional
enrichment was uncovered. Still, one significant exception was found: Fe-metabolism. Based on
this study, and previous reports, there is a relationship between Ga and Fe-metabolism. The genes
that code for TonB and FepG were two resistant hits highlighted in this work. On the contrary,
Fdx, Bfr and LipA, proteins also involved in Fe-metabolism, gave rise to sensitivity when absent.
Therefore, we propose that Fe-metabolism may serve as a mechanism of resistance and toxicity in
E. coli. Here, the complexity of Ga exposure is made further apparent, fostering more questions
regarding the interaction of this metal with microbes. What is clear however, is that the mechanism
of Ga action is likely a result of a number of direct and indirect interactions, an observation made
evident by the wide array of hits uncovered in this work.

Few studies have explored the mechanisms of adaptive resistance in E. coli under sub-
lethal concentrations of Ga. In response, we have presented a number of genes that are implicated
to be involved in adaptive survival. For example, genes involved in preventing oxidative damage

and DNA repair were emphasized as sensitive hits, as such that their presence gives rise to
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resistance. In short, preventing and repairing DNA damage, a mechanism that has yet to be
demonstrated in vivo, and redox maintenance may provide tools by which microbial organisms
mitigate metal stress.

The use of Ga for the treatment of diseases and infections is gaining considerable attention.
Still, to further the development of this metal as an antimicrobial agent, it is imperative that we
determine the associated mechanisms of toxicity and resistance. Further work must be completed
to specifically test the various hypotheses we have presented here, such as determining the mode
of Ga entry, the levels of ROS produced in the cell and the specific influence of Ga on Fe-
metabolism. Nonetheless, this study provides a significant number of biomolecular mechanistic
hypotheses to the community investigating the mechanisms of Ga action in E. coli and other

microbes.
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6 Using a chemical genetic screen to enhance our understanding of
the antimicrobial properties of copper against Escherichia coli

6.1 Abstract

Copper (Cu) is an essential metal that displays elevated binding affinity, more so than any
other transition metal of the fourth period, and the ability to cycle between a reduced and oxidized
state. The competitive nature of copper necessitates numerous systems designed to sequester and
export this metal from the intracellular space. If copper levels are not controlled, then toxicity may
take place. Projected mechanisms include the production of reactive oxygen species, depletion of
thiols, DNA damage and iron-sulfur cluster disruption, among others. Accompanying these are
mechanisms of homeostasis, some of which comprise chelation, oxidation and export. Still, the
mechanisms of metal resistance and toxicity are not fully understood. Furthermore, may studies
fail to demonstrate that copper toxicity is likely a result of numerous mechanisms acting on the
cell, just like homeostasis, in which we see proteins and enzymes working as a collective to
maintain copper concentrations. Therefore, in this study we used the Keio collection, an array of
3985 Escherichia coli mutants each with a different deleted non-essential gene, to gain a better
understanding of prolonged copper exposure towards microbes. Using this phenotypic screen, we
recovered only one copper homeostatic gene and three genes involved in transporting and
assembling this protein to be important in mediating copper stress. Further, the process of tRNA
processing was enriched for by the sensitive hits. The deletion of several proteins involved in
biomolecule import generated copper resistance. Along with this, when deleted, key genes
belonging to central carbon metabolism and NAD biosynthesis were uncovered as resistant hits.
In general, we show that copper adaptation and resistance are a result of numerous mechanisms

acting in combination within the cell.
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6.2 Introduction

Copper’s (Cu) ability to cycle between Cu(I) and Cu(ll) provides functionality in a wide
variety of biological processes. The biological utilization of this metal likely extends back to the
great oxidation event, as suggested by the presence of homologous copper tolerance proteins [143],
in which the solubilization of this metal followed [465]. This metal is associated with several
metalloproteins that are involved in electron transport, reduction reactions and denitrification,
among others, and in some cases, it is also a structural element [466]. The Irving-Williams series
predicts that Cu can displace essential metals, such as zinc and iron [143] from their ligands within
metalloproteins, thus, permitting Cu to hold a number of unintended interactions. The reduced
form of Cu displays elevated affinity towards soft bases including thioethers and thiols, whereas
the oxidized form demonstrates affinity for borderline bases such as oxygen donors, like those
found in glutamate, aspartate and imidazole nitrogen groups [180]. Furthermore, as Cu(l) oxidizes
to Cu(ll) the potential for radical formation increases. The competitive nature of this element
forces microorganisms to limit the import of this metal [164]. Consequently, bacterial genomes
have evolved to encode numerous copper exporters and chaperones intended to protect against Cu
[467]. Although Cu is essential to many microorganisms, such as Escherichia coli, excess Cu is
highly toxic. Consequently, this element is widely used as an antimicrobial agent in healthcare,
industrial and agricultural settings [32].

It has been demonstrated that Cu can cause the formation of reactive oxygen species (ROS)
through Fenton reactions and metal-catalyzed oxidation, thereby, damaging nucleic acids through
crosslinking and breakage, lipids, proteins and other biomolecules. Copper has been projected to

target proteins by oxidizing key residues, damaging iron-sulfur clusters or replacing either catalytic
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or structural metals. Further, is has been hypothesized that Cu can impair membrane function
causing membrane damage [180].

Based on existing literature we hypothesize that the mechanisms of prolonged Cu
sensitivity and resistance are likely a result of a combination of mechanisms. To gain further
insight, we completed a genotypic workflow, in which 3985 Escherichia coli mutants, belonging
to the Keio collection [406], were screened for Cu sensitivity or resistance. Preceding genome-
wide toxin/stressor-challenge workflows have been used to study Cu in E. coli [285],[286],
however no studies have been completed under prolonged Cu challenge and to such completion as
in this study. Here, we demonstrate that Cu homeostasis, thus resistance, may be a result of a
number of mechanisms, and not just those programmed to mediate Cu stress directly. Furthermore,
we also show that under prolonged Cu stress, mechanisms of molecule import are likely targeted

by Cu, along with central carbon metabolism, and histidine and NAD biosynthesis.

6.3 Materials and Methods

Methods and materials are as described in Chapter 4 (section 4.3). Unless otherwise stated

all materials were obtained from VWR International, Mississauga, Canada.

6.3.1 Stock Cu solution
Copper sulfate (CuSOa4) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Stock
solutions were made at equivalent molarities of Cu in distilled and deionized H20 and stored at

21°C.

6.3.2 Determination of the sublethal inhibitory concentration and controls
A sublethal inhibitory concentration, a concentration well below the minimal inhibitory

concentration that was found to visibly challenge selected mutants under prolonged metal
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exposure, was used throughout this study. This concentration was determined using a known Cu
sensitive strain, AcusB and two negative control strains, AlacA and AlacY. CusB is a membrane
protein that is a part of the CusCFBA copper/silver efflux system. The cusCFBA operon encodes
proteins that are essential to the efflux of Cu(l) across the inner and outer membrane via the proton
motive force [468], in turn maintaining Cu homeostasis inside the cell [353]. As a result, the
absence of cusB was anticipated to confer increased Cu toxicity, signified by a decrease in colony
size. Furthermore, the protein products of lacA and lacY were not expected to be involved in Cu
resistance or toxicity, since these proteins have not been reported to interact with Cu or any other
metal. Strains AcusB, AlacA and AlacY along with the parent strain [wild type (WT)] were grown
for 24 hours at 37°C on M9 minimal media and Noble agar (1.0%) in the presence and absence of
Cu at variable concentrations. The metal concentration found to visibly decrease colony size in the
cusB mutant and demonstrate no changes in colony size in the lacA and lacY mutants was selected
as the sublethal inhibitory concentration. Furthermore, the control mutants and the WT strain were
grown in the presence of 10 mM ionic nitrate to ensure growth was not impeded by the
accompanying counter ion. The chemical genetic screen was performed in the presence of 5 mM

copper sulfate (CuSQa).

6.3.3 Screening

All agar plates were prepared exactly two days prior to use. Challenge plates were prepared
directly by adding Cu to the liquid agar, followed by swirling to ensure uniform distribution before
solidification. Colony arrays in 96-format were made and processed using a BM3 robot and
splmager (S&P Robotics Inc., Toronto, ON, Canada), respectively. Briefly, cells were transferred
from the arrayed microtiter plates using a 96-pin replicator onto LB media agar plates (1.0%) and

grown overnight at 37°C. Colonies were then transferred using the replicator onto two sets of M9
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minimal media Noble agar plates (1.0%) in the presence and absence of 5 mM Cu. The plates were
grown overnight at 37°C. Images were acquired and colony size, a measure of Cu sensitivity or
resistance, was determined using the image processing software included with the splmager. Three
biological trials were conducted, and each trial included four technical replicates that originated

from the 96-colony array. Strains with less than nine replicates were excluded.

6.3.4 Normalization, data mining and analyses

For a detailed description of the normalization, data mining and analyses conducted in this
chapter refer to 5.3.4. Colony sizes in the presence (challenge) and absence (control) of Cu were
compared, quantified and scored as deviation from the expected fitness of the WT strain. Mutants
presenting a reduction in colony size were recovered as Cu sensitive hits and those displaying an

increase in colony size were recovered as Ga resistant hits.

6.4 Results and Discussion

6.4.1 Phenotypic screen of Cu resistant and sensitive hits

In this work, a genome-wide phenotypic screen was used to identify non-essential genes
involved in Cu resistance or toxicity. A total of 3985 genes were screened and from here, 3599
gene hits were used for subsequent statistical analyses (Figure 6.1 and Appendix B). The
statistical cutoff that suggested a significant difference in fitness, indicated by a change in colony
formation when compared to the WT, was selected to be two standard deviations from the mean
or a normalized score of 0.292 and -0.262. This resulted in 127 gene hits, or approximately 2.8%
of the open reading frames in the E. coli K-12 genome. Based on this, gene hits with scores within
two standard deviations were assumed to have non-specific or neutral interactions with Cu and not

regarded as significant.
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Figure 6.1 Synthetic Array Tools (version 1.0) was used to normalize and score the Cu resistant
and sensitive hits as a means of exposing the growth differences in Escherichia coli K12
BW25113 in the presence of 5 mM Cu(NOs3)s. The p-value was a two-tailed t-test and
significance was determined using the Benjamini-Hochberg procedure; false discovery rate was
selected to be 0.1. Each individual score represents the mean of 9-12 trials.

Gene hits displaying increased colony growth were noted as resistant hits. This suggested
that the presence of the gene would cause Cu sensitivity. On the contrary, sensitive hits were noted
as those that displayed decreased colony formation when the gene was deleted. Here, it was
implied that the presence of this gene would cause adaptive Cu resistance or protection. In total 73
and 55 genes were recovered as resistant hits and sensitive hits, respectively, and each were
mapped to their respective cellular system and subsystem (Table 6.1 and Table 6.2).

Table 6.1 Cu sensitive hits organized according to system and subsystem mined using the Omics

Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
sensitive hits with scores < -0.262 12,

Central Dogma DNA metabolism dnaK -0.514
fime  -0.349
ruvC  -0.364
xerD  -0.284
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Cell exterior

RNA metabolism

Protein metabolism

Protein folding/secretion
Transport

Cell wall biogenesis/organization

Liposaccharide metabolism
protein
Outer membrane proteins

Plasma membrane proteins
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mnmA
tusB
tusD
ygfz
rhiB
agaR
allS
dnaK
pyrL
rseA
yfiR
pflA
idcA
mrcA
mrcB
pepT
dnaK
proV
tdcC
ptsG
tolC
phnC
tatB
tatC
idcA
mrcA
mrcB
kdsD

tolC
yraP
CVpA
dnaK
glvB
hycF
mrcA
mrcB
nuoK
nuoL
phnC
proV
ptsG
rhiB
rseA
tatB
tatC

-0.337
-0.334
-0.353
-0.376
-0393

-0.300
-0.468
-0.514
-0.337
-0.406
-0.296
-0.327
-0.442
-0.379
-0.551
-0.445
-0.514
-0.306
-0.430
-0.482
-0.411
-0.452
-0.709
-0.432
-0.442
-0.379
-0.551
-0.359

-0.411
-0.354
-0.506
-0.514
-0.325
-0.553
-0.379
-0.551
-0.288
-0.269
-0.452
-0.306
-0.482
-0.393
-0.406
-0.709
-0.432



Biosynthesis

Degradation

Other pathways

Energy

Cellular processes

Periplasm

Cell wall components
Nucleotide biosynthesis

Carbohydrate biosynthesis
Cofactor biosynthesis
Cell-structure biosynthesis
Nucleotide degradation
Polymer degradation
Secondary metabolism
degradation

Inorganic nutrient metabolism

Macromolecule modification

Other enzymes

Fermentation
Aeraobic respiration

Anaerobic respiration

Cell/cycle and division protein

Biofilm formation
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tdcC
ycaD
yciB
ygiZ
yibN
yohC
cueO
drcB
mrcB
tolB
tolC
yraP
mrcB
add
purD
cmk
pyr!
kdsD
menB
mrcA
mrcB
add
idcA
idcA
idcA

nuoK
nuoL
mnmA
tusB
tusD
cueO
mutL
pepT
pflA
rhiB
ruvC
hycF
nuoK
nuoL
nuoK
nuoL
tolB
xerD
yciB
yfiR

-0.430
-0.458
-0.492
-0.290
-0.371
-0.268
-0.326
-0.317
-0.551
-0.384
-0.411
-0.354
-0.551
-0.391
-0.313
-0.301
-0.333
-0.359
-0.279
-0.379
-0.511
-0.391
-0.442
-0.442
-0.442

-0.288
-0.269
-0.337
-0.334
-0.353
-0.326
-0.329
-0.445
-0.327
-0.393
-0.364
-0.553
-0.288
-0.269
-0.288
-0.269
-0.384
-0.284
-0.492
-0.269



yihR  -0.295

Response to stimulus Heat dnaK -0.514
DNA damage add -0.391
mutL  -0.329

pflA -0.327

purD -0.313

ruvC  -0.364

ybiX  -0.378

yohC  -0.268

Osmotic stress provV  -0.306
Detoxification cueO -0.326
Other cmk -0.301
mrcA -0.379

mrcB  -0.551

rseA  -0.406

tatC -0.432

tolB -0.384

tolC -0.411

xerD  -0.284

L Each individual score represents the mean of 12 trials — three biological and four technical.
2 Two-tailed t-test and significance was determined using the Benjamini-Hochberg procedure
3 Gene hits can be mapped to more than one system and subsystem.

Table 6.2 Cu resistant hits organized according to system and subsystem mined using the Omics
Dashboard (Pathway Tools), which surveys against the EcoCyc Database; genes represent
resistant hits with scores > 0.162%2,

Central Dogma Transcription gcvR - 0.545
yhjB  0.464

Translation gluQ 0.293

DNA metabolism hofM  0.340

holC  0.311

RNA metabolism rbfA  0.322

gluQ 0.293

asnC  0.382

gcvR - 0.545

yhjB  0.464

Protein modofication elaD  0.444

lipA 0321

sixA  0.400

Protein folding and secretion secG  0.453

Cell exterior Transport gltl 0.626
kefB  0.328

nikE  0.489

cysP  0.473

cysW  0.567
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Biosynthesis

Cell wall
biogenesis/organization

LPS metabolism
Outer membrane

Plasma membrane

Periplasmic Proteins

Cell wall component
Amino acid biosynthesis
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alr
dacC
envC
mitA
wcaB
fhuk
mltA
CitT
cysW
dacC
emrK
envC
fxsA
ghrA
gltl
kefB
mltA
mscK
nikE
mscK
nikE
oppB
secG
torC
ugpB
ybbw
ydhU
cysP
dacC
envC
gltl
iaaA
mltA
torC
ugpB
yiaO
torC
alaA
alr
avtA
carB
glyA
hisG
leuA
tyrB

serC

0.465
0.559
0.396
0.445
0.295
0.352
0.445
0.480
0.567
0.559
0.337
0.396
0.384
0.346
0.626
0.328
0.445
0.598
0.489
0.344
0.453
0.578
0.453
0.578
0.293
0.297
0.494
0.473
0.559
0.396
0.626
0.362
0.445
0.578
0.293
0.366
0.578
0.308
0.465
0.470
0.426
0.525
0.371
0.310
0.308
0.515



Degradation

Other pathways

Energy

Cellular processes

Nucleoside and nucleotide
biosynthesis

Fatty acid and lipid synthesis
Cofactor synthesis

Cell-structure synthesis
Other
Amino acid degradation

Fatty acid and lipid degradation
Amine and polyamine
degradation

Carbohydrate degradation
Other

Anaerobic Respiration
Fermentation

Glycolysis

Glyoxylate

Pentose Phosphate Pathway
TCA cycle

Biofilm formation

Cell cycle and division
Proteins involved in cell death

155

metC
tyrB
proA
serC
trpD
tyrB
ilvB
purkK
carB
atoB
glyA
lipA
nadA
nadB
serC
dacC
aroC
alr
astB
iaaA
metA
carB
ilvB
atoB
carB
caiD
malP
elaD
ghrA
gluQ
mltA
puryU
ravA
SIXA
solA
speG
yfdE
torC
pykF
pykF
aceA
zwf
aceA
tabA
envC
envC

0.812
0.308
0.384
0.515
0.321
0.308
0.782
0.326
0.426

0.525
0.321
0.474
0.304
0.515
0.559
0.441
0.465
0.554
0.362
0.812
0.426
0.782
0.387
0.426
0.384
0.426
0.444
0.346
0.293
0.445
0.417
0.322
0.400
0.320
0.415
0.497
0.578
0.397
0.397
0.298
0.348
0.298
0.305
0.396
0.396



Proteins involved in quorum zwf 0.348

sensing
Response to stimulus ~ Stress ugpB  0.293
Heat pykF  0.397
Cold rbfA  0.322
DNA damage alaA  0.308
emrK 0.337
nikE  0.489
rbfA  0.322
solA  0.320
yiaO  0.366
Other asnC  0.382
dacC 0.559
envC  0.396
ghrA  0.346
gltl 0.626
gylA  0.525
holC  0.311
ptsN  0.328
ugpB  0.293

1 Each individual score represents the mean of 12 trials — three biological and four technical.
2 Two-tailed t-test and significance was determined using the Benjamini-Hochberg procedure
3 Gene hits can be mapped to more than one system and subsystem.

When comparing the sensitive and resistant data sets, similar numbers of hits were mapped
to each cellular process, excluding Degradation and Biosynthesis, in which more hits, by 2-fold,
were obtained for the resistant data set (Figure 6.2). More resistant hits involved in Regulation
were also recovered, again by more than 2-fold. This was not the case for Response to stimulus,

Cellular processes, Other pathways and the Central dogma for which the numbers of sensitive hits

were comparable or greater (Figure 6.2).
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Figure 6.2 Cu resistant and sensitive gene hits mapped to component cellular processes. Gene

hits can be mapped to more than one process. Only hits two standard deviations or greater from
the mean are included. The gene hits were mined using the Omics Dashboard (Pathway Tools),
which surveys against the EcoCyc database.

Amongst the sensitive hits, 18 genes that code for protein-binding proteins were recovered,
resulting in an enrichment score of 1.9 (Figure 6.3). In general, more systems were enriched by
the resistant hits, including amino acid biosynthesis, particularly D-alanine, pyridoxal binding and

transferase activity. Finally, out of the 73 resistant hits, 32 were cytosolic and 29 were found to be

involved in metabolic pathways, generating a fold enrichment score of 2.
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Hl Resistant

Protein binding

Signal-anchor protein

Sulfur relay system

tRNA processing

Amino acid biosynthesis

Aromatic amino acid biosynthesis
D-alanine biosynthesis

Valine, leucine and isoleucine biosynthesis
Amino acid binding

Aminotransferase

Cytosolic proteins

Glyoxylate and dicarboxylate metabolism
Metabolic pathways

Pyridoxal phosphate binding

Pyridoxal phosphate-dependent transferase
Biosynthesis of secondary metabolites
Transferase

o S ® $ S
Fold Enrichment
Figure 6.3 Functional enrichment among the Cu resistant and sensitive gene hits. The DAVID

gene functional classification (version 6.8) database, a false discovery rate of 0.1 and a cutoff
score two standard deviations from the mean was used to measure the magnitude of enrichment
of the selected gene hits against the genome of Escherichia coli K-12. Only clusters with >3
gene hits and a p-value <0.05 were included.
6.4.2 Cu sensitive systems
6.4.2.1 Cu sensitivity is generated in the absence of CueO and genes involved in the transport
and folding of this protein

Maintaining Cu homeostasis and resistance necessitates a number of specialized proteins
that primarily address the distribution and control of this metal inside the cell. Proteins proficient
in chelation are needed to bind molecules of Cu and transcriptional regulators are required to sense
and relay the presence of this metal, even when present at picomolar concentrations [466]. E. coli

contains a number of systems that support the proper homeostasis of Cu(l) and Cu(ll), including

regulators, namely CueR, CusRS and PcoRS [260], transporters such as CopA and CusABC,
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chaperones like CusF, and proteins, specifically CueO, involved in the oxidation of Cu(l) to the
less harmful form Cu(ll) [256],[260]. We recovered only one hit belonging to these collections of
genes that are directly involved in maintaining Cu homeostasis — the highly copper sensitive
protein CueO. Through oxidase activity and the presence of six Cu ions [469], CueO has been
demonstrated to protect against Cu and Fe damage [260].

One study demonstrated that upon cusCFBA deletion, substantial Cu sensitivity was not
found. Rather, only after the deletion of several genes — cueO and cusCFBA — was elevated
sensitivity observed [470]. Since the tendency for Cu to bind unintended ligands is high, it is
imperative that an organism holds several mechanisms aimed at maintaining intracellular
concentrations. These mechanisms are also held at specific cell locations. If the source of toxicity
occurs in the cytoplasm then the deletion of cusCFBA would likely have no impact on sensitivity
since this system is predicted to export Cu ions from the periplasm to the extracellular space [262].
This may provide an explanation for why only one hit was recovered in this work.

CueO contains a twin-arginine leader sequence, therefore, it is transported across the inner
membrane in a folded state by the Tat system [253],[471]. Both tatB and tatC comprise the
functional unit that are assumed to act as the substrate receptor for the Tat complex [472]. The
deletion of tatC has been found to inhibit the export of precursor proteins that contain the twin-
arginine sequence [473]. In our phenotypic screen, the deletion of either one of these genes resulted
in Cu sensitivity. As a result, we predict that the products of these genes aid against Cu toxicity
through the translocation of CueO across the inner membrane. This interaction can be visualized
further when exposing the connectivity between tatC, tatB and cueO (Figure 6.4). Further, the
protein product of dnakK, also recovered as a sensitive hit in this work, has been proven to be

essential in targeting CueO [474]. Researchers predict that DnaK may aid in the incorporation of

159



Cu ions into CueO or serve as a mediator for interaction with the Tat system [474]. This protein
was not included in the connectivity map since it’s interaction with CueO has not been proved
experimentally (Figure 6.4). Collectively, this data implies that either CueO is key in protecting
against Cu toxicity, more so than any other non-essential gene involved in controlling Cu
concentrations, or the primary source of prolonged Cu toxicity occurs in the periplasm where CueO
is active. The latter hypothesis is arguable however, since the products of cusCFBA and cusF act
in the periplasm. Still, a key feature of CueO may be its ability to oxidize toxic Cu(l), enabling the

removal of this threat from the periplasm, as well as its elevated Cu sensitivity when compared to

the remaining homeostatic proteins [474].
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Figure 6.4 Connectivity map presenting the predicted functional associations between the Cu
sensitive gene hits; disconnected gene hits not included. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on fusion, experimental and co-
expression evidence only; several hits may be excluded based on these requirements. Figure
generated using STRING (version 10.5) and a medium confidence score of 0.4.
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6.4.2.2 tRNA processing and modification may serve as a resistance mechanism against Cu
Examining the fold enrichment data reveals tRNA processing as a Cu targeted system in
E. coli BW25113 (Figure 6.3). Four genes were recovered as sensitive hits, tusA, tusB, mnmA and
ygfZ. The protein product of the latter is thought to be involved in iron-sulfur cluster repair, which
is a process thought to be targeted by Cu [475]. The products of tusA, tusB and mnmA are involved
in tRNA wobble position uridine thiolation, mainly through the relay of sulfur [476]. The reactants
of these enzymes contain an exposed thiol group. Consequently, we predict that the accumulation
of these molecules, due to gene deletions and thus the halting of this process, is unfavorable in the
presence of Cu(l) owing to its attraction for soft bases. Moreover, if Cu is targeting RNA
translation, these proteins would be beneficial to ensure correct tRNA wobble position uridine
thiolation, which plays a critical role in the biogenesis and metabolism of RNA molecules [477].
In E. coli the OxyR and SoxRS systems are required to prevent damage caused by reactive
oxygen species (ROS) [478], however the translation, transcription and folding of the proteins
controlled by these regulons has been found to take more than 20 minutes [479]. As a result, cells
require mechanisms that respond to stress immediately and this is believed to be at the translational
level [472]. The cleavage of tRNAs leads to the production of small RNA fragments that can
quickly down-regulate translation initiation as well as stimulate processes such as proliferation
[480]. In fact, Zhong et al. observed that cells initially decrease tRNA levels under oxidative stress
to prevent elongation, likely as a means of preventing protein misfolding [481]. However, once
the cells adapted, tRNA levels were restored and even elevated when compared to normal cells
thereby enabling the translation of important proteins that aid in the fight against ROS. A global
resistance mechanism against oxidative induced stress in E. coli is thus crafted. This information

provides the basis of a model relating the presence of tRNAs to protection against Cu induced
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stress since four out of the seven proteins involved in the modification of the 2-thiol in tRNAs
were recovered as sensitive hits in this study. It is important to note that in our screen traditional
ROS mediating proteins, such as superoxide dismutase or glutathione reductase were not recovered
as statistically significant. Therefore, whether Cu directly generates ROS thereby initiating the

hypothesized cycle has yet to be determined.

6.4.3 Cu resistant systems

6.4.3.1 Genes involved in importing key biomolecules are potential Cu targets

A critical metal resistance mechanism lies in controlling the influx of essential metals and
maintaining appropriate concentrations, while also restricting the import of toxic metals. Still, it
has been projected that the majority of metal ions diffuse through the outer membrane using porins
[482]. Further, if the complex is too large to diffuse through a porin then energy-coupled outer
membrane proteins are utilized [483]. Lastly, specific metal transport proteins belonging to the
ATP-binding cassette, the Niand Co transporter and Zrt/Irt-like families, among others, that efflux
ions such as Mn, Fe, Cu, Zn, Ni, Co across the membrane, aided by metabolite substrates,
chaperones or key protein residues, are fundamental in controlling the influx of metals [484].
Internal metal ion concentrations must match cell requirements with precision, yet the strength of
Cu binding is the greatest when compared to the remaining metals. To counter this, and any other
metal ion stress, bacterial cells express far more metal exporters than importers [2]. When metal
concentrations are elevated, genes that code for importers, especially those that are specific for the
incoming metal, are repressed as a means of decreasing intracellular levels. Still, based on
numerous studies aimed at detecting the mechanisms of metal toxicity in bacteria, it is evident that
metal ions are making their way into cells and exerting toxicity intracellularly [180]. In our study,

we detected eight hits — oppB, fhuF, yiaO, cysP, cysW, citT, nikE and gltl — that are involved in
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the import of biomolecules, may potentially bind Cu ions, or enable Cu replacement or metabolite
uptake interference in E. coli. Of these, several require particular attention. One study, which
monitored changes to transcriptional levels in Staphylococcus aureus, found levels of oppA, an
oligopeptide transporter protein like the resistant hit oppB, to be down-regulated in the presence
of Cu [206]. In S. aureus, OppA has 35% homology to NikA [485], which is part of the Ni(ll)
ABC-dependent transporter complex in E. coli [486]. This information and the results obtained in
this work may provide evidence that the OppABCDF import system is significant in mediating
metal and oligopeptide import in either organism.

The incidents for the remaining hits involved in biomolecule transport are somewhat
similar. The product of fhuE serves as a receptor for ferric-coprogen uptake in E. coli. Coupled to
TonB and alongside FhuCBD, this protein permits the transport of ferric-coprogen across the outer
membrane. If Cu is able to replace Fe within this chelator, given Cu’s excellent binding affinity,
then the deletion of this gene may offer resistance, as demonstrated in our screen. The genes cysP
and cysW code for a portion of the ABC-dependent thiosulfate/sulfate uptake system in E. coli
[487]. This system demonstrates selenite, selenate [488] and molybdate [489] uptake abilities.
Thiosulfate can be readily reduced by Cu(ll) producing Cu(l) inside the cell, which may be
detrimental. Finally, citT is projected to be responsible for the uptake of citrate [490]. Citrate is an
excellent Cu chelator [491]. Copper chelation by citrate would permit the co-import of this metal
into the cell. The deletion of this gene would permit Cu-citrate co-import.

The product of nikE, which is part of the Ni(ll) ABC-dependent transporter complex, was
also recovered as a resistant hit in this study. While Cu(ll) has been demonstrated to bind NikR —
one of the two Ni regulators in E. coli, this sensor explicitly responds to Ni(I) owing to this metal’s

ability to increase NikR-DNA affinity [492]. Consequently, NikR-Cu recognition would have no
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impact on the repression of the proteins NikA-E. However, inhibiting the energy-coupling domain
NikE may successfully halt toxin transport if Cu is imported by this complex. This hypothesis is
slightly problematic since the Ni(ll) ABC-dependent transporter has not been demonstrated to
import Cu. Another explanation may rest in Cu(Il)’s ability to bind NikR. If NikR is successfully
inhibited by Cu, Ni is unable to bind the regulator in order to maintain Ni homeostasis and prevent
the build of this metal. In other words, Ni homeostasis may be interrupted in the presence of Cu.
Therefore, if NIikE is deleted then Ni import is limited, thereby, discontinuing the uncontrolled

influx of Ni into the cell.

6.4.3.2 Amino acid biosynthesis

Genes involved in amino acid synthesis, including aromatic, valine, leucine, isoleucine and
D-alanine biosynthesis were enriched for amongst the resistant hits (Figure 6.3). Nearly all of the
amino acid biosynthesis hits recovered in this work were connected to additional resistant hits,
including three genes belonging to central carbon metabolism (See section 7.4.3.3). Furthermore,
aroC and trpD, involved in aromatic and tryptophan biosynthesis, respectively, were connected to
cysP and cysW via the resistant hit hisG, which is involved in the synthesis of histidine (Figure
6.5). The primary precursor of the latter pathway is consumed during tryptophan production. These
connections, supported by the enrichment information (Figure 6.3), suggest nodes of Cu
sensitivity.

In comparison to previous works by our group, amino acid biosynthesis enrichment was
found to be comparable between the resistant hits [403],[493]. Free amino acids are known to
propagate the production of reactive oxygen species [494],[495]. For example, the hydrogen atom
of the a-carbon in amino acids, free and within polypeptide chains, is the site of *OH attack [496].

From here, the carbon centered radical results in the production of the peroxyl radical and the
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reaction continues yielding additional radicals. By decreasing the number of amino acids produced
by deleting genes involved in synthesis, less ROS is propagated throughout the bacterial cell.
Furthermore, the production of amino acids necessitates high levels of NADPH, which plays a
large role in maintaining the reductive state of the cell [452]. It has been projected that the source
of *OH originates from the cleavage of hydrogen peroxide by Fe(l1) or Cu(l) [496] through Fenton
reactions. Therefore, by conserving the NADPH pool, cells can allocate more energy towards

fighting incoming threats.

Figure 6.5 Connectivity diagram presenting the predicted functional associations between the Cu
resistant gene hits; disconnected gene hits not shown. The thickness of the line indicates the
degree of confidence prediction for the given interaction, based on gene fusion, curated
databases, experimental and co-expression evidence only; several hits may be excluded based on
these requirements. Figure generated using STRING (version 11) and a medium confidence
score of 0.4.
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6.4.3.3 Cu may alter central carbon metabolism in E. coli

In this work we recovered three resistant hits involved in central carbon metabolism,
namely, isocitrate lyase, pyruvate kinase | and glucose-6-phospahte 1-dehydrogenase I. In S.
aureus central carbon metabolism is altered under Cu stress [216]. In particular, fructose-
bisphosphate aldolase and a glyceraldehyde-3-phosphate dehydrogenase glycolytic isoenzyme,
GapA, were induced in the presence 1 and 2.5 mM CuSOQOea.

The deletion of pykF has been demonstrated to increase metabolic flux through the pentose
phosphate pathway thereby increasing the amount of NADPH produced by 2-fold [497]. Studies
have shown that this pathway, namely the production of NADPH since this molecule is universal
to the maintenance of the redox potential in the cell, increases oxidative stress survivability
[498],[499]. Similarly, one study showed that the deletion of aceA (isocitrate lyase), which is
responsible for catalyzing the conversion of isocitrate to succinate and glyoxylate, results in the
production of one extra NAPDH molecule beginning at pyruvate kinase [500]. This study
continues on to explain that the glyoxylate cycle may play a role in mediating NADPH
concentrations when abundant, since too much NADPH is unfavorable as well. Therefore, we
predict that the deletion of aceA halts this control therefore producing extra NADPH when
compared to the WT. Even if the glyoxylate pathway is poorly utilized, owing to growth in glucose
rich media, deleting this gene ensures the glyoxylate cycle does not continue and the redox
buffering of the cell increases.

The last enzyme, glucose-6-phosphate dehydrogenase |, offers a problem to the latter
hypotheses. This enzyme provides a large fraction of the NADPH needed for cell growth and
maintenance. Therefore, why does the deletion of this enzyme increase Cu resistance? Deleting

zwf has been shown to result in increased flux through the transhydrogenase pathway, in which
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NADH is converted to NADPH [501] as a means of continuously supplying the cell with this
universal molecule [502]. Further, a zwf mutant displays elevated flux through glycolysis and the
TCA cycle [502], thereby providing ATP for growth and biomass accumulation; the threat of Cu
may be lessened.
6.4.3.4 Deleting hisG results in elevated Cu resistance

When investigating the presence of metals in solution, they are rarely ‘free’ in solution
[503]. Metal ions are often hydrated or coordinated by amino acids, anions or other biomolecules.
Histidine, which makes as a common amino acid in catalyzed reactions serving as a base when
unprotonated and an acid when protonated, is one of the strongest metal binding amino acids. This
amino acid displays three potential binding sites, the imidazole, carboxylate oxygen and the amino
nitrogen, however, the imidazole provides the primary means of coordination [504]. Copper(l1)-
L-Histidine has been found to be co-transported into cellular systems, enhancing the uptake of this
metal [505]. In this study, we recovered hisG has a resistant hit. This enzyme, which catalyzes the
first step in histidine biosynthesis has been predicted to have an essential role in histidine
biosynthesis since the rate of this pathway is controlled by the regulation of this enzyme. HisG
mutants do not grow in minimal media, however in previous works we have shown that strains
absent in amino acid genes can grow on minimal media following our methodology [493]. In short,
when autotrophic for histidine, Cu resistance is acquired, possibly due to the strong interaction of
this amino acid with Cu and the potential for Cu-His uptake into the cell, which would be largely

prevented in the case of the knockout mutant.

6.4.3.5 Two genes involved in NAD biosynthesis were recovered as resistant hits
Two genes involved de novo NAD* biosynthesis were recovered in this work, including

nadA and nadB. NadA, a quinolinate synthase that contains a [4Fe-4S] cluster required for activity
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[367]. It has been shown that soft metals, such as Cu(l), haven been demonstrated to bind iron-
sulfur centers, thereby causing the bridging of sulfur atoms and deactivation of the protein [196].
NadB, an oxidase that catalyzes the first step of NAD biosynthesis is projected to be the
predominant source of hydrogen peroxide formation in the cell [368]. Under anaerobic conditions
this protein uses fumarate as terminal election acceptor, however under aerobic conditions oxygen
is favored due to lower fumarate levels with hydrogen peroxide as a product. The turnover of NadB
is tightly controlled in the cell consequently, the production of hydrogen peroxide is kept to
minimum [506]. Still, the deletion of this gene results in ~30% less hydrogen peroxide formation,
thereby decreasing the propagation of *OH via reaction with Cu(l). Furthermore, it has been
demonstrated that NAD precursor accumulation, which occurs upon gene deletions, lessens
hydrogen peroxide damage since there is no evidence of negative feedback inhibition [368]. As a
result, it is probable that the deletion of either nadA or nadB may confer resistance if hydrogen

peroxide is produced or similar threats are propagated by Cu.

6.4.4 Gene hits not recovered in this study

The mechanisms of Cu homeostasis are far better understood than the mechanisms of Cu
toxicity in bacteria. In this work we recovered few genes that are directly involved in keeping
internal Cu concentrations under control. As projected in section 6.4.2.1, only one hit involved in
this pathway was recovered, likely because the sensitivity of CueO to Cu is greatest [474]. Still,
the concentration of Cu used in this study was not minimal. However, since this work was designed
to study prolonged exposure, the abundance of ‘free’ Cu ions inside the cell were likely lower than
the bulk concentration of 5 mM, particularly for those cells at the top of the colonies. Further, as
cells die, through apoptosis or other mechanisms, released biomolecules increase the potential for

metal chelation. Lastly, since the threat of Cu toxicity is high, due to its chemical properties, cells
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have adapted to ensure proper mechanisms of resistance are in place, more so than for any other
metal [465]. Therefore, we predict that the deletion of one Cu-homeostatic protein will have little
difference on the adaptive capabilities of the cell, however the deletion of several would, as
demonstrated in other works [507].

One postulated mechanism of Cu induced cell death includes the production of ROS [508],
still, studies have shown that this is not always the case [197],[203],[210],[475],[509]. In this
screen we did not recover any proteins directly involved in mediating this threat. Given the nature
of this screen, it is possible that overtime, cells, whether the WT strain or a mutant, adapt to the
stress caused by the incoming threat by increasing tRNA levels (see section 7.4.2.2), decreasing
metabolite import (see section 7.4.3.1) or altering central carbon metabolism (see section 7.4.3.3),
for example. In addition, the absence of one gene, such as grxD (which was not recovered in this
screen), would have little impact on the reductive means of the cell since E. coli holds a number
of enzymes, such superoxide dismutases and catalase, responsible for maintaining ROS levels to
a minimum. In fact, E. coli possesses two major regulons, SoxRS and OxyR, that provide
superoxide response via the activation of over 90 genes [510],[511]. We only mapped two resistant
hits to the regulon SoxRS — pstG and tolC, and one sensitive hit — zwf, and none to OxyR, within
our statistical parameters.

The recovery of the resistant hit, glucose-6-phosphate dehydrogenase | (zwf), provides
further evidence for the aforementioned hypothesis that Cu does not result in ROS toxicity in the
presence of prolonged exposure (see section 7.4.3.3). This enzyme yields the major source of
NADPH in the cell. Studies have shown that in the absence of this gene, reductive capabilities are
reduced [512],[513] and the zwf mutant displayed Cu resistance, the opposite outcome expected if

ROS was a major source of cell death after prolonged Cu exposure.
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6.5 Conclusion

In this study, the Keio collection was used in order to gain further insight into the
mechanisms of Cu toxicity and resistance in E. coli BW25113. In total 3895 strains, each missing
a different non-essential gene were screened, and from here 73 resistant and 55 sensitive hits were
recovered.

Only one protein that is directly involved in mediating Cu homeostasis in the cell was
recovered — CueO, an oxidase that is responsible for the oxidation of Cu(l) to Cu(ll).
Complimenting this find was the retrieval of three hits that are involved in the translocation and
proper assembly of CueO, tatB, tatC and dnaK. From this information it appears that CueO is a
key protein involved in mediating prolonged Cu resistance.

In this study the process of tRNA processing was enriched amongst the sensitive hits. In the
presence of prolonged challenge, tRNA levels have been demonstrated to increase, thus allowing
the translation of key proteins required to limit superoxide stress. Four genes belonging to this
process were retrieved, three of which are involved in tRNA-uridine 2-thiolation. Given this
information, the production of tRNA is likely a key process involved in controlling Cu stress in E.
coli.

Amongst the resistant hits, a number of proteins involved in biomolecule import were
recovered. The genes fhuE and citT, which transport ferric-coprogen and citrate, respectively, into
the cell were amid these hits. We hypothesize that Cu may co-transport with these molecules,
particularly because Cu has been found to outcompete Fe for binding sights, as per the Irving-
Williams series [143] and citrate chelates metal ions, such as Cu [491]. Furthermore, the recovery
of three genes involved in central carbon metabolism may provide indication that Cu may be

capable of altering this process, as evident in other works. Lastly the observation that the deletion
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of HisG resulted in Cu resistance may support the hypothesis that Cu binds histidine thus providing
a means of co-transport. By deleting this gene, histidine is no longer synthesized by the cells, they
must live off residual amino acids and those scavenged from dying cells. In turn, this decrease in
histidine concentration provides fewer binding sites for Cu and given the importance of this protein
in catalysis and structural integrity, fewer targets.

Based on existing research we believe that there are a number of systems and proteins that
may be targeted by Cu under prolonged stress. Although further research must be completed to
validate some of our justifications, such as the presence of genes involved in central carbon
metabolism and the co-transport of Cu with key biomolecules, we have demonstrated that in the
presence of Cu E. coli employs numerous defense mechanisms, and not just those classically

defined as Cu-homeostatic proteins, to protect against the treat of this metal.
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7 Comparing oxygen consumption, extracellular pH and reactive
oxygen species formation in the presence of silver, gallium and
copper

7.1 Abstract

In this chapter, the physiological response of two sensitive hits common between the three
datasets was compared. In particular, the planktonic growth tolerance, oxygen consumption and
pH of the cells were monitored in the presence and absence of silver, copper and gallium. The
growth tolerance curves showed differences in the susceptibility of the tolC mutant to copper, this
was not found for any other metal or strain. Still, when comparing the minimal inhibitory
concentrations, the ygfZ and tolC mutant behaved differently when compared to the WT strain.
The oxygen consumption of the strains varied between metal and metal concentration, a trend
similarly observed in the pH assays. Lastly, in order to compare the production of reactive oxygen
species between the metals, the WT strain was grown in the presence and absence of the metals
and exposed to hydrogen peroxide. Using the fluorescent probe 2,7-Dichlorodihydrofluorescein,
we found that copper in the presence and absence of hydrogen peroxide induces the formation of
reactive oxygen species, an observation that was not found for the remaining metals.

The sensitive and resistant hits obtained from chapters 4-6 provide prospective targets for
future studies, such as those shown in this study. By further validating these hits, novel

mechanisms of metal action can be explored.

7.2 Introduction
The results obtained from the chemical genetic screens performed in Chapters 4-7 provide

valuable information and potential targets for future studies. In this work several novel genes
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involved in mediating resistance or sensitivity were recovered, a number of which that were
unforeseen based on existing literature. Several of these include, nadA and nadB, both involved in
NAD* biosynthesis, fdx and bfr, iron binding proteins, recA, ruvA and ruvC, which are involved
in DNA repair, and atpB, atpE and atpF, which comprise the ATPase synthase complex. As an
introduction to the forthcoming potential of this thesis, in this chapter, two sensitive hits are further
investigated.

Between the three genetic screens the sensitive hits tolC and yfgZ were uncovered. TolC is
a well-studied protein that is required for the function of a number of efflux pathways including
the AcrAB multidrug efflux system, involved in the export of numerous toxic exogenous
compounds and antibiotics [381]. This protein is also a potential target for inhibiting drug efflux
in Gram-negative bacteria [514]. The function of YgfZ is unknown, although it is thought to be
involved in iron-sulfur repair, oxidative stress [415] and tRNA modification [515].

In this chapter, the physiological response of the mutants tolC and ygfZ were monitored
and compared to the WT strain in the presence and absence of the metals; silver, gallium and
copper. Oxygen consumption and the pH of the cells were used as measures of oxidative cellular
respiration. The results of the oxygen consumption assay lead us to believe that the bacterial cells
were undergoing anaerobic respiration in the presence of elevated levels of gallium and copper,
however, acidification measured with the pH-Xtra probe from Aligent® did not correlate well with
this hypothesis. Furthermore, the production of ROS was compared between cells that were grown
in the presence of metals following the methodology used in Chapters 4-6 to enable close
comparisons for future studies. In the presence of copper, the addition of hydrogen peroxide

initiated ROS production likely as a result of Fenton chemistry, yet still, in the absence of hydrogen
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peroxide, cells exposed to copper demonstrated ROS production. These trends were not found for

silver and gallium which have been postulated to instigate the formation of ROS indirectly.

7.3 Methods and Materials
Unless otherwise stated all materials were obtained from VWR International, Mississauga,

Canada.

7.3.1 Strains

The parent strain Escherichia coli BW25113, AtolC and AygfZ (lacl® rrnBr1sa AlacZwiig
hsdR514 AaraBADanss ArhaBADLbrs) belonging to the Keio collection [406], were collected
from the National BioResource Project E. coli (National Institute of Genetics, Shizuoka, Japan).
All bacterial stains were stored in Microbank™ vials at -80°C as described by the manufacturer

(ProLab Diagnostics, Richmond Hill, ON, Canada)

7.3.2 Metal solutions
Silver nitrate (AgNO3), gallium nitrate [Ga(NOs)3] and copper sulfate (CuSOa4) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions were made in deionized H20

and stored at room temperature for no longer than three weeks.

7.3.3  Growth tolerance in the presence of silver, gallium and copper

To compare the planktonic growth of each strain under metal stress, growth tolerance
curves (also referred to as Kill curves or susceptibility tests), were performed for the parent strain,
AtolC and AygfZ.

Firstly, cells were inoculated on Luria-Bertani (LB) medium plates (1% agar) for 16 hours.

The following day, the cultures were normalized in saline (0.9% NaCl) to reach an optical density
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of 1.00 (Asoo). Using 96-well plates, 180 uL of M9 minimal media was added to each well. The
metal challenges were added (20 uL) and serially diluted by a dilution factor of two; reservation
of the first row served as a growth control (0.0 mM metal). The normalized bacterial cultures were
seeded to obtain a cell count of 10° cells/well in the absence — to control for growth — and presence
of the metal salt. The plate was then placed in a 37°C humidified incubator on a gyrorotary shaker
set to 150rpm and grown for 24 hours.

The following day, to determine the colony forming units of the bacterial populations, eight
serial dilutions, with a dilution factor of ten, were carried out in 96-well plates with 0.9% saline
and universal neutralizer [146] [0.5 g/L histidine (Sigma, USA), 0.5 g/L-cysteine (Sigma, USA),
and 0.1 g/L reduced glutathione (Sigma, USA) in deionized H20]. Next, each well was spot plated
onto M9 minimal media plates (1.0% agar) and incubated for 28 hours at 37°C. The concentrations
at which each metal gave rise to no viable microbial colonies was determined to be the minimal

bactericidal concentration (MBC).

7.3.4 MitoXpress Xtra Oxygen Consumption assay
7.3.4.1 Signal optimization

In order to measure the cellular respiration of growing bacteria cells, the MitoXpress Xtra
Assay (HS Method) from Aligent®was used. The provided reagent, MitoXpress Xtra, is quenched
by O2 through molecular collision, therefore, the fluorescence signal is inversely proportional to
the amount of oxygen present. This reaction is reversible, so care was taken to avoid the exchange
of oxygen between the air and the liquid culture.

Briefly, the contents of the MitoXpress reagent were dissolved in 1.0 mL of sterile
deionized water and stored at 4°C for no longer than two days. Prior to conducting the MitoXpress

assay, signal optimization was performed using the provided reagent, the bacterial growth medium
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and the three metals. Here, 90 pL of prewarmed M9 minimal media (6.8 g/L Na2HPO4, 3.0 g/L
KH2PO4, 1.0 g/L NH4Cl, 0.5 g/L NaCl, 4.0 mg/L glucose, 0.5 mg/L MgSO4 and 0.1 mg/L CaCl)
was added into ten wells of a sterile microtiter plate. To these wells, 10 uL of the MitoXpress Xtra
reagent was added to eight wells and to the remaining two wells, 20 uL of pre-warmed distilled
H20 was added. The latter served as blank controls. Next, to ensure the metals had no influence
on the fluorescence signal, 10 uL of metal challenge was added into two wells each — for a total
of six wells containing challenge — leaving two wells without. The latter serves as a negative
control. Since this assay is volume sensitive, owing to the concentration of oxygen in the solution,
10 uL of distilled H20 was added to the remaining two wells that contain the MitoXpress Xtra
reagent. Finally, 90 uL of mineral oil was added to each well immediately, taking care to ensure
the same volume of oil was added and no air bubbles were present. The microtiter plate and its
contents were read immediately in a Perkin EImar EnVision fluorescence plate reader (excitation
340 + 60 nm, emission 650 + 8 nm) with an integration time of 40/100 us. Optimization was
complete in ensure that the negative control to blank ratio was greater than two and the negative
control to metal challenge ratio was close to one.
7.3.4.2 Glycolysis assay

Prior to plate preparation, the E. coli strains were grown for 24 hours on LB medium plates
(1.0% agar). The following day, the strains were standardized to an optical density of 1.00 (Asoo)
in saline (0.9% NaCl) pre-warmed to 37°C. The standardized cultures were diluted into M9
minimal medium to obtain a seeding cell density of 10° cells/well. Plate preparation was performed
at 37°C on a plate block heater and all media components were warmed to 37°C prior to the
beginning of the assay. Into a black-walled/clear bottom sterile microtiter plate, 90 uL of

standardized and diluted cell culture was added. To these wells 10 uL of MitoXpress was added,
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followed by 10 uL of the given metal challenge. Final assay metal concentrations are as follows;
silver nitrate 0.2 mM and 0.002 mM, copper sulfate 2.2 mM and 0.022 mM and gallium nitrate
1.0 mM and 0.01 mM. A number of controls were included, such as a blank control (free of cells
and the MitoXpress reagent), negative control (cell-free + 10 uL MitoXpress reagent) and a
positive control (cell-free + 10 uL of Glucose Oxidase at 1.0 mg/mL dissolved in distilled H20 +
10 uL MitoXpress reagent). Finally, 90 uL of high-grade mineral oil was added to each well. Two
empty wells were loaded with 90 pL and 180 pL of mineral oil as well. Plate fluorescence was
then measured for 12 hours in a temperature-controlled plate reader (excitation 340 + 60 nm,

emission 650 + 8 nm) with an integration time of 40/100 ps.

7.3.5 pH-Xtra Glycolysis assay
7.3.5.1 Signal optimization

This assay allows for the analysis of the extracellular acidification of the cell as it
undergoes glycolytic flux. This probe is cell impermeable and provides a signal across the
biological range of pH 6-7.5. In a similar manner to above, the signal was optimized to ensure the
negative control to blank ratio was greater than one. Firstly, the respiration buffer supplied by
Aligent® was dissolved in 50 mL distilled H20 and warmed to 37°C. The pH of this solution was
then adjusted to pH 7.4 and filtered through a 0.2 um filter. Into a black-walled/clear bottom sterile
microtiter plate, ten wells were filled with the respiration buffer. The pH-Xtra reagent and the
metal challenges were added as above. The fluorescence signal was taken kinetically for 30
minutes (excitation 340 + 60 nm, emission 615 + 8.5 nm) with an integration time of 40/100 us
and compared to ensure a signal to blank ratio of three.

7.3.5.2 pH glycolysis assay
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Plate preparation was performed at 37°C on a plate block heater and all media components
were warmed to 37°C prior to the beginning of the assay.
The E. coli strains were grown for 24 hours on LB medium plates (1.0% agar). The cells were then
dissolved in saline in order to standardize to an optical density of 1.00 (Asoo). Next, 1.0 mL of
normalized cell culture was centrifuged at 14 000 rpm for ten minutes. The supernatant was
removed, the cell pellet was dissolved in 1.0 mL Respiration Buffer provided by the manufacturer
and centrifuged once again. The cells were washed once more with the Respiration Buffer. After
the second wash, 1.0 mL of pre-warmed Respiration Buffer was added to the pellet. Once
dissolved, the cell sample was added to 9.0 mL fresh respiration buffer. To this, 1.0 mL of the pH-
Xtra probe, provided by Agilent® was added. Into a black-walled/clear bottom sterile microtiter
plate, 90 uL of the Respiration Buffer, cell culture and probe mix was added. The metal challenges
were added at 10 uL, for a total of 100 uL. Final assay metal concentrations are as follows; silver
nitrate 0.2 mM and 0.002 mM, copper sulfate 2.2 mM and 0.022 mM and gallium nitrate 1.0 mM
and 0.01 mM. A number of controls were included, such as a blank control (free of cells and the
pH-Xtra probe), negative control (cell-free + 10 uL pH-Xtra probe) and a positive control (cell-
free + 10 uL of Glucose Oxidase at 1.0 mg/mL dissolved in distilled H20 + 10 uL pH-Xtra probe).
The fluorescence was taken immediately for 30 minutes in a Perkin EImar EnVision fluorescence

plate reader (excitation 340 + 60 nm, emission 615 + 8.5 nm) with an integration time of 40/100

.

7.3.6 Reactive oxygen species assays
To qualitatively compare the amount of hydrogen peroxide, peroxide radical and hydroxyl

radical produced under metal stress, the fluorescent probe 2,7-dichlorodihydrofluorescein (DFCH)
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was utilized. As the diacetate form (DFCH-DA), this probe is able to diffuse through cellular
membranes where it is enzymatically hydrolyzed by intracellular esterases to DFCH. Next DFCH
reacts with ROS to produce DCF, which is a fluorescent compound (excitation 498 nm and
emission 522nm) [281].
Firstly, the E. coli strains were streaked out on LB medium plates and grown for 24 hours at 37°C.
Next, the cells were transferred to M9 minimal medium plates each containing copper, silver
gallium and a no metal control. These plates were made by adding the appropriate concentration
of metal to the agar before solidification to obtain a final concentration of 100 uM silver, 100 uM
gallium and 5 mM copper. The plates were incubated to allow for growth at 37°C for 24 hours.
The following day, the cells were dissolved in saline (0.9% NaCl) and standardized to an
optical density of 1.00 (Asoo). Next, 1.0 mL of standardized cell culture was centrifuged at 14 000
rpm for 10 minutes and the supernatant was removed. The pellet was dissolved in Hank’s Balanced
Salt Solution (HBSS) [400 mg/L KCI, 60 mg/L KH2PO4, 8000 mg/L NaCl, 350 mg/L NaHCOs,
48 mg/L Na2HPO4 and 1000 mg/L D-glucose] and centrifuged once again to remove residual
saline. The process was repeated once more with HBSS. Once the cells were washed, 990 uL of
HBSS was added along with 10 uL DFCH-DA, to obtain a final concentration of 10 uM. To ensure
the probe was given sufficient time to cross the cellular membrane, the samples were incubated at
37°C for 30 minutes. After this, the cells were washed twice as above to ensure all the residual
extracellular DFCH-DA was removed, and the final pellet was dissolved in 990 uL HBSS followed
by rest for 30 minutes at 37°C. Next, 10 uL hydrogen peroxide (30%) or 10 uL deionized waster
was added to each sample; all were incubated at 37°C for 5 minutes. Following this, the
fluorescence signal was measured and compared (excitation 498 nm, emission 522 nm). For each

strain, several comparisons were made including the production of ROS in the absence of hydrogen
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peroxide and no metal, the production of ROS in the presence of hydrogen peroxide and no metal,
the production of ROS in the absence of hydrogen peroxide with metal addition and the production

of ROS in the presence of hydrogen peroxide with metal addition.

7.4 Results

7.4.1 Growth tolerance in the presence of silver, gallium and copper

Two gene hits were recovered between the sensitive datasets (Chapters 4-6), including tolC
and ygfZ. These mutants, along with the WT strain were grown in the presence of silver, gallium
and copper in order to determine the growth tolerance of these strains.

Under silver exposure and 24-hour growth, the cells tolerated the metal similarly (Figure
7.1). A'log reduction in growth was observed in the absence of silver, when compared to the lowest
concentration of metal tested. The MBC, or the minimal concentration required to kill a bacterium,
was found to be 0.05 mM for all, and the minimal inhibitory concentration (MIC) was ~0.008 mM

for WT and ygfZ and ~0.0008 mM for tolC.
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Figure 7.1 Planktonic growth tolerance of E. coli BW25113 (blue), AtolC (red) and AygfZ
(green) in the presence of silver. Cells were grown in M9 minimal media for 24 hours and spot
plated onto M9 minimal media agar plates (1.0% agar) in order to determine the colony forming
units (CFU/mL). Values are represented as the mean of three biological trials, each with three
technical replicates; included are standard deviations.

Under gallium stress the MBC of parent strain and the two mutants was equivalent, at 100
mM (Figure 7.2). The ygfZ mutant behaved differently between the concentrations 0.1 mM and

10 mM, in which growth was decreased by 2-log when compared to the WT strain.
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Figure 7.2 Planktonic growth tolerance of E. coli BW25113 (blue), AtolC (red) and AygfZ
(green) in the presence of gallium. Cells were grown in M9 minimal media for 24 hours and spot
plated onto M9 minimal media agar plates (1.0% agar) in order to determine the colony forming
units (CFU/mL). Values are represented as the mean of three biological trials, each with three
technical replicates; included are standard deviations.

In the presence of copper, the WT strain grew the greatest between the concentrations 0.01
and the lowest metal concentration tested (Figure 7.3). The MBC of the tolC mutant was on the
order of 1000 magnitudes lower than that of the ygfZ mutant and the WT strain. Furthermore, a
decline in AyfgZ growth compared to the WT was observed during the growth tolerance assay with
an estimated MIC of 0.0001 mM. When compared to silver and gallium, the WT strain presented

enhanced growth in the presence of lower concentrations of copper, with LOG(CFU/mL) reaching

past six. At 0.0 mM copper, the CFUs were observed to be the same for each strain.
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Figure 7.3 Planktonic growth tolerance of E. coli BW25113 (blue), AtolC (red) and AygfZ
(green) in the presence of copper. Cells were grown in M9 minimal media for 24 hours and spot
plated onto M9 minimal media agar plates (1.0% agar) in order to determine the colony forming
units (CFU/mL). Values are represented as the mean of three biological trials, each with three
technical replicates; included are standard deviations.

7.4.2 MitoXpress Xtra Oxygen Consumption assay

Using the MitoXpress Xtra Assay (HS Method) from Aligent®, the oxygen consumption
of growing cells in the presence and absence of metal ions was measured over a 12-hour time
course. The provided reagent, MitoXpress Xtra, is quenched by Oz via molecular collisions. As a
result, the amount of fluorescence is inversely proportional to the amount of oxygen present. In
general, the variability between the two biological trials is large, still, a number of observations
can be extracted. It is important to note that the reaction of oxygen with the probe is reversible.
Wild-type cells grown in the presence of copper at 0.02 mM, silver at 0.2 mM and 0.002 mM and
in the absence of any metal displayed a decline in fluorescence after approximately one hour
(Figure 7.4). This was followed by a steep rise over a two-hour time period and then a gradual

increase until the completion of the assay. Copper at 2.2 mM and gallium at 1.0 mM bore similar
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trends, displaying no change in fluorescence, thus, oxygen consumption over the allocated time.
One biological trial showed an elevated fluorescence signal for cells grown in absence of metal,
more so than the positive control of this trial, glucose oxidase in a cell-free solution. This control
presented constant fluorescence values throughout the duration of the experiment, signifying that
the probe performed correctly under the conditions tested. Gallium at 0.01 mM did not show any
notable changes in fluorescence, however, at time zero this challenge displayed the greatest

fluorescence signal next to the positive control.
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Figure 7.4 Cellular respiration of growing WT E. coli BW25113 cells determined using the
MitoXpress Xtra Assay (HS Method) from Aligent® under copper, gallium and silver exposure.
The provided reagent, MitoXpress Xtra, is quenched by Oz, through molecular collisions, as a
result, the amount of fluorescence is inversely proportional to the amount of oxygen present.
Two biological trials, each with three technical replicates are shown and the mean of the two
biological trials is provided by the solid line. Included is copper 0.2 mM (blue), copper 0.002
mM (red), silver 0.2 mM (green), silver 0.002 mM (purple), gallium 1.0 mM (orange), gallium
0.01 mM (black), no metal (brown), glucose oxidase at 1 mg/mL (dark blue), which serves as a
positive control, and no cells with the reagent (plum), which serves as a negative control.
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Between time zero and one hour, there was a large spike in oxygen consumption in the
mutant tolC when grown in the presence of silver at 0.2 mM and 0.002 mM, copper at 0.02 mM
and cells grown in the absence of any metals (Figure 7.5), which is comparable to the WT strain
(Figure 7.4). This trend was not observed for the cells grown in the presence of gallium at 0.01
mM and 1.0 mM as well as copper at 2.2 mM. A decline in fluorescence in the first 30 minutes
was found for cells grown in the presence of copper at 0.02 mM and gallium at 0.01mM. The
fluorescence of the latter at time zero is higher than any of the other conditions, excluding the
positive control, similar to the WT cells grown in the presence of this metal (Figure 7.4). In the
presence of copper at 2.2 mM the fluorescence was observed to decrease overtime, this treand was

not observed in the WT cells.
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Figure 7.5 Cellular respiration of growing AtolC E. coli BW25113 cells determined using the
MitoXpress Xtra Assay (HS Method) from Aligent® under copper, gallium and silver exposure.
The provided reagent, MitoXpress Xtra, is quenched by Oz, through molecular collisions, as a
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result, the amount of fluorescence is inversely proportional to the amount of oxygen present.
Two biological trials, each with three technical replicates are shown and the mean of the two
biological trials is provided by the solid line. Included is copper 0.2 mM (blue), copper 0.002
mM (red), silver 0.2 mM (green), silver 0.002 mM (purple), gallium 1.0 mM (orange), gallium
0.01 mM (black), no metal (brown), glucose oxidase at 1 mg/mL (dark blue), which serves as a
positive control, and no cells with the reagent (plum), which serves as a negative control.

Trends for the null mutant ygfZ were more comparable to the WT than the mutant tolC
(Figures 7.4 - 7.6). However, copper at 0.02 mM and gallium at 0.01 mM offered notable
differences. Cells grown in the presence of 0.02 mM copper or the absence of any metal did not
display a decrease in fluorescence after 30 minutes, rather, a gradual increase was observed over
the 12-hour time period. The tolC mutant revealed this trend in the presence of copper at 0.02 mM
(Figure 7.5). Gallium at 0.01 mM did not cause an increase in signal at time zero as observed in
the remaining strains. Finally, cells grown in the presence of 0.2 mM silver displayed robust
oxygen consumption when compared to the remaining conditions, a trend not observed for the WT

strain and the mutant tolC. In general, the mutant yfgZ displayed less oxygen consumption, marked

by lower fluorescence signals, than the WT strain and the null mutant tolC.

186



1700

1600 R . L s X
IO s 1 — " N
2 1500 * L i\ .
£ s ~= Copper 0.02 mM
£ ' — Silver 0.2 mM
E —— Silver 0.002 mM
G Gallium 1.0 mM
%; - Gallium 0.01mM
[ - No metal
: . . . . v -+ Glucose Oxidase
1100 o : R o - No cells
- v 5 v [ v v
v v v
1000+——= : Lo . -
4 6 8 10 12
Time (hr)

Figure 7.6 Cellular respiration of growing AygfZ E. coli BW25113 cells determined using the
MitoXpress Xtra Assay (HS Method) from Aligent® under copper, gallium and silver exposure.
The provided reagent, MitoXpress Xtra, is quenched by Oz, through molecular collision, as a
result, the amount of fluorescence signal (in arbitrary units) is inversely proportional to the
amount of oxygen present. Two biological trials, each with three technical replicates are shown
and the mean of the two biological trials is provided by the solid line. Included is copper 0.2 mM
(blue), copper 0.002 mM (red), silver 0.2 mM (green), silver 0.002 mM (purple), gallium 1.0
mM (orange), gallium 0.01 mM (black), no metal (brown), glucose oxidase at 1 mg/mL (dark
blue), which serves as a positive control, and no cells with the reagent (plum), which serves as a
negative control.

7.4.3 pH-Xtra Glycolysis assay

Following the pH-Xtra Glycolsis assay, comparisons were made to the fluorescence signals
of the cells grown in the absence of metals (Figure 7.7, red, blue and green lines). In the presence
of copper at 2.2 mM and gallium and 1.0 mM, the acidity of the solution decreased based on the
decline in fluorescence signal (Figure 7.7). The signal of the glucose oxidase solution confirms

this, since this enzyme causes acidification upon activity. In the presence of copper at 0.02 mM a
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decrease in signal was observed, this was found for only one other condition — yfgZ in the presence
of 0.002 mM silver. An increased signal was observed for the tolC mutant in the presence of silver
at 0.2 mM. Furthermore, the ygfZ mutant was statistically different from the WT strain and the

tolC mutant (p<0.01) in the presence of silver at 0.2 mM and gallium at 0.01 mM. The ygfZ mutant

was also statistically different from the tolC mutant in the presence of silver at 0.002 mM (p<0.05).
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Figure 7.7 The pH-Xtra Glycolysis Assay from Aligent® was used to determine the change in
fluorescence signal (in arbitrary units) after 30 minutes of incubation at 37°C. The solid blue line
presents the signal of the WT cells grown in the absence of any metal, the red line provides the
signal of the tolC mutant grown in the absence of any metal, and the green line presents the
signal of the ygfZ mutant grown in the absence of any metals. The orange line represents the
fluorescence signal of the negative control in which no cells were added (only the pH-Xtra
probe) and the pH of this test sample was 7.4. A signal higher than this signifies increased
acidity and vice versa. The grey line represents the complete acidification of the sample in the
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absence of cells using glucose oxidase (1.0 mg/mL). Values are represented as the mean of two
biological trials, each with three replicates. Two-way ANOVA was used to compute the
statistical significance between the WT and the mutants. * Indicates a significant difference
between the means, where * = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.001. All
three strains grown in the presence of copper at 0.02mM (***), copper at 2.2 mM (****) and
gallium at (****) were significant when compared to the no metal control, as well as tolC in the
presence of silver at 0.2 mM (**) and yfgZ in the presence of 0.002 mM silver (*).

7.4.4 Reactive oxygen species assay

In order to determine the potential for ROS production in cells grown in the presence of
silver, gallium or copper, the WT strain was exposed to hydrogen peroxide and the fluorescence
signal was measured using the ROS probe DFCH. In general, cells grown on copper displayed the
greatest fluorescence signal, by 3-fold in the case of copper + hydrogen peroxide exposure, when
compared to the remaining conditions (Figure 7.8). Cells exposed to hydrogen peroxide after
growth on silver or gallium showed an increase in fluorescence signal, by 10%, when compared
to the hydrogen peroxide unexposed cells. An identical trend was observed for the conditions for
which no hydrogen peroxide was added. Copper alone presented the second highest signal, more

than 100 fold higher than, the remaining metals in absence of hydrogen peroxide (Figure 7.8).
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Figure 7.8 2,7-Dichlorodihydrofluorescein was used to qualitatively measure the amount of

hydrogen peroxide, peroxide radical and hydroxyl radical produced at 522 nm. The WT strain
was grown for 24 hours on M9 minimal media agar plates in the presence and absence of silver,
gallium or copper then extracted and exposed to hydrogen peroxide to determine the potential for
ROS production. Cells grown in the presence of copper (blue), copper then exposed to hydrogen
peroxide (red), silver (green), silver then exposed to hydrogen peroxide (purple), gallium
(orange), gallium then exposed to hydrogen peroxide (black), no metal (brown) and no metal
then hydrogen peroxide exposure (dark blue) are shown. Mean of three biological trials, each
with two technical replicates, shown; standard deviations included.
7.5 Discussion and Conclusions

In this chapter, the physiological response of the mutants tolC and yfgZ to silver, gallium
and copper stress was compared. The growth tolerance between the mutants and the WT strain
were similar, excluding silver at a concentration of 0.1 mM and 100 mM and copper, for which
the tolC mutant was 1000-fold more susceptible than the WT strain and the yfgZ mutant. Based on
the chemical genetic screens, lower MBCs might be expected. Yet, this was only found for the

mutant tolC. The screens were conducted under 5.0 mM copper sulfate, 100 uM silver nitrate and

100 uM gallium nitrate (refer to Chapters 4-6, Materials and Methods for more details). According
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to the growth tolerance profiles, these concentrations should only be tolerable in the case of gallium
for which the MBC was 100 mM, greater than 1000-fold when compared to the genetic screen.
Silver was considerably more toxic and the tolC mutant was more susceptible to copper under the
conditions of the growth tolerance assays. The precise MICs between the three strains in the
presence of gallium were also found to be different. Differences corresponding to those highlighted
may account for the presence of these genes in the chemical genetic screens.

What is key in these observations is in the conditions in which they were performed. The
diffusion of antibiotics is inversely proportional to the thickness of agar [516] and this can be
extended to liquid solutions. The chemical genetic screens were performed using 1.5% agar plates
saturated with metal ions. Here, bacterial cells are exposed to varying concentrations of metals
based on the diffusion and chelation of the ion in the solid agar. The growth tolerance curves were
performed in liquid M9 minimal media for which there was continuous mixing of metal ions. As
a result, differences in the susceptibility profiles under different growth conditions are expected.
The coordination of these metals in liquid solution verses agar is different as well, and this is likely
not uniform between the metals. For example, metals, particularly silver, may bind to the agarose
or agaropectin, which comprise agar, the latter containing acidic side groups or other ionic groups.
Lastly, cells in grown in a colony behave differently than free swimming in bulk solution.

An increase in fluorescence signal in Figures 7.4-7.6, signifies the consumption of oxygen.
Cells grown in the presence of silver at 0.2 and 0.002 mM, copper at 0.02 mM and no metal,
showed an increase in oxygen consumption over time, which can be correlated to microbial growth
since the oxygen concentrations decreased. Stationary phase was reached after 3 hours of growth.
This was not observed for the remaining conditions despite the growth tolerance curves of the WT

strain and the mutants, which provided the information for the concentrations selected (Figures
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7.1-7.3). In general, the results were variable between the two biological trials largely due to the
addition of mineral oil. When the fluorescence signal was taken for mineral oil alone, increased
volume resulted in an increase in signal (data not shown). Even small fluctuations altered the
signal, and this led to difficulty when drawing conclusions. From these curves it appears that
bacterial cells under gallium and copper exposure at 1.0 mM and 2.2 mM, respectively, enter
anaerobic respiration. Whereas cells in the presence of gallium at 0.01 mM quickly respire much
of the oxygen in solution. Furthermore, we predict that following 30 minutes of growth, cells adapt
to growth under metal stress, evident from the decline in signal followed by an increase into log-
phase after 4 hours. In E. coli, the OxyR and SoxRS systems are required to prevent damage caused
by ROS and other stressors and the translation, transcription and folding of associated proteins has
been found to take over 20 minutes [478]. Delayed microbial growth towards the first hour in the
presence of metal stress is anticipated. This observation was not observed for cells grown in the
absence of any metal.

With respect to the pH-Xtra glycolysis dataset, the potential for anaerobic growth in the
presence of 2.2 mM copper and 1.0 mM gallium is disproved. Anaerobic growth results in the
production of lactate, the main contributor of cellular acidification [517], therefore, we would
expect the fluorescence signal to increase past the conditions for which no metal was added.
Acidification was only observed for the tolC mutant under silver and gallium stress at 0.002 mM
and 0.01 mM, respectively (Figure 7.7). Still, when comparing the results to the negative control
(the addition of no cells), the pH increased after the addition of 2.2 mM copper and 1.0 mM gallium
based on the decrease in signal. The methodology of this assay necessitates that all residual growth
medium and saline, are washed away to ensure that the pH is not altered upon the addition of the

cells. Therefore, it is unclear what is leading to this decrease in pH. Furthermore, based on the
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growth tolerance curves, the concentrations selected in this assay, identical for those in the
MitroXpress Xtra assay, should not have prevented microbial growth; sub-lethal concentrations
were chosen.

Between the strains significant differences in pH were found, namely between the mutant
ygfZ and tolC. Again, these were not identified in the growth tolerance curves, likely due to the
conditions of the assay. At higher concentrations of silver, acidification occurred in the tolC
mutant. A trend not obeyed by the remaining metals or strains. This validates our hypothesis that
metals act differently and the deletion of just one gene can alter this further, as observed when
comparing the two mutants.

In this work, we determined that the addition of hydrogen peroxide to cells that have been
grown in the presence of copper increases ROS production (Figure 7.8). This is no surprise since
copper is Fenton active (for more information refer to section 1.4.2.1). Using DFCH to indirectly
measure ROS is challenging for this reason alone, but still, hydroxyl radical formation initiated by
copper necessitates an oxygen radical. Cells grown in the presence of copper and unexposed to
hydrogen peroxide also illustrate ROS production likely due to the formation of a radical either
originating from oxidative damage or electron transport proteins, among others. This was not
found for silver [228] or gallium [18], for which mechanisms of ROS production have been
postulated (Figure 7.8). Still, this finding is in agreement with other works [518]. Therefore, we
hypothesize that the potential for ROS production exists in cells exposed to copper only, since this
metal is Fenton active. In the case of gallium and silver, little to none ROS is formed, either
because the cell has employed the use of resistance mechanisms or these metals are not associated

with this threat after prolonged exposure. In the case of gallium, the former is probable. In Chapter
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5, three oxidative hits were recovered as sensitive hits, including gshA, gloB and grxD. These hits
are likely involved in lessening the threat of ROS based on their biological functions.

The work in the chapter requires further investigation. Precisely what these datasets are
presenting are not entirely clear, yet still, the data is consistent with what we expect — cells react
differently to metals, an underlying hypothesis in this thesis. Additional trials need to be completed
for the oxygen consumption and pH assays. Different metal concentrations should also be
explored, particularly in the case of the pH assay, for which the concentrations appear to be too
high. Further, increasing the seeding concentration may also resolve the inconsistencies observed.
In conclusion, here, we have presented the beginnings of what sort of continuing work can be
extracted from this thesis and provided possible future directions as a means of gathering more

insight in the actions of metals in bacteria.
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Preface: Why should we study the mechanisms of metal toxicity and
resistance in bacteria?

In total, the work presented here pocketed no longer than three years for me to complete.
The fourth year, which lies somewhere during my second year, provided as a means of exploration,
although one might call it — confusion. It was at this time that | spent considerable effort flirting
with techniques and collecting data, and while this may appear harmless, as it would likely provide
reasonable additions to my thesis, it only confused my goals and aims for this work further. I recall
completing my candidacy and beginning the new year with energy and aspirations, however, | lost
my footing quickly and robotized my movements; preforming tasks that did lead to answers or
even questions. This sense of doubt came from my lack of direction; I humbly did not know how
| was going to answer my question, let alone what | was answering.
| entered my PhD lacking clear focus, something I demanded from my supervisor. In the nature
that is he, no argument was offered in return (no remorse toward him here). Rather, my urge for
exploration was matched with equal curiosity. This request deepens the potential for failure, but
mainly, it can foster a sense of misplacement. Around this time, Dr. Turner and | published a
number of articles in which we justified lessening and controlling the use of antimicrobials,
particularly metals. These reports brought me certainty and reasoning, but still, I found it
challenging to describe the exact purpose of this thesis.

Towards the end of this ‘exploratory period’ I was working closely with Dr. Joe Lemire, a
brilliant PDF from whom | learned a tremendous amount. | recall a time when we were head-deep
in an experiment, on a project that we both knew would likely never see the light of day. Under
the hum of the biosafety cabinet, he turned to me and very abruptly commented that one could
purchase a Samsung washing machine that released silver ions. At first, | thought not much of it,

many silver products can be purchased for antimicrobial purposes, so why Joe are you telling me
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this? But of course! | could add this example to my next PowerPoint presentation, right next to the

silver impregnated Lululemon tank tops (https:/info.lululemon.com/design/fabrics-

technology/silverescent) and  the  “Bioactive Silver ~ Hydrosol  for  Kids”

(https://sovereignsilver.com/product/sovereign-silver-for-kids/). Indeed, this was not a wasteful

conversation.

One week later, | found myself face to face with one of these machines. Large, monstrous
(almost as tall as 1), loud and flashy; everything one would expect from a silver releasing washing
machine. My location at this time? Believe it or not — my mother’s laundry room. How could |
have let this happen?! How can | preach that metal-based antimicrobials should be not abused and
yet support the use of such products?

In truth, 1 did not know that my mother had purchased this washing machine. Apparently,
| failed to acknowledge the flashy Ag* symbol on the console for over a year. | proceeded to speak
with my mother. Did she know? Why did she buy one? Does she even know what it does? Who
sold it to her and what did they say? But of course she didn’t know, she didn’t even know what
the elemental symbol for silver was at this time. | spent the majority of that evening explaining to
her why she should completely abandon this machine. My temper was soaring and so were my
words. Return it or destroy it, it makes no difference, just remove it from your home! She
compromised by turning off the silver releasing capabilities. Good enough.

We have known for quite some time that metals make for suitable antimicrobials based on their
efficacy at low concentrations. The development of these agents is relentless, ranging from
combination treatments, to nanomaterials and coatings. Still, the precise mechanisms of toxicity
and adaptation are not known. These products are now everywhere whether we are aware of them

or not, and the story | noted above is an example of this. Until these products are better regulated
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more effort must be expended to determine how they work and when they will not work, as this

thesis provides. It was this instant that gave me direction and offered my work purpose.

197



8 Global comparisons and conclusions

8.1 Differences in the susceptibility profiles of bacteria to metals

The principal goal of this thesis was to draw insight into the mechanisms of metal toxicity
and resistance in bacteria. Firstly, the efficacies of variable metal salts against bacterial organisms
needed to be compared in order to determine whether they acted similarly or differently. The seven
metals selected in Chapter 2, all relevant metals that are currently under investigation as
antimicrobial agents, namely copper, silver, aluminum, titanium, zinc, nickel and gallium,
presented varying levels of efficacy against Pseudomonas aeruginosa (ATCC 27853),
Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922). These differences
were furthered pronounced when comparing the susceptibilities of the corresponding biofilms. In
fact, some of the metals selected were unable to prevent bacterial growth in the concentrations and
conditions tested. In the succeeding chapter, we sought to broaden this outcome by examining the
differences in metal efficacy against isolates of the same species, as well as different species. These
studies were completed under identical conditions, a fundamental premise that we sought to
continue throughout this work The latter is unfortunately very rare in this field, since it is still
contaminated with unsubstantiated general statements. In general, our work shows that it is
difficult to predict metal efficacy and whether the right concentration is being used. For example,
in Chapter 3, we found the greatest variability in the susceptibilities of the S. aureus and P.
aeruginosa to copper, gallium and zinc a trend matched only partially by the other metals and even
less by the E. coli isolates (Figure 3.2). Together, these findings present a comprehensive

observation. Metal-based antimicrobials are not equal in their efficacy, even against biofilms and
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isolates of the same species. Although this may seem trivial, to our knowledge, to date, no studies

like those presented in Chapter 2 and 3 have been previously completed.

A brief literature search of ‘antimicrobial copper’ in PubMed beginning from 2018 brings
forth 565 research articles. Two examples amongst the many include, the use of hydrogels
assembled from copper metal organic polyhedrons [519] and the disinfectant properties of residual
metals in drinking water [520]. While sound studies, these reports fail to acknowledge that
throughout the time course of use, metal release may decrease due to dilution or long-term
instability of the complex, in the case of the metal organic polyhedrons, and that there are varying
species of organisms that reside in drinking water. If the concentration of a metal were to decrease,
efficacy against one organism may follow, like for a MRSA isolate, but not for another, such as
an E. coli isolate, given their differences in susceptibility (Figure 3.1 and Figure 3.2). Even when
tested against the same strain, one concentration of metal may not be effective against different
isolates of the same species, as might be the case for drinking water or an infected wound.

As revealed in Chapters 2 and 3, one metal is not universal against all organisms under a
particular concentration, thus, it is fundamental that these thoughts are considered when new
products are developed and then released for healthcare, agricultural and consumer purposes.
Based on these chapters we conclude that metals act differently against bacteria and isolates of the
same species. This information is key when determining the appropriate concentration of metal to

use as well as the correct metal for a given antimicrobial application.

8.2 Comparing genes involved in mediating sensitivity or resistance under silver, gallium
and copper exposure using a chemical genetic screen

The efficacies of different metals vary against bacterial species and isolates of the same

species. The aims of the succeeding chapters in this thesis were to uncover novel genes that are
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involved in silver, gallium and copper resistance and toxicity in E. coli BW25113. The model
organism E. coli was selected for a number of reasons, including; a) much is known about this
organism and the experimental and curated data on this organism is rich, b) access to the Keio
collection, a collection of mutants each with a different inactivated non-essential gene [406], c)
fast doubling time, given the time required to complete each assay robust growth in minimal media
is desirable, and d) relevance as a threatening microbe in healthcare [521], presence in consumer
food settings and agriculture. In Chapters 4 — 6, genes involved in prolonged silver, gallium and
copper exposure were identified and discussed. When comparing the enrichment scores of the
biological processes recovered in each sensitive dataset, several differences and similarities arise
(Figure 8.1). For instance, processes belonging to Central dogma and Biosynthesis were similarly
enriched. Gallium displayed the least enrichment for all processes expect Energy. Further, the
enrichment for silver was the highest for Cellular processes, whereas copper presented the greatest
enrichment for Energy, by 5-fold when compared to the remaining hits. It is important to note that
Figure 8.1 and Figure 8.2 are normalized against the number of sensitive hits recovered in each
screen, therefore, this accounts for differences in the final numbers obtained, which is 2-fold
greater in the case of silver. Copper display elevated enrichment for many processes (Figure 8.1)
and since numerous hits obtained in the copper screens are involved in multiple biological

processes, such as those found in Energy, a greater enrichment is anticipated.
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Figure 8.1 Percent enrichment for the silver, gallium and copper sensitive hits. Each dataset was
normalized against the number of hits obtained. Enrichment was performed using Omics
Dashboard from EcoCyc which calls attention to pathways and processes whose changes are
statistically different; the significance value was p < 0.05.

The enrichment profile for the resistant hits differed for a number of processes such as Cell
exterior, Biosynthesis, and Energy (Figure 8.2). Again, the enrichment of copper for these
processes is at least 2-fold greater. The system, Cellular processes, was enriched by silver the
greatest, whereas gallium did not demonstrate larger enrichment percentages in any system. In

general, silver and gallium followed similar percent enrichment values whereas, copper did not,

showing elevated numbers in each system, except Response to stimulus.
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Figure 8.2 Percent enrichment for the silver, gallium and copper resistant hits. Each dataset was
normalized against the number of hits obtained. Enrichment was performed using Omics
Dashboard from EcoCyc which calls attention to pathways and processes whose changes are
statistically different; the significance value was p < 0.05.

Together, what Figures 8.1 and 8.2 tell us is that there are several processes, such as Central
dogma and Response to stimulus that are enriched by the sensitive and resistant hits, respectively,
similarly between the three metals. Still, large differences arise, like for copper, in which were see
2-fold greater enrichment for a number of processes. Again, the actions of the metals in vivo appear
to be different. More than 100 gene hits with scores greater than two standard deviations from the

mean were obtained for each metal, only 15 and 20 sensitive and resistant hits, respectively,

overlapped.

8.2.1 Silver, gallium and copper sensitive gene hits
Between the sensitive hits obtained under silver or gallium exposure, only one hit was

common between the two datasets — sspA (Figure 8.3 and Table 8.1). The protein product of this
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gene plays an important role in acid tolerance and oxidative stress during stationary phase [522],
and expression is induced under glucose, nitrogen, phosphate or amino acid starvation [523].
Given the importance of this gene in mediating stress under nutrient deficient conditions, silver
and gallium sensitivity may be expected in a AsspA mutant. This gene hit was not included in the
copper analysis since less than 9 technical replicates were acquired thus not meeting the cut-offs
selected.

Silver Gallium

Copper

Figure 8.3 Silver, gallium and copper sensitive hits identified in E. coli BW25113. Synthetic
Array Tools (version 1.0) was used to normalize and score the sensitive hits. Only those with
scores that were two standard deviations from the normalized mean for each dataset are included.
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Table 8.1 Comparable hits between the silver, gallium and copper sensitive hits identified in E.

coli BW25113.

Silver, gallium
and copper

Gallium and copper

Copper and silver

tolC

ygfZ

ruvC

rseA

mnmA

nuokK

add

pflA

tdeC
yfjP

ygiZ

yfiR

Outer membrane
channel TolC

Folate-binding
protein

Crossover junction
endo
deoxyribonuclease

Anti-sigma-E factor

tRNA-specific 2-
thiouridylase

NADH:quinone
oxidoreductase
subunit K

Adenosine
deaminase

Pyruvate formate-
lyase activating
enzyme

Threonine/serine:H*
symporter

Putative GTP-
binding protein
DUF2645 domain-
containing inner
membrane protein
Putative DNA-
binding
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lon channel activity,
drug transmembrane
transporter activity,
enterobactin transport
tRNA processing, folic
acid binding, iron-
sulfur cluster assembly
Recombinational repair,
cellular response to
DNA damage,

DNA recombination
Response to stress,
sigma factor antagonist
activity

tRNA wobble position
uridine thiolation,
nucleotide binding
ATP synthesis coupled
electron transport,
oxidation-reduction
process, NADH
dehydrogenase activity
Adenosine catabolic
process, cellular
response to DNA
damage stimulus,
purine nucleotide
salvage

Cellular response to
DNA damage,
oxidation-reduction
process, iron-sulfur
cluster binding
Threonine transport,
amino

Unknown

Unknown

Unknown



transcriptional

regulator
yibN Putative sulfur Unknown
transferase
ybiX PKHD-type Cellular iron ion
hydroxylase homeostasis, cellular
response to DNA
damage stimulus
Silver and gallium SSpA Stringent starvation  Response to stress,
protein A positive regulation of

transcription

1 Sensitive gene hits displaying scores two standard deviations from the
normalized mean

Amid the sensitive copper and silver hits, eight genes overlapped, four of which are
putative proteins that have no reported information concerning function. The protein product of
pflA contains an iron-sulfur cluster essential for activity and the protein product of ybiX may bind
iron and serve in iron homeostasis. Copper(l) and silver(l) are soft acids that bind thiols with
preference. The absence of these proteins causes sensitivity. Therefore, we hypothesize that the
presence of these genes offers resistance. For the latter, this result is plausible since controlling
iron homeostasis at the transcriptional level is key if either copper or silver were altering iron
concentrations in the cell. The former gene hit suggests that while a possible target, due to the
presence of an iron-sulfur cluster, the biological role of this protein — a pyruvate formate-lyase
activating enzyme — is more important to the cell when challenged with silver or copper.

Between the copper and gallium sensitive datasets four hits were recovered. The protein
product of one of these, mnmA, which was described in detail in Chapter 7, belongs to a family of
proteins involved in sulfur relay and tRNA®", tRNAYS and tRNACY modification at the 2-
thiouridine [524]. Mutants lacking 2-thio modification capabilities have been demonstrated to be

sensitive to oxidative stress and are prone to protein misfolding and aggregation [476]. In fact, any

protein involved in 2-thio modification has been shown to be significant for cell growth [525]. Our
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results show that that under gallium and copper stress, mmnA is potentially important in mediating
resistance against copper and gallium.

When comparing all three datasets together, two sensitive hits were revealed — tolC and
ygfZ. The product of tolC is a well-studied outer membrane channel involved in the export of a
wide variety of toxic compounds including antibiotics, dyes, bile compounds and organic salts
[526]. Cells lacking tolC exhibit reduced glutathione (GSH) and NAD* levels in stationary phase,
as well as membrane stress via the over production of PspA [527], which in turn reduces the
electrochemical potential of the cell [528]. Together with our results, these studies may provide an
example of indirect metal resistance. Given GSH is considered to be the first line of intracellular
defence [164], depleted levels would impede cellular growth, particularly if the toxin such as
copper, silver or gallium, were causing oxidative stress inside the cell. When comparing the
susceptibility of the null mutant tolC to the WT strain, we see similar profiles for silver and
gallium. In the case of copper, the mutant displays decreased resistance by 1000-fold (Figure 7.3).
As a result, we conclude that GSH and/or NAD™ may play an important role against copper toxicity
indirectly, or, this metal is removed directly from the cell via TolC. Evidence for the latter is as
follows; tolC mutants display decreased intracellular concentrations of GSH. Cells lacking this
protein excrete the metabolite to the exterior rather than produce fewer molecules of GSH as one
study found that total — both intra- and extra-cellular — concentrations were found to be similar
when compared to the WT strain [528]. This means that GSH is still produced and able to sequester
or react with toxins externally, before oxidization in the extracellular environment. Therefore, we
believe that the large difference in susceptibility between the mutant and WT likely indicates a
mechanism of direct toxicity; copper is directly exported by TolC. Furthermore, tolC mutants

demonstrate high concentrations of NADH and low concentrations of NAD* [527], suggesting that
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NADH dehydrogenases are inhibited, particularly NDH-1 as cells transition from log to stationary
phase [525]. Increased concentrations of NADH have been demonstrated to result in DNA damage
in vivo since this metabolite acts as an iron reductant through Fenton chemistry [529]. Among the
copper sensitive hits two genes that comprise NDH-1 were uncovered, nuoK (also a gallium hit)
and nuoL. Together with these studies, our findings suggest that TolC inactivation results in NDH-
1 inhibition [527], which causes copper sensitivity, evident from the two NDH-1 hits uncovered,
and intra-cellular copper accumulation. Toxicity is then 2-fold, thereby causing apparent
differences in susceptibility when compared to the WT strain and the remaining two metals.

The second sensitive hit that is similar between the three datasets is ygfZ. The function of
this protein is still not fully understood, however, it is predicted to be a folate-binding protein
thought to play a role in iron-sulfur cluster assembly [415]. In minimal media, a ygfZ null mutant
IS more sensitive to oxidative stress and demonstrates lower levels of modified tRNAs [515].
Again, the involvement of iron-sulfur cluster assembly and tRNA modification arises as possible
mechanisms of metal resistance.

The lack of oxidative enzymes in any of the sensitive datasets can be partially explained
by the results obtained in Chapter 8 (Figure 7.7). At first it may appear that cells grown in the
presence of silver, gallium and copper demonstrate increased ROS production when compared to
those grown in the absence. Still, upon hydrogen peroxide exposure, a drastic spike in ROS
production in the copper exposed cells was found and this was not matched by the other metals.
Two explanations can be attributed here. Cells grown in the presence of silver or gallium are
primed for ROS exposure more so than those grown in the presence of copper. Or copper is
reacting with hydrogen peroxide via biomolecules in the cell leading to an increased fluorescence

assay signal. We conclude that the latter is the most probable explanation since copper is Fenton
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active. In the absence of hydrogen peroxide an increased signal was still obtained for cells grown
in the presence of copper. This indicates, that even after 24 hour metal exposure, ROS formation
is still taking place and the cells have adapted to grow under this stress as observed in the growth
tolerance (except in the case of tolC), oxygen consumption and glycolysis assays (Figures 7.1 —
7.6). Further, the ROS levels reveal that after 24-hour growth, the formation of ROS is low in the

presence of silver and gallium.

8.2.2  Silver, gallium and copper resistant gene hits
When comparing the gallium and copper resistant hits 20 genes were found to overlap
between the two datasets (Figure 8.3 and Table 8.2).

Silver Gallium

Copper

Figure 8.4 Silver, gallium and copper resistant hits identified in E. coli BW25113. Synthetic
Array Tools (version 1.0) was used to normalize and score the sensitive hits. Only those with
scores that were two standard deviations from the normalized mean for each dataset are included.
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Table 8.2 Comparable hits between the silver, gallium and copper resistant hits identified in E.

coli BW25113.
Silver, gallium
and copper

Silver and gallium

Silver and copper

Gallium and copper

trpD

trpB

gcvR
yhjB

serC

nadB

purU

glyA

aroC

nadA

yiaO

alr

avtA

aroM
yrfiD

Anthranilate synthase
subunit D

Tryptophan synthase
subunit B

Putative transcriptional
regulator

Periplasmic acid stress
protein

Phosphoserine
aminotransferase

L-aspartate oxidase
Formyltetrahydrofolate
deformylase

Serine

hydroxymethyltransferase

Chorismate synthase

Quinolinate synthase

2,3-diketo-L-
gulonate:Na* symporter

Alanine racemase 1

Valine-pyruvate
aminotransferase

Unknown
DNA utilization protein
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Tryptophan
biosynthetic process,
glutamine metabolic
process

Tryptophan
biosynthetic process,
pyridoxal phosphate
binding
Transcription

Response to acidic
pH

L-serine biosynthesis,
pyridoxal phosphate
synthesis

NAD biosynthesis,
pyridine nucleotide
synthesis

Purine nucleotide
synthesis, IMP
biosynthesis
Glycine catabolic
process, L-serine
catabolic process
Chorismate synthesis,
amino acid synthesis
NAD biosynthesis,
pyridine nucleotide
biosynthesis
Response to DNA
damage,
carbohydrate
transport

D-alanine synthesis,
alanine synthesis,
regulation of cell
shape

Valine synthesis, D-
and L-alanine
biosynthesis
Unknown

DNA catabolic
process



leuA 2-isopropylmalate Leucine synthesis

synthase
torC Cytochrome ¢ Negative regulation
menaquinol of signal
dehydrogenase transduction,
anaerobic electron
transport chain
envC Murein hydrolase Septum digestion
activator after cytokinesis,
peptidoglycan-based
cell wall biogenesis
pykF Pyruvate kinase | Glycolytic process,
response to heat
speG Spermidine N- Polyamine catabolic
acetyltransferase process

! Resistant gene hits displaying scores two standard deviations from the
normalized mean

The protein product of torC contains a pentaheme that is attached to the inner membrane.
During anaerobic growth this product is key in shuttling electrons from a membrane quinol to the
reductase protein TorA, which resides in the periplasm. Mechanisms of gallium and copper
toxicity likely involve iron to some degree and Chapters 5 and 6, respectively, validate this.
Gallium, acting as an iron mimetic (refer to section 1.4.4 for more information) is capable of
replacing this metal within biomolecules. For example, in mammalian cells, iron transport
proteins, such as transferrin and lactoferrin, are able to form complexes with gallium. It has been
demonstrated that Cu(l) binds iron-sulfur centers, initiating the bridging of sulfur atoms and
deactivation of the protein [196]. We uncovered a number of copper resistant hits that contain iron-
sulfur centres, as the case for torC and nadB. The latter was also recovered as a silver resistant hit.
If copper and gallium are capable of binding TorC then a null mutant would be expected to display
resistance by preventing activity or causing downstream effects, such as the production of ROS.

Between the silver and copper datasets eight hits were found to be similar (Table 8.2).

NadA and NadB are involved in NAD™* biosynthesis. NadB, an oxidase that catalyzes the first step
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in this pathway is projected to be the predominant source of hydrogen peroxide formation in the
cell. Deleting this gene decreases the amount of hydrogen peroxide production by 30% [368]
thereby lowering the propagation of *OH via reaction with Cu(l). In Chapter 8, we found that ROS
production was amplified when the WT strain was grown in the presence of copper and exposed
to hydrogen peroxide after 24 hours. Deleting genes that lower the potential for hydrogen peroxide
production would result in resistance if copper exposure led to ROS formation.

Amino acid biosynthetic gene hits were recovered in each of the datasets, including trpD
— shared between all three metals, trpB, serC, aroC and lueC. Studies regarding the protective or
hindering abilities of amino acids in the presence of metals offer opposing explanations. It has
been demonstrated that amino acids, particularly the side chains of aromatic, Arg, Cys, His, Lys
and Pro residues, propagate ROS [172],[455],[530],[531]. Still, under metal stress amino acid
synthesis pathways are activated, such as the case for Cys biosynthesis under copper and zinc
exposure [164]. This is a common mechanism in other organisms as well such as Bacillus subtilis.
Under the conditions of each chemical genetic screen, null mutants for amino acid biosynthesis
should not be capable of growing on minimal media. Using our methodology, these mutants were
able to grow. This is likely due to the transfer and presence of residual nutrients from the colony
picking process and dying cells, respectively. Colony formation is always normalized against the
corresponding mutant grown in the absence of metals and then compared to the WT strain,
therefore growth defects in the null mutants are accounted for. Under the statistics preformed, we
conclude that amino acid biosynthesis causes more harm than resistance, particularly in M9
minimal media. By inhibiting amino acid production, the cell is forced to import the absent amino
acids from the extracellular, as observed in Chapters 4-6 since transport proteins are more than

often present as resistant hits when deleted. If metals bind to amino acids extracellularly, the
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potential for co-import increases. This does not signify that amino acid biosynthesis is only
hindering cellular growth in the presence of metals, but rather that the negatives out way the

positives.

8.3  Final conclusions, unknowns and future directions

The information in this thesis provides a wealth of data that permits expansion and further
investigation. We are one of the few groups that have studied prolonged — 24-hour — metal
exposure in bacteria at sublethal concentrations, which provides relevance for environmental and
medical conditions. Daughter cells produced during growth exposure must sustain active
metabolism and cell integrity in order to divide for next generation. In this work, we examine the
adaptive capabilities of E. coli to silver, copper and gallium.

Insection 1.6 the challenges of studying metals in bacteria were briefly described. In general,
this is not a trivial task, and as this thesis demonstrates, there are numerous mechanisms of metal
toxicity and adaptation in E. coli. Resistance mechanisms range from efflux, iron-sulfur cluster
maintenance, DNA repair, nucleotide biosynthesis to tRNA modification. Sensitive pathways
include biomolecule import, NAD* synthesis, amino acid biosynthesis, sulfur assimilation,
electron transport, carbon metabolism and outer membrane maintenance. Given the natural
occurrence of metals in the environment, it is no surprise that numerous mechanisms of resistance
occur. Further, complex metal chemistries make it difficult to predict the interaction of metals with
biomolecules in vivo, yet, in the literature this issue is often diminished or dismissed. This is
amplified when examining the metal silver in which the development of silver nanoparticles is
directing the field, however, very little is understood on what metal species is truly interacting with

the cell [187].
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By taking a holistic approach to studying bacterial-metal relationships the potential for
missing key components to the narrative decreases, yet, more questions arise. Follow-up studies
to this thesis must be conducted in order to solidify our findings. The role of tolC and ygfZ, and
other mutants, in silver, gallium and copper resistance must be further investigated. As well,
determining how amino acid biosynthesis and the presence of iron-sulfur clusters effects the
toxicity of these metals against E. coli is a future direction that should also be explored, particularly
since the literature presents controversy in the case of amino acid biosynthesis. Furthermore,
Chapters 4-6 were completed under one metal concentration and particular growth time. How
might the resistant and sensitive profiles be modified when these variables are changed? How can
this work be extended to other organisms or isolates of the same species, despite variations in the
susceptibilities?

In Chapter 8, the oxygen consumption and the pH of bacterial cells were measured and
compared. These results demonstrate that even though the concentrations selected were sub-lethal,
growth under oxidative conditions was lowered. These reports need to be further investigated. Are
the cells turning toward anaerobic growth under higher concentrations of gallium and silver and
how is this reflective in the chemical genetic screen given the number of anaerobic hits recovered?

The use of metals as antimicrobial agents is a practice acquiring considerable popularity
through the introduction of combination treatments, nanomaterials, and formulations, among
others. In order to continue the development of these antimicrobials as therapeutic agents and
agricultural tools, it is imperative that we gather more understanding into the accompanying
mechanisms of toxicity and resistance. This thesis provides a vast number of biomolecular
mechanistic hypotheses to the community investigating the mechanisms and actions of metal-

based antimicrobials.
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Appendix A: Silver oxynitrate — an efficacious compound for the prevention
and eradication of dual-species biofilms

Included in this appendix is a study completed by our group that examines the potential for
silver oxynitrate as a biofilm inhibitor. Furthermore, in this work dual-species biofilms were grown
and exposed to varying formulations of silver. In brief, our group determined that silver oxynitrate
provides enhanced efficacy against dual-species biofilm and that organisms grown together deliver
enhanced resistance, some combinations more than others. This research article has been
reformatted; however, the references have not been altered and can be found at the end of
Appendix A.

Authored by: Joe A. Lemire, Lindsay Kalan, Natalie Gugala, Alexandru Bradu and Raymond J.
Turner
Published in: Biofouling, 2017, 33 doi: 10.1080/08927014.2017.1322586

Copyright permissions for the reproduction of this manuscript can be found in Appendix D.

A.1 Abstract

Preventing and eradicating biofilms remains a challenge in clinical and industrial settings.
Recently, the present authors demonstrated that silver oxynitrate (AgzNO11) prevented and
eradicated single-species planktonic and biofilm populations of numerous microbes at lower
concentrations than other silver (Ag) compounds. Here, the antimicrobial and anti-biofilm efficacy
of Ag7NOu is elaborated by testing its in vitro activity against combinations of dual-species,
planktonic and biofilm populations of Escherichia coli, Staphylococcus aureus and Pseudomonas
aeruginosa. As further evidence emerges that multispecies bacterial communities are more
common in the environment than their single-species counterparts, this study reinforces the diverse

applicability of the minimal biofilm eradication concentration (MBEC™) assay for testing
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antimicrobial compounds against biofilms. Furthermore, this study demonstrated that Ag7zNO11
had enhanced antimicrobial and anti-biofilm activity compared to copper sulfate (CuSOas) and

silver nitrate (AgNQO3) against the tested bacterial species.

A.2 Introduction

Silver (Ag) is widely used in the clinic to combat and con- trol infectious disease (Lemire et
al. 2013; Mijnendonckx et al. 2013), and Ag-impregnated medical devices have a demonstrated
antimicrobial activity (Silver et al. 2006; Afessa et al. 2010; Malin et al. 2013). Additionally, Ag
is an effective antifouling (AF) agent (Huang et al. 2016; Mansouri et al. 2016). Copper (Cu) and
Cu-containing compounds are also used in the clinic to reduce the microbial load on surfaces
(Warnes & Keevil 2013; Michels et al. 2015) and in wound dressings (Sen et al. 2002; Canapp et
al. 2003; Borkow et al. 2010). In addition, Cu has anti- biofilm activity (Lehtola et al. 2004; van
der Kooij et al. 2005; Meier et al. 2013; Lemire et al. 2015; Gugala et al. 2017). Recently, Lemire
et al. (2015) added to the body of literature demonstrating that various Ag compounds are
efficacious for the inhibition and eradication of E. coli, P. aeruginosa, and S. aureus biofilms.
Moreover, this study reaffirmed the utility of Ag for eradicating antibiotic-resist- ant bacteria
(Lemire et al. 2015). A novel observation from this study focused on a previously unexplored Ag
compound, silver oxynitrate [Ag(Agsz03)s NO4 or AgzNOa1], which displayed antimicrobial and
an anti-biofilm capacity at lower equimolar concentrations of Ag than other leading compounds,
including AgNOs (the most soluble Ag salt) and silver sulfadiazine, a compound routinely used in
the clinic (Lemire et al. 2015). This finding is important because eliminating biofilms can be
challenging owing to their ability to contaminate medical devices as well as industrial surfaces,

impede wound healing, promote chronic infections, and resist conventional antimicrobials
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(Costerton et al. 1999; Stewart & Costerton 2001; Wolcott et al. 2010; Metcalf & Bowler 2014;
Roy et al. 2014).

Since most natural biofilms are found as groupings of multiple species of microbes rather
than as single species, the complexity associated with eliminating them may not be fully realized
(Yang et al. 2012; Bjarnsholt et al. 2013; Rader et al. 2016). Consequently, most Ag-based anti-
biofilm and antimicrobial compounds found in ointments, medical devices, and AF agents, with a
few notable exceptions (Hill et al. 2010; Mei et al. 2013; Wu et al. 2016), have not been tested
against biofilms composed of multiple species (Kostenko et al. 2010; Herron et al. 2014; Walker
& Parsons 2014). These issues are further confounded by (1) standardized antimicrobial testing
methods which focus on planktonic bacteria, not biofilms (Baker et al. 2014); (2) the fact that
biofilms often tolerate elevated metal concentrations (Harrison et al. 2007); and (3) the fact that
the detailed mechanism of Ag toxicity to bacteria remains incomplete (Lemire et al. 2013). Briefly,
the leading hypotheses are that Ag(l) poisons the bacterial cell by binding to reduced thiol groups
(Lemire et al. 2013), disrupting iron-sulfur clusters (Xu & Imlay 2012). The present authors
previously reported that the higher oxidation states of Ag — Ag(Il) and Ag(lll) — generated by
Ag7NOu11, have enhanced antimicrobial and anti-biofilm activity over compounds that release
Ag(l) at equimolar concentrations (Lemire et al. 2015).

To advance the antimicrobial and anti-biofilm potential of AgzNOauz, its efficacy against
dual-species planktonic and biofilm populations consisting of E. coli, S. aureus and P. aeruginosa,
in all combinations, was compared to AgNOs and CuSOas using a modified minimal biofilm
eradication concentration (MBECTM) assay. The data presented here reinforce the concept that
biofilms composed of more than one species are more difficult to eradicate. Also, this study

demonstrates that AgzNO11 has superior antimicrobial and anti-biofilm activity against dual-
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species planktonic and biofilm communities, composed of the tested strains, compared to AgNOs3
and CuSOa. As such, AgzNO11 may offer an alternative option for the prevention and eradication

of bacterial biofilm communities.

A.3 Materials and methods
A.3.1 Bacterial strains and media

Strains were stored in MicrobankTM vials at —70 °C (ProLab Diagnostics, Richmond Hill,
ON, Canada). Prior to experimentation Pseudomonas aeruginosa (PA01), Staphylococcus aureus
(ATCC 25923), and Escherichia coli (JM109) were pre-cultured on tryptic soy agar (TSA) (VWR

International, Edmonton, Canada) overnight at 37 °C. A medium composed of a rich nutrient

source, simulated wound fluid (SWF) [50% peptone water (0.85% NaCl, 0.1 g I=1 peptone):50%
fetal calf serum (Invitrogen, Life Technologies, Burlington, ON, Canada)] was used as the growth
medium and for susceptibility testing (Lemire et al. 2015).
A.3.2Dual-species biofilm and planktonic culture generation

Dual-species biofilms were cultured using the Calgary Biofilm Device (CBD)/MBECTM
following a modified protocol (Ceri et al. 1999; Lemire et al. 2015). Briefly, following the
overnight growth of the pre-culture on TSA, bacterial colonies were suspended in SWF at the
density of a 1.0 McFarland standard. The optical standard was then diluted 30 times in 150 pl of
SWEF, which served as the inoculum for the CBD. A biofilm was formed by placing the lid of the
CBD, 96 equivalent pegs, into a 96-well microtitre plate containing the inoculum. The CBD was
then placed on a gyrorotary shaker at 150 rpm in a humidified incubator at 37 °C for up to 48 h.
As singular species, E. coli, P. aeruginosa and S. aureus reached their stationary phase of

planktonic growth and established a biofilm by 24 h (Supplemental Figure 1). Modifications were
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necessary to grow dual-species biofilm and plank- tonic populations. To form dual-species
biofilms where the cell numbers of both planktonic and biofilm cell populations would be
approximately equivalent, the following inoculation procedures were performed. (1) For S. aureus
and P. aeruginosa dual-species planktonic and biofilm populations the S. aureus inoculum was
introduced 4 h prior to the addition of the P. aeruginosa inoculum. (2) For E. coli and S. aureus
dual-species planktonic and bio- film populations the E. coli and S. aureus inoculum were
introduced simultaneously. (3) For E. coli and P. aeruginosa dual-species planktonic and biofilm
populations the E. coli and P. aeruginosa inoculum were introduced simultaneously [Supplemental
Figures 2 and 3]. Dual-species planktonic cultures that had been established for 24 h were
cultivated following the aforementioned procedure by adding an equivalent inoculum of each

species into 96-well microtitre plates (Nunclon, VWR International) without CBD lids.

A.3.3 Stock metal solutions

AgNO3 and CuSO4 were obtained from Sigma-Aldrich (Oakville, ON, Canada). Silver
oxynitrate [Ag(Ags04)2NOs or Ag7NOi11] was obtained from Exciton Technologies, Inc
(Edmonton, AB, Canada). AgNO3 was chosen as the comparator Ag compound as it is the most
soluble of the Ag salts ([Ksp] = 51.6 M) (Lemire et al. 2015). Meanwhile, CuSO4 was chosen
because Cu, like Ag, is a thiophilic metal and has comparable targets in the bacterial cell (Grass et
al. 2011; Lemire et al. 2013). All stock Ag solutions were made at equivalent molarities of Ag, up
to 5 mM, in distilled and deionized (dd)H20 (Lemire et al. 2015). It is imperative to prepare the
solutions at equimolar concentrations of Ag, as the antimicrobial activity of Ag is dependent on
the formation of Ag* (Lansdown 2006; Walker & Parsons 2014). Hence, the concentration of

Ag7NOu1 is sevenfold less than the reported molar concentrations and the concentration of AgQNO3
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is equal to the reported molar concentrations. The CuSO4 stock was made up to 2 M in ddH20. All
metal solutions were diluted in SWF, from a stock metal solution, no more than 30 min prior to
experimental use. From these, serial- dilutions (dilution factor of 2) were made in 96-well plates
(the challenge plate). The first row was reserved as a sterility control and the second row as a
growth control (0.0 uM metal). The range of concentrations tested for both Ag compounds was 0

to 2500 uM, while CuSO4 was tested from 0-500,000 uM.

A.3.4 Dual-species biofilm and planktonic culture susceptibility testing

Two scenarios were tested: (1) the capacity of the metal compounds to inhibit the growth
of planktonic cells and biofilm formation, as well as (2) the ability of the metal compounds to
eradicate established planktonic and bio- film populations. For (1) bacterial cultures were
inoculated following the protocol described above into a challenge plate in the presence of the
metal compounds, and then subsequently placed on a gyrorotary shaker at 150 rpm, in a humidified
incubator at 37°C for 4 h (Lemire et al. 2015). Scenario (2) allowed for the establishment of a
biofilm population on the pegged lid of the CBD or the establishment of a planktonic population
in a 96-well plate for 24 h. The peg lid containing the established biofilm was rinsed twice with
0.9% NaCl and placed into a challenge plate. On the other hand, to test established planktonic
populations, 1 x 108 cells mL™, standardized by measuring the optical density at 600 nm (ODeoo),
of the established planktonic population were added to a challenge plate. The plates were then
incubated for 24 h on a gyrorotary shaker at 150 rpm, in a humidified incubator at 37 °C.

To test the metal susceptibility of the planktonic and biofilm populations, the plates from
1 and 2 were pre- pared by removing the peg lid and rinsing it twice with 0.9% NaCl. The biofilms

were disrupted from the pegs by sonication using a 250HT ultrasonic cleaner (VWR International),
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set at 60 Hz for 10 min, into 200 pL of tryptic soy broth (VWR International) containing universal
neutralizer (UN) [0.05 g 11 histidine (Sigma-Aldrich, Oakville, ON, Canada), 0.05 gL cysteine
(Sigma Aldrich), 0.1 g of reduced glutathione (Sigma Aldrich) in ddH20] and 0.1% Tween® 20.
The minimal biofilm inhibitory concentration (MBIC) and minimal biofilm eradication
concentration (MBEC) of the biofilm populations were determined by performing eight 10-fold
dilutions of the disrupted biofilms in 0.9% NaCl. Spot plating the diluted sample onto selective
media allowed for the enumeration of the viable cell numbers from the biofilm population: for S.
aureus, P. aeruginosa and E. coli, mannitol salts agar, VVogel-Bonner minimal medium agar and
MacConkey agar containing 1 mg L crystal violet (Difco™, VWR International) were used,
respectively. The spotted plates were subsequently incubated overnight at 37°C (Lemire et al.
2015). Similarly, the minimal inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC) of the planktonic populations was carried out by serially diluting, 8 times,
10-fold dilutions, the neutralized (UN; as described above) spent media from the 96-well plate into
0.9% saline. Viable cell numbers were recorded following spot plating of the dilutions onto the
selective media. The plates were then incubated overnight at 37°C (Lemire et al. 2015). The MIC,
MBC, MBIC and MBEC were determined by monitoring the concentration of metal compound at

which there were no viable bacterial colonies.

A.4.5 Statistical analysis

Statistical significance for testing the difference in growth of dual-species planktonic and
biofilm populations inoculated concurrently or at different time intervals was performed using a
non-parametric, two-way analysis of variance, with Sidak’s multiple comparison posthoc analysis

for pairs. Statistical significance of the MIC, MBIC, MBC, and MBEC results were performed
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using the Sidak—Bonferroni multiple t-test with an o = 0.01 and 0.05. All experiments were
performed, at minimum, unless stated otherwise in the figure captions, with two biological

replicates and in duplicate.

A.6 Results and discussion

A.6.1 Evaluating the in vitro capacity of CuSOg4, AgNO3, and Ag7NO11 to inhibit the growth of

dual-species planktonic and biofilm populations

To explore the ability of the chosen metal compounds to inhibit the growth of dual-species
planktonic and biofilm populations of the tested bacterial strains (E. coli, S. aureus and P.
aeruginosa), MIC and MBIC assays were performed for 4 h in the presence of serial dilutions of
CuSO4, AgNOs3, and Ag7NOa1 (Figures A.1 and A.2). With a few exceptions, the MIC of Ag7NO11
was significantly lower than that of AgNOsand CuSQOs for the tested bacterial dichotomies.
However, the MIC of Ag7NO11 was not significantly lower (p < 0.05) than the MIC of AgNOs for
P. aeruginosa when it was incubated in the presence of S. aureus, in addition to both P. aeruginosa
and E. coli when they were cultured together (Figure A.1 and Table A.1). Meanwhile, the MIC
of Ag7NO11 was significantly lower than that of CuSO4 under all conditions tested. A parallel
observation was made regarding the capacity of AgzNOu1 to prevent the establishment of dual-
species biofilms, with two exceptions: (1) the MBIC of AgNOs was significantly lower than both
Ag7NO11 and CuSOq4 against E. coli in a P. aeruginosa/E. coli dual-species biofilm and (2) while
the MIC of Ag7zNO11 was significantly lower than AgNO3 and CuSOa against S. aureus in a dual-
species planktonic culture with P. aeruginosa, the MBIC of AgzNO11 was not statistically lower

than AgNOs with these same species (Figure A.2 and Table A.1).
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Figure A.1 The 4 h MIC of CuSO4, AgNOs, and AgzNOx11 against dual-species planktonic
cultures. Viable planktonic cells were enumerated as Cfu mL"* for E. coli (JM109), S. aureus
(ATCC 25923), and P. aeruginosa (PAO1) grown as dual-species planktonic populations in
simulated wound fluid (SWF) containing various concentrations of CuSO4 (¢ broken line),
AgNO:s (m solid line), and Ag7NOz11 (4 dotted line) for 4 h. (i) S. aureus + P. aeruginosa (A and
B, respectively). (ii) S. aureus + E. coli (A and B, respectively). (iii) P. aeruginosa + E. coli (A
and B, respectively). note that all metal stock solutions were prepared at equal molar
concentrations of Ag or Cu molecules. Hence, concentrations found in this figure are reflective
of the concentration of Ag or Cu and not the metal compound itself. n = 4—6 + SD of the
concentration of Ag or Cu and not the metal compound itself. n=4-6 + SD.
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Figure A.2 The 4 h MBIC of CuSOs, AgNOs, and AgzNOa: for preventing biofilm formation.
Viable biofilm cells were enumerated as Cfu peg™) for E. coli (JM109), S. aureus (ATCC
25923), and P. aeruginosa (PA01) grown as dual-species biofilm populations in simulated
wound fluid (SWF) containing various concentrations of CuSO4 (¢ broken line), AgNO3 (m solid
line), and Ag7NOau1 ( 4 dotted line) for 4 h. (i) S. aureus + P. aeruginosa (A and B, respectively).
(i) S. aureus + E. coli (A and B, respectively). (iii) P. aeruginosa + E. coli (A and B,
respectively). note that all metal stock solutions were prepared at equal molar concentrations of
Ag or Cu molecules. Hence, concentrations found in this figure are reflective of the
concentration of Ag or Cu and not the metal compound itself. n = 4-6 + SD.

Table A.1 The median, minimal concentration (in pM) of metal compounds (CuSO4, AgNOs3
and Ag7NOa1) required to (1) inhibit planktonic cell proliferation [minimal inhibitory
concentration (MIC)] and (2) inhibit biofilm formation [minimal biofilm inhibitory concentration
(MBIC)].

S. aureus + P. aeruginosa S. aureus + E. coli P. aeruginosa + E coli
S.aureus P. aeruginosa S. aureus E. coli P. aeruginosa E. coli

Cuso, [uM] Cus0, [pM] CusS0, [pM] CusSO, [uMl] CuSO, [um] CusSo, [uM]
mic! 3,906 +690 3,906 + 903 977 £ 505 977 £345 15,625+ 9,794 31,250 £9,513
MBIC? 3,906 £ 904 3,906 + 904 977 £226 977 £0 15,625 +7,681 3,906 + 1,746

AgNO, [uM] AgNO, [uM] AgNO, [uM] AgNO, [uM] AgNO, [uM] AgNO, [uM]
MIC' 250 £ 74 125+ 78%* 250 + 44% 63 +23%* 125+78* 125+ 771
MBIC? 125+ 65%* 1250 +517%% 63 + 29%% 63 +0** 63 £ 24 ** 16 £ 8**

Ag,NO,, [uM] Ag,NO,, [uM] Ag,NO,, [uM] Ag,NO,, [uM] Ag,NO,, [uM] Ag,NO,, [uM]
mic! 63 + 4%+ 125 £ Q%% 3111 24 63 +39% " 63 £35%% M
MBIC? 63 + 29%% ™ 625 + 34470 4o Ry PR 31+ 1g%ens 63 +16%%

Experimental details on how these values were obtained are outlined in the methods. Values are represented as the median inhibitory concentration of the metal
compound required. Note that all metal stock solutions were prepared at equal molar concentrations of Ag or Cu molecules. Hence, concentrations found in
this figure are reflective of the concentration of Ag or Cu and not the metal compound itself. n = 4-6 + 5D. Asterisks indicate a significant difference between
CuSO, and AgNO,, where:

*0<0.05; **a=<0.01; Plus symbols indicate a significant difference between AgNO, and Ag,NO, ,, where:

+0<0.05

++0=0.01

ns = no significant difference.

Overall, with the exception of E. coli incubated in the presence of P. aeruginosa, the MIC
and MBIC were similar for CuSOs (Figure A.2 and Table A.1) suggesting that, at this
concentration of Cu, the biofilm either offered no protection from CuSOa4 or the planktonic cells
could not form a biofilm. Of note was the magnitude of CuSQOa4 that planktonic E. coli cells could
withstand in the presence of P. aeruginosa: more than 30,000 uM as a dual-species culture (this
study) compared to 2,000 uM as a single species (Lemire et al. 2015). Additionally, P.
aeruginosa/E. coli dual-species cultures were capable of tolerating much higher concentrations of

CuSOq than the other bacterial dual-species combinations, suggesting the potential to use this
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bacterial dichotomy for Cu bioremediation. Meanwhile, variable trends were observed with
regards to the MIC and MBIC values for the Ag compounds (Table A.1). While formation of a
biofilm resulted in a higher MBIC compared to the MIC in P. aeruginosa incubated with S. aureus,
this was not the case for P. aeruginosa incubated with E. coli. In other instances, the MBIC was
less than or equivalent to the MIC in some dual-species communities, for example E. coli cultured
with S. aureus, suggesting species level response mechanisms to Ag poisoning (Table A.1).
Additionally, there were three experimental situations where the MIC and MBIC of AgzNO11 were
equivalent: (1) for S. aureus grown with P. aeruginosa; and E. coli cultured with (2) S. aureus or
(3) P. aeruginosa. However, the MIC was greater than the MBIC of AgNO3 and Ag7NOua for S.
aureus when S. aureus and E. coli were incubated together. This trend was also observed for P.
aeruginosa co-cultured with E. coli (Figures A.1, A.2 and Table A.1). Though this observation
was comparable for AgNOs tested against S. aureus grown with P. aeruginosa, and E. coli cultured
with P. aeruginosa, this was not the case for Ag7NO11, where the MBIC was greater than or
equivalent to the MIC, respectively. Finally, the MBIC was greater than the MIC for P. aeruginosa
co-cultured with S. aureus for both Ag compounds tested (Figures A.1, A.2 and Table A.1).
Regardless, AgzNOa1 inhibited the growth of dual-species planktonic cultures and establishment

of dual-species bio- films at lower equimolar concentrations than both AgNO3 and CuSQea.

A.6.2 Evaluating the in vitro capacity of CuSOs, AgNOs, and Ag7NO1 1 to eradicate dual-species

planktonic and biofilm populations
This study also explored the concentrations of CuSO4, AgNO3s, and Ag7NOz11 required to
eradicate established dual-species planktonic and biofilm populations. MBC and MBEC assays

were employed to expose dual-species planktonic and biofilm populations, that had established
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themselves for 24 h prior to metal exposure, to serial dilutions of CuSO4, AgNOs, and Ag7NO11
(Figures A.3 and A.4). First, higher concentrations of all metals were required to eradicate
established dual-species planktonic and bio- film populations than inhibit their growth (MBC >
MIC; MBEC > MBIC) (Figures A.3, A.4 and Table A.2). This observation supports other studies
which demonstrate that eradicating an established biofilm population is more complex than their
planktonic counterparts (Harrison et al. 2007; Chien et al. 2013; Lemire et al. 2015). However,
there were exceptions observed in this study for S. aureus incubated with E. coli for 24 h and
subsequently exposed to AgNOs or Ag7NO11 and P. aeruginosa incubated with E. coli for 24 h
and subsequently exposed AgzNO11 (Table A.2). In many cases, the potential MBEC of the
established dual-species biofilms exceeded the solubility limitations of the metals under these
experimental conditions (2,500 uM for Ag and 500,000 uM for Cu). A longer metal exposure time
was attempted in this study, as previous work from Lemire et al. (2015) had demonstrated success

using this strategy.

lil (A) S. aureus + (B) P. aeruginosa lii] (A) S. aureus + (B) E. coli
1"
10,
= 9 - 9 » Ag;NOy
- 8 - 8| N
E 4 E 7
\
N - ol \
k) Q s O 5 i
y o 4 o 4 |
i. S 3 g 4 \
\ 2 2
\
1 1
(i (i

WSO RS
RS

", a
i%&*%&ﬁ%ﬁg@g@@gﬁﬁg@&&ﬁ@g@g§§

Metal concentration [uM]

BVSPPA

Metal concentration [uM]

11 1 1
10| menzzf. S 10 10
— 9 e g ] = 9 — 9 **
T 8 \ ~ g T g
E - ‘ E 4 E 7
2 ol 2 e
O, 5 i O 5 \ O
= o 4 \ o 4
S 3 \ S 3 \ S s
2 1 2 \ 2
1 \ 1 1 \ 1
0 o ; 3 0

1
" 1
2%-‘.&»:%2»%%%EQ&?*S‘E?&%%&%‘?&@?%%%&? RSSO &3&%@2&3@;@%@&;}* ?“***‘%Wx&%%%@@%&%%y
N N (NG

Ri)

Metal concentration [uM] Metal concentration [uM] Metal concentration [uM]

Figure A.3 The 24 h MBC of CuSO4, AgNOs, and Ag7zNO11 against established dual-species
planktonic cultures. Dual-species planktonic populations of E. coli (JM109), S. aureus (ATCC
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25923), and P. aeruginosa (PA01) were grown for 24 h in simulated wound fluid (SWF). Then,
the cultures were exposed to various concentrations of CuSOy4 (¢ broken line), AgNOs (m solid

line), and Ag7NOu11 (» dotted line) for 24 h. Viable planktonic cells were enumerated as Cfu mL-
I following the 24 h metal exposure. (i) S. aureus + P. aeruginosa (A and B, respectively). (ii) S.
aureus + E. coli (A and B, respectively). (iii) P. aeruginosa + E. coli (A and B, respectively).
note that all metal stock solutions were prepared at equal molar concentrations of Ag or Cu
molecules. Hence, concentrations found in this figure are reflective of the concentration of Ag or
Cu and not the metal compound itself. n = 4-6 £ SD. **Although P. aeruginosa and E. coli
could grow together planktonically for 24 h in 96-well plates (Supplemental figure 2), a further
24 h during the metal challenge led to a lack of viable E. coli cells.

Nonetheless, in this study one or both species lost viability, potentially due to interspecies
com- petition, in the non-metal exposed control (unpublished observations and Table A.2).
Additionally, no viable E. coli cells were observed after 48 h as a dual-species planktonic or
biofilm population with P. aeruginosa, despite having successfully done so, with no significant
growth inhibition, during the initial 24 h incubation. In contrast, Culotti and Packman (2014) were
able to successfully grow a few derivative species of E. coli K12 with P. aeruginosa PAOL as
dual-species biofilms using R2A medium. This suggests that strain, culturing methods and/or
medium type selection can drive successful establishment of a biofilm with more than one species.
However, no MBC and MBEC observations were recorded for E. coli cells incubated with P.
aeruginosa in this study.

The MBC of Ag7NO11 was significantly lower (from twofold to 10-fold) than that of
AgNOs and CuSOg4 except against S. aureus cultured with P. aeruginosa. Additionally, the MBC
of AgNOs was observed to be universally significantly lower than that of CuSOa4 (Figure A.3 and
Table A.2). Observing the MBEC was not always experimentally possible, specifically for (1) all
metal compounds tested against S. aureus cultured as a dual-species biofilm with P. aeruginosa;
(2) both Ag compounds tested against P. aeruginosa grown as a dual-species biofilm with S.

aureus; (3) CuSOq tested against S. aureus cultured as a biofilm with E. coli; and (4) AgNOs tested

against E. coli cultured as a biofilm with S. aureus (Figure A.4 and Table A.2). When observing
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the MBEC was possible, the MBEC of AgzNO11 was significantly lower than that of both AQNOs3
and CuSOa4. There was one caveat to this observation, viz. when P. aeruginosa was cultured as a
dual-species biofilm with S. aureus, the MBEC of CuSQOa4 (500,000 uM) is a con- centration well
beyond the solubility limits of Ag under the assaying conditions used. The MBEC values observed
in this study for dual-species biofilms were higher than the MBEC values previously observed for
single-species biofilms of the same species, <40, 40, and 120uM of AgNO3 and 20, 40, and 40 uM
of Ag7NOu1, that were necessary to eradicate E. coli, P. aeruginosa and S. aureus single-species

biofilms, respectively (Lemire et al. 2015).
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Figure A.4 The 24 h MBEC of CuSO4, AgNOs, and AgzNOa11 against established dual-species
biofilms. Dual-species biofilms of E. coli (JM109), S. aureus (ATCC 25923), and P. aeruginosa
(PAO1) were established for 24 h in simulated wound fluid (SWF). Then, the cultures were
exposed to various concentrations of CuSOg (¢ broken line), AgNOs3 (m solid line), and Ag7NO11
(» dotted line) for 24 h. Viable biofilm cells were enumerated as Cfu peg* following the 24 h
metal exposure. (i) S. aureus + P. aeruginosa (A and B, respectively). (ii) S. aureus + E. coli (A
and B, respectively). (iii) P. aeruginosa + E. coli (A and B, respectively). note that all metal
stock solutions were prepared at equal molar concentrations of Ag or Cu molecules. Hence,
concentrations found in this figure are reflective of the concentration of Ag or Cu and not the
metal compound itself. n = 4 to 6 + SD. **Although P. aeruginosa and E. coli could grow
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together as a biofilm for 24 h in the MBECTM device (Supplemental figure 3), a further 24 h
during the metal challenge led to a lack of viable E. coli cells.

Table A.2 The median, minimal concentration (in pM) of metal compounds (CuSOas, AgNOs3,
and Ag7NOu1 required to (1) eradicate an established planktonic population [minimal bactericidal
concentration (MBC)], and (2) eradicate an established biofilm [minimal biofilm eradication
concentration (MBEC))].

S. aureus + P, aeruginosa S. aureus + E. coli P.aeruginosa + E. coli
5. aureus P. aeruginosa S. aureus E. coli P. aeruginosa E. coli

CuS0O, [uM] CuS0, [uM] CuSO, [pM] CuS0, [uM] CuSO, [pMm] CuS0, [uM]
MBC' 15,625 £2953 62,500 = 2,362 7,813+ 2,620 3,906 1,747 15,625+ 3,189 #
MBEC? N/A 500,000+ 0 N/A 500,000+0 125,000 + 28,932 #

AgNO, [uM] AgNO, [um] AgNO, [uM] AgNO, [uM] AgNO, [uM] AgNO, [um]
MBC! 313 £ 152%% 2500 £ 559** 2,500 + 625%* 625+ 313%* 1,250+ 510%* #
MBEC? N/A N/A 2,500 + O** N/A 2,500= 0" #

Ag,NO,, [uM] Ag,NO,, [uM] Ag,NO, | [uM] Ag,NO,, [uM] Ag,NO,, [uM] Ag,NO, | [uM]
MBC! 156 + 76%*:™ 625 £ 307%* 625 £ 125% +* 78 £ 20% +F 39 +10%* #
MBEC? N/A N/A 625 £ 0*% ++ 2,500 + 625%*+ 39 +18%% #

N/A = a concentration could not be established within the solubility limits of the metal compound used. Values are represented as the median eradication or
bactericidal concentration of metal compound needed. Note that all metal stock solutions were prepared at equal molar concentrations of Ag or Cu molecules.
Hence, concentrations found in this figure are reflective of the concentration of Ag or Cu and not the metal compound itself. #Though P. aeruginosa and E. coli
could grow together planktonically and as a biofilm for 24 h in the MBEC device (Supplemental Figure 2), afurther 24 h during the metal challenge led to a lack
of viable £ coli cells. n = 4-6 + SD. Asterisks indicate a significant difference between CuSQ, and AgNO,, where:

*0=0.05; **a=<0.01; Plus symbols indicate a significant difference between AgNO, and Ag,NO, ,, where:

+a<0.05

++0a=<0.01.

ns = no significant difference.

Indeed, dual-species biofilms are difficult to eradicate with antimicrobials, a phenomenon
that has previously been described in the literature, albeit without complete mechanistic detail
(Burmolle et al. 2006). Observations made regarding the equivalent MIC and MBIC of CuSO4
(Figures A.1, A.2 and Table A.1), were not in agreement with observations made regarding the
MBEC and MBC of CuSOa. For eradicating dual-species populations, greater concentrations of
CuSO4 were needed to eradicate biofilms than to eradicate planktonic cells (Figures A.3, A.4 and
Table A.2). With regards to Ag, the chemistry of Ag in the presence of saline (0.9% NacCl) restricts
its solubility, so MBEC values could not be obtained for the majority of the tested dual-species
except for S. aureus and P. aeruginosa as a biofilm with E. coli (Figure A.4 and Table A.2).
However, the MBC and MBEC values of AgNOs were significantly lower than those of CuSOa.

As with the MIC/ MBIC values mentioned above, the MBC/MBEC values of AgzNO11 were
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significantly lower than those of both AgNOs and CuSOs for all testable dual-species biofilms
(Figure A.4 and Table A.2). Overall, the observations suggest that established dual-species
planktonic and bio- film cultures were much more difficult to eradicate than they were to inhibit
(MBC > MIC and MBEC > MBIC, respectively) with the exception of P. aeruginosa in a dual-
species biofilm with E. coli where the values were similar (Tables A.1 and A.2). This trend was
observed, for the most part, in a previous study using single-species bacterial strains (Lemire et al.
2015). A highlight of these experiments is the difficulty involved in interpreting the physiology
that governs the differential MIC, MBIC, MBC and MBEC values for dual-species biofilms.
Therefore, it is likely that interpreting observations made with biofilms that have greater than two

species may be even more difficult.

A.6.3 The applicability of in vitro observations

Demonstrating the capacity of novel antimicrobial agents to inhibit the growth of and
eradicate bacterial biofilms is increasingly important as their impact to clinical and industrial
environments is understood. Since biofilms are responsible for contaminating in-dwelling devices
(Hoiby et al. 2011), promoting chronic infection (Costerton et al. 1999; Percival et al. 2012;
Metcalf & Bowler 2014), contaminating industrial surfaces (Mattila-Sandholm & Wirtanen 1992;
Kumar & Anand 1998; Meireles et al. 2016) and exhibiting an enhanced antimicrobial resistance
(Stewart & Costerton 2001; Ceri et al. 2010), preventing the formation of and eradicating biofilms
remains a core concern for researchers. Ag(l) has proven antimicrobial efficacy alone and as a co-
treatment against bacterial pathogens including antibiotic resistant bacteria (Lemire et al. 2013,
2015; Morones-Ramirez et al. 2013). A challenge of using Ag-impregnated devices is that the

concentration of Ag(l) ions present may be too low to be effective (Bjarnsholt et al. 2007). In

263



general, lower concentrations of AgzNOa1 and thus Ag(ll, 111) were needed to prevent and eradicate
both planktonic and biofilm populations of the tested strains in both this study (Tables 1 and 2)
and the study by Lemire et al. (2015). Indeed, the total concentration of AgzNO11 needed would
be sevenfold less than the molar concentrations reported in this study as every mole of Ag7NO11
releases seven atoms of Ag. This suggests that AgzNO11 may be a suitable candidate as an
antimicrobial coating for medical devices including bandages, catheters and endotracheal tubes.
However, the toxicology of AgzNOu1z1, and for that matter Ag in general, to mammalian cells is not
completely understood. Another potential application for AgzNOauz1 is its use as surface coatings,
disinfectants and antiseptics in industrial settings to prevent biofilm-induced fouling.

In this study, the MBEC assay was chosen as it is robust and highly reproducible. For
growing biofilms, there are numerous published methods that all have advantages and drawbacks
that need to be considered prior to experimentation. For example, this study uses the CBD to grow
biofilms for antimicrobial susceptibility testing. If the goal of the experiments was to collect
biomass, it may not be the most ideal method to grow a biofilm. To quantify viable cell numbers,
this study employed spot plating and counting the CFUs. However, Tavernier and Coenye (2015)
published details of the quantification of viable P. aeruginosa in a multispecies biofilm using a
gPCR-based technique. Due to its elegance, this approach was considered for this study, but due
to its reduced reliability below 1,000 cells, it was excluded (Taylor et al. 2014). There remains no

superior method for growing and testing resistance/tolerance phenomena in biofilms.

A.7 Conclusions

This study established that Ag7NOz11 has enhanced anti- microbial and anti-biofilm capacities

over AgNOsand CuSOas. Additionally, it was demonstrated that AgzNOaz is effective for the
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inhibition and eradication of different dual-species planktonic and biofilm bacterial populations.
Finally, this study demonstrated that eradicating biofilms composed of more than one species
requires higher concentrations of metals with an established anti-biofilm activity. This study thus
reinforces findings regarding the difficulty of eradicating multispecies bacterial communities.
Biofilms contribute to and complicate infectious dis- eases as well as contaminate industrial
surfaces. Yet there is a dearth of adequate solutions to eradicate them. The present in vitro assays
demonstrate that AgzNO11 could have utility as an anti-biofilm agent at much lower concentrations
than other antimicrobial metals. Thus, AgzNO11 could add to the armamentarium for combatting
and con- trolling bacterial biofilms, which is greatly needed due to increases in antimicrobial-

resistant bacteria.
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Appendix B: Complete gene lists pertaining to the chemical genetic screens

Complete list of genes recovered in Chapter 4 and Chapter 5 can be found at
https://www.mdpi.com/2073-4425/9/7/344#supplementary and https://www.mdpi.com/2073-
4425/10/1/34#supplementary, respectively.

The complete list for Chapter 6 is supplementary to this thesis..
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Appendix C: Additional methodology

In this section additional methodology explored is briefly explained and explored.

References can be found in the general reference section following Chapter 8.

C.1 Drip Flow Reactor for biofilm growth under low-shear/laminar flow
C.1.1 Introduction

This chapter provides methodology and standardization for the use of the Drip Flow
Reactor (DFR) for biofilm growth and cultivation. The DFR is widely applicable for a number of
reasons including [532] a) the biofilm is close to air-liquid interface, thereby useful as a model
environment for catheters, lungs with cystic fibrosis and the oral cavity among others, b) low field
velocity over the biofilm, c) can be used for the growth of anaerobic microorganisms, d) the biofilm
can be easily extracted and monitored, €) the reactor can mimic various surfaces for biofilm
growth, and f) robust biofilm growth due the continuous flow of nutrients and the immediate exit
of waste.

Optimization of the DFR was completed in order to produce adequate amounts of biofilm
for prospect studies including metabolomics or proteomics. This technique was optimized, and
biofilms were grown, however, due to modifications in the goal of this thesis, this technique was
not advanced further. The following describes a method for growing an E. coli biofilm on glass

coupons in M9 minima media.
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C.1.2 Methods

A frozen stock culture of Escherichia coli BW25113 was streaked onto LB media agar

plates and grown overnight at 37°C. The following day, a colony was isolated and used to prepare
a liquid culture stock in LB, this was grown for 16 hours, shaking at 150 rpm and 37°C. Once
grown, the inoculum was standardized to an optical density of 1.00 (Asoo); a small volume of this
sample was diluted and used to determine the colony forming units of the starting culture. This
culture was used to inoculate the DFR prior to running the experiment.
The drip flow reactor was set to the manufacturer’s specifications (BioSurface Technologies, Drip
Flow Operations Manual) with notable modifications. Two days prior to the experiment the
apparatus was sealed with tinfoil and autoclaved, detached from the influent and effluent silicone
tubing, which was also autoclaved. A 10 L carboy was filled with M9 minimal media and
autoclaved along with the effluent carboy two days prior.

To inoculate the coupons of the DFR, 1 mL of the standardized culture was placed in the
chamber of the sterile DFR and to this, 14 mL of LB media was added. The chamber covers were
screwed back on tightly and the apparatus was gently swirled. This was completed in a biosafety
cabinet to ensure sterility. The DFR reactor was left at room temperature for 16 hours. Following
this, a 1 inch, 21-gauge needle, attached to the influent tubing originating from the growth medium
carboy, was injected into the septum and sealed with parafilm. All proper tubing was connected,
and a glass flow break was included to ensure no back-contamination into the media carboy.
Further, to the influent and effluent waste carboys, a 0.2 um filter was attached to confirm air flow.
The legs of the DFR were added to the desired length, the bacterial air vents were attached to the
DFR, the peristaltic pump flow rate was set, and the pump was turned on. The entire apparatus

was placed into an incubator and run for 16-36 hours, depending on desired biofilm thickness.
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The following day, the apparatus was removed and sterilely detached from the tubing. The
channel cover was removed. Using sterile forceps, the coupons were removed and placed in a
beaker filled with 45 mL phosphate buffered saline (PBS). The biofilm was then scraped off using
a sterile spatula. The coupon and the spatula were then rinsed with 5 mL PBS. This 50 mL sample
was then added to a falcon tube and the sample was homogenized to ensure the biofilm clumps
were disaggregated. The sample was then diluted in PBS and plated on LB media agar plates to

determine the colony forming units.

C.2 gPCR for the determination of gene transcript levels
C.2.1 Introduction

Here, methods for quantitative polymerase chain reaction are briefly provided. This
technique was optimized and performed in order to quantitatively determine the amount of
transcript level for a particular gene. This work was completed for the genes rodZ, gshA, grxD and
trxA in the absence and presence of silver. We recognize that the use of this technique is valuable

for future studies that stem from this thesis.

C.2.2 Methods
C.2.2.1 RNA isolation, purification and cDNA preparation

RNA purification was completed using RiboPure from Ambion, for detailed protocol
information refer to the instruction manual found online. Following isolation, the sample was
treated with DNase and the purity of the sample was determined using a NanoDrop for which the

260/280 ratio was compared.
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Using SuperScript 1l Reverse Transcriptase from Thermofisher, the RNA sample
underwent first-strand cDNA synthesis using random primers. Again, for detailed information

refer to the instruction manual online.

C.2.2.2 PCR reaction

Into a 1.7 mL microfuge tube sterile H.0, DMSO, 10x HE buffer, MgClz (25 mM), dNTPs
(10 mM), and the forward and reverse primer (100 nM) were added and gently mixed. The mix
was distributed into PCR tubes and 0.2 uL of Taq Polymerase and the synthesized cDNA were
added to each tube. The samples were run in a thermocycler set at, 94°C for 3 min, then repeated
at 94°C for 30 sec, temperature gradient for 30 seconds and 72°C for one minute, followed by
72°C for 10 minute and held at 12°C.

Controls included 16S quantification and gBlock Gene Fragments, linear nucleic acid
fragments that contain a portion of the gene of interest and for which the primers matched, from

IDT.

C.2.3 Preliminary results

The protocol mentioned in C.2.2 was applied to the genes rodZ, gshA, grxD and trxA in
the absence and presence of two concentrations of silver 20 uM and 50 uM and plotted. The values
presented were normalized against 16S copies/reaction and the gBlock pertaining to the gene of

interest.
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Figure C.1 Copies/reaction of the (a) rodz, (b) gshA, (c) trxA and (d) grxD for cells grown in the
in the presence of silver nitrate at 20 uM and 50 uM for 24 hours at 37°C in M9 minimal media.
Results normalized against the 16S levels and the gBlock corresponding to the gene of interest.
C.3 Bandage project

C.3.1 Introduction

In this project, headed by the Harrison lab, we collected burn bandages from the W21C at the

Foothills hospital. For Turner lab purposes, collection of the bandages and subsequent bacterial

isolation would allow us to acquire silver resistant isolates that could be used for additional testing,
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such as for the disk diffusion assays completed in Chapter 3. My role in this project included

assisting Dr. Joe Harrison and Dr. Tie Wang with processing of the bandages.

C.3.2 Methods

The bandage, collected form the W21C, was stored on ice for transport and until processed. Next,
the bandage was aseptically opened and separated from the gauze and cut into four pieces. Each
of the four quadrants (bandage and gauze) were treated differently as follows; a) suspended in 25

mL of bacterial cell storage buffer [50mM Tris-HCI, 5mM MgCl2, and 1mM phenyl methyl

sulphonyl fluoride (PMSF), pH = 7.4] and placed at -21°C in a 50 mL conical tube, b) folded and
placed at -21°C in a 50 mL conical tube, c) placed at 4°C, and d) used to streak onto seven different
types of solid media and grown for 24 hours at 37°C.

i. Brain Heart Infusion (BHI) agar

ii. Pseudomonas isolation (PI) agar

iii. Lysogeny Broth (LB) agar

iv. Staphylococcus isolation (SI) agar

v. Corn meal agar

vi. MacConkey (Mac) agar

vii. Cooked meat agar
Once grown, the cells were removed and resuspended in 30% glycerol:LB and stored at -81°C for

further processing.
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