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General Abstract 
Microorganisms must maintain equilibrium and intracellular availability of ions for 

growth and persistence in a range of environments, either in the face of scarce resources or 
excesses, whereby they must buffer, exclude or export these ions preventing accumulation to 
harmful levels. Ion homeostasis is essential for energy generation, metabolism, regulation of 
internal pH and osmotic homeostasis. Mycobacteria are part of the native microflora found in 
soils and aquatic environments and harbour an extensive repertoire of uptake and efflux and 
secretion pathways to modulate ions and metabolites including, sodium, potassium, calcium, 
magnesium, iron, nickel, manganese, zinc, copper and cobalt. There remains a paucity of 
information regarding ion homeostasis networks and pathways in mycobacteria. The 
overarching aim of this thesis was to characterise ion homeostasis and energetics in the 
saprophyte Mycobacterium smegmatis, under normoxia and hypoxia, under ion chelation and 
deficiency, with heavy-metal exposure and in response to anti-tubercular compounds with 
putative disruptive effects on ion energetics, including bedaquiline and amiloride derivatives.  

Inductively coupled plasma mass spectroscopy (ICP-MS) analysis of wild-type M. 
smegmatis and energy-driven ion transport mutants revealed the molecular inventory of 
cations in M. smegmatis under normoxia and hypoxia. The intracellular cation profile of M. 
smegmatis was comprised primarily of sodium (40-85%), potassium (10-55%) and magnesium 
(5-7%), while trace elements consisting of calcium, iron, nickel, manganese, zinc, copper and 
cobalt were less than 1.5% of the profile. ICP-MS analysis also demonstrated changes in ion 
homeostasis from disruptions made using chelation agents to reduce the availability of 
manganese, iron, cobalt and zinc. Cultures exposed to 2 mM nickel and manganese resulted 
in intracellular accumulation of these cations and significant depletion of intracellular cobalt, 
iron, magnesium and potassium concentrations. Disruption of potassium homeostasis in the 
ΔtrkA mutant of M. smegmatis resulted in the reduction of (~10-50%) intracellular potassium 
concentrations and elevated (~10-30%) intracellular sodium concentrations, coupled with 
reductions in viability and persistence under hypoxia.  

This study has demonstrated the molecular inventory of intracellular ions in M. 
smegmatis under several key laboratory conditions and has characterised essential components 
of ion homeostasis and more specifically, potassium homeostasis and energetics in 
mycobacteria. The role of several energy-driven transport systems and the effects of anti-
tubercular compounds on cellular and ion homeostasis in M. smegmatis and Mycobacterium 
tuberculosis were also studied.  



 iv 

Acknowledgements 
I would like to thank my supervisor Professor Greg Cook for the opportunity to undertake 
my research in his lab group and for the nudges in the right direction when I was unsure of 
myself and my project. I appreciate the space to develop professionally and academically in the 
department of Microbiology and Immunology and the positive relationships I was able to 
develop while working there, as well as the postgraduate support and advice from other 
academic staff that was there when I needed it.  

Dr. Chris Greening, who encouraged me to undertake a Ph.D, and while my project 
took a different direction from the initial proposal, his research laid the foundations of what 
led to my work and all that I have achieved. I would also like to thank Dr. Yosuke Shimaki 
and James Cheung for their experiment assistance and discussion regarding CRISPR/Cas 
knockdown and culturing Mycobacterium tuberculosis mc2 6230, their advice and support has 
been integral in my work. I would like to thank the University of Otago for providing me 
with financial assistance to start my studies with a Ph.D scholarship. 

I would like to offer thanks to the members of the 6th-floor laboratories in 
Microbiology, who discussed my work with me and made working there a pleasure. 
Especially; Dr. Yoshio Nakatani, Dr. Kiel Hards, Professor Peter Fineran, Dr Htin Lin 
Aung, Dr Liam Harold, Dr Rachel Darnell, Anthony Major and Nichaela Harbison-Price 
and to David Barr from The Centre for Trace Element Analysis in the Department of 
Chemistry for his expertise and for completing the inductively-coupled plasma mass-
spectroscopy (ICP-MS) analysis, for the molecular inventory of ions in my Ph.D.  

Lastly, to all my friends and family for their support and encouragement, I would not 
have reached the end without you. 
  



 v 

Table of Contents 
Declaration .................................................................................................. ii	
General Abstract ......................................................................................... iii	
Acknowledgements ..................................................................................... iv	
List of Figures:.......................................................................................... viii	
List of Tables: .............................................................................................. x	
Table of Abbreviations ............................................................................... xii	
Chapter 1: Introduction to ion homeostasis in mycobacteria ........................... 1	

Ion and pH homeostasis networks in bacteria .............................................. 2	
Ecological significance of ion homeostasis networks in microbial communities. ............................ 2	
The key physiological networks in bacteria. .................................................................................. 4	
Passive homeostasis mechanisms in bacteria. ................................................................................ 5	
Active homeostasis mechanisms in bacteria. ................................................................................. 6	
Mechanisms of sensing and regulation of homeostasis. ............................................................... 10	
Mycobacteria. ............................................................................................................................. 11	
Significance of researching ion homeostasis networks in mycobacteria. ....................................... 11	

Overview and Aims of Thesis: ................................................................... 13	
Chapter 2: Profiling cation homeostasis in Mycobacterium smegmatis. ............ 14	

Abstract ................................................................................................... 15	
Introduction ............................................................................................ 17	
Methods .................................................................................................. 19	

Bacterial strains and cultivation. ................................................................................................. 19	
Genetic manipulation. ................................................................................................................ 19	
Polymerase Chain Reaction. ....................................................................................................... 19	
Primers and Oligonucleotides. .................................................................................................... 21	
Gene knockout via allelic exchange. ............................................................................................ 21	
RNA extraction and RT-qPCR.................................................................................................. 21	
Statistical analysis. ...................................................................................................................... 25	
Sequencing. ................................................................................................................................ 25	
Nucleotide and protein analysis. ................................................................................................. 25	
LacZ reporter assays. .................................................................................................................. 25	
CRISPR/Cas gene knockdown. ................................................................................................. 25	
Radio isotope Assays. ................................................................................................................. 26	
Inductively Coupled Plasma Mass Spectrophotometry (ICP-MS). ............................................. 26	



 vi 

Results .................................................................................................... 27	
The M. smegmatis genome has six P-type ATPases with M. tuberculosis homologues................... 27	
Classification of the mycobacterial P-type ATPases. ................................................................... 27	
M. smegmatis has a smaller P-type ATPase repertoire than M. tuberculosis. .................................. 28	
M. smegmatis CtpF shows relation to eukaryotic Ca2+ transporting P-type ATPases. ................... 28	
Modelling of M. smegmatis CtpF to Oryctolagus cuniculus (European rabbit) SERCA1A structure 
shows strong conservation of Ca2+ coordinating residues. ............................................................ 33	
Deletion of ctpF and the characterisation of DctpF growth on rich and minimal media ................ 33	
The inventory of cations in M. smegmatis wild-type and ∆ctpF in normoxic culture. .................... 39	
The molecular cation inventories of M. smegmatis under hypoxia. ............................................... 44	
The deletion of ctpF did not alter the expression of a hyd3 operon reporter system. ..................... 44	
Expression of ctpF is upregulated in older hypoxic cultures. ........................................................ 48	
CtpF does not facilitate the uptake of 63Ni in M. smegmatis. ....................................................... 48	
The effects of chelation agent stress on M. smegmatis intracellular cation profiles. ....................... 48	
The impact of heavy metal exposure on M. smegmatis intracellular cation profiles. ...................... 53	
The knockdown of M. smegmatis ctpE using CRISPR/ Cas does not induce a growth phenotype, 
and ctpE was not upregulated in the absence of ctpF in older cultures. ......................................... 56	

Discussion ............................................................................................... 60	
Chapter 3: Energetics of potassium homeostasis in Mycobacterium smegmatis 
and Mycobacterium tuberculosis................................................................... 69 
Abstract ................................................................................................... 70	
Introduction ............................................................................................ 72	

Roles and mechanisms of potassium uptake. ............................................................................... 72	
Potassium efflux mechanisms. .................................................................................................... 73	
Potassium, osmo-regulation and c-di-AMP (cyclic-di-Adenine-Mono-Phosphate). .................. 74	
Mycobacterial potassium homeostasis. ........................................................................................ 74	
Production of c-di-AMP in mycobacteria. .................................................................................. 75	
Anti-tubercular compounds capable of disrupting potassium homeostasis. .................................. 75	

Methods .................................................................................................. 77	
Bacterial strains, primer and oligonucleotides. ............................................................................ 77	
RNA extraction and RT-qPCR.................................................................................................. 77	
Inductively Coupled Plasma Mass Spectrophotometry (ICP-MS). ............................................. 77	
Minimum inhibitory (MIC) and minimum bactericidal concentration (MBC) assays. ................ 77	

 



 vii 

Results .................................................................................................... 80	
The deletion of trkA reduces survival under hypoxia in a rich growth medium. ........................... 80	
The cation profiles of hypoxic wild-type and the ΔtrkA mutant indicate that alteration of 
potassium homeostasis influences cell viability. ........................................................................... 80	
Potassium-limitation in M. smegmatis induces the expression of a secondary high-affinity 
potassium uptake system. ........................................................................................................... 82 
Targeting the high-affinity potassium uptake operon kdpFABCDE in M. smegmatis wild-type 
using CRISPR/Cas knockdown. ................................................................................................ 84	
Expression of a kdpD specific sgRNA for CRISPR/Cas gene knockdown does not result in a 
growth defect in M. smegmatis. ................................................................................................... 86	
RT-qPCR demonstrated the upregulation of kdpD in response to potassium-limitation, and the 
successful CRISPR/Cas knockdown of kdpD expression was coupled to the downstream 
downregulation of kdpA gene expression. .................................................................................... 90	
The expression patterns of trkA and “trk-related” genes, Msmeg_3665 and Msmeg_1945 in 
response to CRISPR/Cas knockdown of kdpD and potassium-limitation. .................................. 90	
Sodium and potassium were the only cations whose intracellular concentrations are significantly 
altered by the deletion of trkA and the loss of low-affinity potassium uptake. .............................. 90	
Examination of multi-drug suseptibility in the ΔtrkA mutant of M. smegmatis demonstrates in an 
increased sensitivity to the novel amiloride derivative HM2-16F. ............................................... 92	
The effects of exposure to the F1F0 ATP aynthase inhibitor bedaquiline on cation homeostasis in 
batch culture of M. smegmatis wild-type and the ΔtrkA mutant. .................................................. 92	
HM2-16F is a more effective inhibitor of ΔtrkA growth than BB2-50F. ..................................... 94	
The effect of BB2-50F exposure on cation homeostasis of Mycobacterium tuberculosis. ................. 99	

Discussion ............................................................................................. 103	
Chapter 4: Summary and outlook of the thesis ........................................... 114	

Defining the molecular cation inventory of M. smegmatis. ......................................................... 115	
Analysis of the role of potassium transport in mycobacterial physiology. ................................... 115	

Appendices .............................................................................................. 119	
References: ............................................................................................ 135	

 
  



 viii 

 

List of Figures: 
Figure 1.1. The “Post-Albers” cycle of ATP-driven ion transport in P-type ATPases. .......... 8	
Figure 2.1. Phylogenetic tree of mycobacterial P-type ATPases. .......................................... 32	
Figure 2.2 Analyses of M. smegmatis and M. tuberculosis CtpF proteins in alignment with their 
eukaryotic orthologues (Legend on next the page). .............................................................. 34	
Figure 2.2. (continued) ........................................................................................................ 35	
Figure 2.3. Modelling of conserved calcium-binding residues in M. smegmatis CtpF to 
orthologous SERCA1A of Oryctolagus cuniculus .................................................................. 36	
Figure 2.4. Growth kinetics and viable cell counts of the wild-type and the ∆ctpF, ∆hyd3 and 
∆dosR1 mutants under normoxic and hypoxic conditions. .................................................... 38	
Figure 2.5. ICP-MS analyses of the cation inventory of the wild-type under normoxia. ...... 40	
Figure 2.5. (Legend on the previous page). .......................................................................... 41	
Figure 2.6. ICP-MS analyses of the cation inventory of the ∆ctpF mutant under normoxia . 42	
Figure 2.6. (Legend on the previous page). .......................................................................... 43	
Figure 2.7. ICP-MS analyses of the cation inventory of M. smegmatis under hypoxia. ......... 45	
Figure 2.8. Comparative ICP-MS analyses of the molecular cation inventory of M. smegmatis 
wild-type and mutant strains ∆ctpF, ∆hyd3 and ∆dosR1 under hypoxia. ............................... 46	
Figure 2.9. Analyses of expression kinetics of a hyd3-lacZ operon reporter system under 
normoxia and hypoxia. ......................................................................................................... 49	
Figure 2.10. RT-qPCR analysis of ctpF and hyd3 gene expression in older cultures. ............ 50	
Figure 2.11. Rate of 63Ni uptake in whole-cells for wild-type, ΔctpF, ΔdosR1 and Δhyd3. ..... 51	
Figure 2.12. Analyses of changes to the cation inventory of M. smegmatis  wild-type exposed 
to chelation agents. .............................................................................................................. 52	
Figure 2.13. ICP-MS analyses of the molecular inventory of cations in M. smegmatis 
subjected to chelation agent exposure................................................................................... 54	
Figure 2.14. Analyses of the changes to M. smegmatis molecular cation inventory when 
exposed to 2 mM nickel and manganese. ............................................................................. 55	
Figure 2.15 ICP-MS anaylsis of the changes to M. smegmatis wild-type cation inventory 
when exposed to 2 mM nickel and manganese. .................................................................... 57	
Figure 2.16. CRISPR/Cas targeting of ctpE, validation of CRISPR/Cas system control 
efficacy and assessment of native ctpE gene expression in M. smegmatis. .............................. 58	
Figure 2.16. (Legend on the previous page). ........................................................................ 59	



 ix 

Figure 2.17 Alignment of M. smegmatis and M. tuberculosis CtpF and CtpE proteins with 
eukaryotic calcium transporting P-type ATPases. ................................................................ 62	
Figure 2.17 (continued). ...................................................................................................... 63	
Figure 2.17 (continued). ...................................................................................................... 64	
Figure 3.1. Analyses of survival and resuscitation under hypoxia in the wild-type and the 
ΔtrkA mutant of M. smegmatis. ............................................................................................ 81	
Figure 3.2. Analysis of growth yield and comparative ICP-MS analyses of the M. smegmatis 
ΔtrkA mutant and wild-type under hypoxia.......................................................................... 83	
Figure 3.3. Analyses of the effects of potassium-limitation on the wild-type and the ΔtrkA 
mutant of M. smegmatis. ...................................................................................................... 85	
Figure 3.4. The design of short guide RNAs (sgRNAs) for kdp operon knockdown. ........... 87	
Figure 3.5. Targeting of sensor kinase gene kdpD using an S. pyogenes CRISPR/Cas system in 
M. smegmatis and analysis of the effects on kdp and trk gene expression. .............................. 88	
Figure 3.5. (Legend on the previous page) ........................................................................... 89	
Figure 3.6. The effect of bedaquiline exposure on cation homeostasis in M. smegmatis wild-
type and the ΔtrkA mutant. .................................................................................................. 95	
Figure 3.6 (Legend on the previous page) ............................................................................ 96	
Figure 3.7. Assessment of growth inhibition in M. smegmatis wildtype and the ΔtrkA mutant 
exposed to the anti-tubercular compounds CCCP, bedaquiline, BB2-50F and HM2-16F. . 98	
Figure 3.8 The effect of BB2-50F exposure for 6-h on cation homeostasis in M. tuberculosis.
 ...........................................................................................................................................100	
Figure 3.9 The effect of BB2-50F exposure for 24-h on cation homeostasis in M. tuberculosis.
 ...........................................................................................................................................102	
Figure 4.1. Energetics of potassium homeostasis in mycobacteria. ......................................118	
Figure A.1 Structure of amiloride and derivatives. ..............................................................126	
Figure A.2. Design of CRISPR/Cas sgRNA protospaces in the kdpF gene of M. smegmatis.
 ...........................................................................................................................................130	
Figure A.3. Design of CRISPR/Cas sgRNA protospacers in the kdpD gene of M. smegmatis.
 ...........................................................................................................................................131	
Figure A.4. Design of CRISPR/Cas sgRNA protospacers in the kdpE gene of M. smegmatis.
 ...........................................................................................................................................132	

 
  



 x 

 

List of Tables: 
Table 2.1 Bacterial strains and plasmids used in this study ................................................... 20	
Table 2.2 Primers used in this study. ................................................................................... 22	
Table 2.2 (continued). ......................................................................................................... 23	
Table 2.3 Polymerase Chain Reaction (PCR) setup ............................................................. 24	
Table 2.4. Top five orthologous P-type ATPases of M. smegmatis wild-type and M. 
tuberculosis H37Rv ranked by amino acid identity to each of the six M. smegmatis P-type 
ATPases by BLASTp analysis. ............................................................................................ 29	
Table 2.5. Top five orthologous P-type ATPases of M. smegmatis wild-type and M. 
tuberculosis H37Rv ranked by amino acid identity to each of the twelve M. tuberculosis P-type 
ATPases by BLASTp analysis. ............................................................................................ 30	
Table 2.5 (continued) .......................................................................................................... 31	
Table 2.6. The Ca2+ coordinating residues of the O.cuniculus protein SERCA1A and their 
conservation in the orthologous M. smegmatis CtpF protein. ............................................... 37	
Table 2.7 Collated ICP-MS datasets for wild-type and the ∆ctpF mutant in older cultures 
under normoxia and hypoxia. ............................................................................................... 47	
Table 3.1 Bacterial strains and plasmids used in this study ................................................... 78	
Table 3.2 Primers used in this study. ................................................................................... 79	
Table 3.3 Collated ICP-MS data across experimental conditions for internal sodium and 
potassium concentrations of M. smegmatis ........................................................................... 91 
Table 3.4 M. smegmatis wild-type and ΔtrkA mutant MIC and MBC .................................. 93	
Table 3.5. Summary of the effects of bedaquiline exposure on cation homeostasis in M. 
smegmatis wild-type and the ΔtrkA mutant (from Figure 3.6) ............................................... 97	
Table A.1. Media composition of Hartmanns de Bont (HdeB) with 11 mm glucose, for the 
cultivation of Mycobacterium smegmatis................................................................................120	
Table A.2. Candidate dCas9 protospacer screening for the kdpFABCDE operon of M. 
smegmatis. Selected using the protospacer-adjacent motif (PAM) “5’-CCN” from the non-
coding strand and screened against the wild-type chromosome using BLASTn to identify 
potential off-target sites using BLASTn. ............................................................................121	
Table A.2 (continued) ........................................................................................................122	
Table A.2 (continued) ........................................................................................................123	



 xi 

Table A.3. P-type ATPases from the phylogenetic tree in Figure 2.1, with references 
providing evidence for specific biological activity. ...............................................................124	
Table A.3. (continued) .......................................................................................................125	
Table A.4. ICP-MS determined values for cation concentrations in the culture media used in 
this study. ...........................................................................................................................127	
Table A5. The predicted cation concentrations in uninoculated LB medium, compared to 
ICP-MS determined values. ...............................................................................................128	
Table A.6. Media composition of 7H9, 10% OADC and 11 mM glucose for the cultivation 
of Mycobacterium tuberculosis mc2 6230 ................................................................................129	
Table A.7. Media composition for the preparation of Sautons medium with 10% OADC and 
11 mM glucose. ..................................................................................................................133	
Table A.8. The predicted cation concentrations in uninoculated Sautons medium +OADC 
and 11 mM glucose, compared to ICP-MS determined values. ..........................................134	



 xii 

Table of Abbreviations 
Abbreviation Full-term 
ABC ATP binding cassette 
ANOVA Analysis of variance 
ATPase Adenosine triphosphatase 
ATP Adenosine triphosphate 
ADP Adenosine diphosphate 
AMP Adenine monophosphate 
HM2-16F Amiloride derivative (6-benzofuryl amiloride) 
BB-50F 5- hexamethylene-amiloride (HMA) derivative (6-benzofuryl) 
BLASTn Basic logical alignment search tool nucleotide analysis 
BLASTp Basic logical alignment search tool protein analysis 
bp base pair 
b-gal b-galactosidase 
[fCa2+] free intracellular calcium concentration 
[tCa2+] total intracellular calcium concentration 
CCCP Carbonyl cyanide m-chlorophenyl hydrazone 
CFU Colony-forming units 
CRISPR Clustered regularly interspaced short palindromic repeats 
CAS CRISPR associated  
c-di-AMP cyclic di adenine monophosphate 
dNTPs Deoxyribonucleotide tri-phosphates 
DMSO Dimethyl sulfoxide 
DTPA diethylene-triamine-pentanoic acid 
ΔpH pH gradient component of proton motive force (PMF) 
ΔΨ Membrane potential component of proton motive force (PMF) 
DNA Deoxyribonucleic acid 
DAC Di-adenylate cyclase 
DO Dissolved oxygen 
DOC Dissolved organic carbon 
DON Dissolved organic nitrogen 
DosR Dormancy survival regulator 
EDDHA ethylene-diamine-di-hydroxyphenyl-acetic acid 
EA Earth/Alkali 
EGTA ethylene-glycol-tetra-acetic acid 
EDTA ethylene-diamine-tetra-acetic acid  
ECF extra-cytoplasmic function 
Fwd Forward 
GmR Gentamycin resistance 
HdeB Hartmann’s de Bont medium 
HygR Hygromycin B resistance 
HMA 5-hexamethylene-amiloride 



 xiii 

HM Heavy metal 
ICP-MS Inductively Coupled Plasma Mass-Spectrometry 
KanR Kanamycin resistance 
kb kilobases  
[K+} Intracellular potassium concentration 
LB Lysogeny broth 
Msmeg Mycobacterium smegmatis 
Mtb Mycobacterium tuberculosis 
µCi micro-Curies 
MBC Minimum bactericidal concentration 
MIC Minimum inhibitory concentration 
NAD(H) Nicotinamide adenine dinucleotide 
NCBI National Centre for Biotechnology Information 
[NiFe] Nickel iron hydrogenase 
[Na+} Intracellular sodium concentration 
NTM Non-Tuberculosis Mycobacteria 
OCS one-component system (signal transduction regulatory system) 
OD600 Optical Density (600-nanometre wavelength) 
PAM  CRISPR Protospacer-Adjacent Motif 
[32P] Radionuclide phosphorus 32 
PMF Proton-motive force 
PDE Phosphodiesterase 
PBS Phosphate Buffered Saline 
PCR Polymerase chain reaction 
Rvs Reverse 
RND Resistance nodulation and division 
RT-qPCR Real-time quantitative PCR 
RNA Ribonucleic acid 
RPM Revolutions per minute 
Seq Sequencing 
sgRNA Short guiding RNA 
SDS Sodium dodecyl sulfate 
5-SSA  5-sulfo-salicylic acid 
TCS two-component system (signal transduction regulatory system) 
v/v Volume per volume 
w/v Weight per volume 



 1 

Chapter 1: Introduction to ion homeostasis in 
mycobacteria 
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Ion and pH homeostasis networks in bacteria 
Ecological significance of ion homeostasis networks in microbial communities. In 

characterising a pathway or model system in a bacterial species, it is crucial to consider the 
broader context, such as the interactions with other pathways or the environmental niche of 
the species in question. Microbes are adapted to live in a broad range of ecological niches. 
Often faced with diverse variations in nutrient availability as a result of spatial and temporal 
biotic and abiotic processes. These processes come in the form of local and global water 
cycles, seasonal cycles and biogeochemical features and anthropogenic processes including 
farming, urban and industrial developments. For microorganisms, maintaining cellular 
homeostasis in the presence of low macro and micro-nutrient availability, or avoiding the 
accumulation of nutrients and minerals to toxic excess, is critical for environmental persistence 
and to facilitate growth. The ecological niche that a microbial population inhabits, drives 
diversity and adaptation of the population, while the microbial processes encoded by the 
individual species can drive the future ecological state of the niche, much like the canonical 
Winogradsky column experiment on closed community progression (Nemergut et al., 2013; 
Vellend, 2010).  

Examples of ecosystems with inherently diverse environmental conditions include; 
geothermal pools and springs, aquatic habitats and estuarine ecosystems, subjected to nutrient 
runoff. In Greenland, reported variations in salinity, temperature, pH, dissolved oxygen (DO) 
and sulfur, resulted in effects on microbial mat population diversity present at different pool 
depths and distances from the source spring (Roeselers et al., 2007). Likewise, there are 
several Yellowstone National Park geothermal features with reported low pH (4.2-6.1), 
extreme temperature (>80 °C) and zones of hypoxia with high concentrations of dissolved 
inorganics, including sulfide and arsenite (Macur et al., 2013). Also, in Yellowstone National 
Park, there are reports of highly acidic (pH 2.8-3.8), sulfate and acyclic alkane (15-30 chain 
carbon) rich soils, with a spectrum of cation concentrations including several heavy metals at 
high concentrations surrounding the Rainbow Springs area (Hamamura et al., 2005). These 
reports represent extremophile environments in which bacteria and archaea have adapted to 
maintain energy generation and homeostasis. In these geothermal ecosystems, the distribution 
of chemical and temperature gradients occur in tiny geographical spaces (i.e. in as little as 20-
400 cm radii from spring sources); resulting in high population diversity and complex cross-
species interactions a small range (D'Imperio et al., 2008).  

In New Zealand, microbial community structure and physiochemical metadata 
encompassing 46 parameters were obtained from 925 geothermal springs, ranging from pH 
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<1-9.7 and temperatures from 13.9-100.6 °C (Power et al., 2018). Environmental pH was the 
main driver of community diversity below 70 °C and above 70 °C, the temperature became a 
significant factor (Power et al., 2018). The acidic Inferno Crater Lake near Rotorua, New 
Zealand, experiences thermal cycles from 30-80 °C caused by the periodic influx of water 
from vents on the crater floor. This unique ecosystem presented a community with alpha 
diversity driven by temperature and beta diversity driven by ammonia and sulfate abundance, 
resulting in stochastic taxa drift from spore-forming bacteria to thermophilic archaea (Ward 
et al., 2017b). Similar spatial and temporal phenomena have been reported in other aquatic 
ecosystems through seasonal variations and human-made geographical barriers influencing 
water flow, leading to changes in nutrient solubility and availability. A study into the 
microbial ecology of a spent geothermal water reservoir in Hungary, which is linked via dams 
to an oxbow lake and the river Hármas-Körös reported seasonal changes in water depth and 
transparency. Resultant from fluctuations in total dissolved solids and temperatures, as well as 
changes in salinity and pH (8.7-9.3) as factors that drove microbial diversity (Borsodi et al., 
2016). Changes in marine community composition and metabolome functionality are 
associated with seasonal variations, from summer enrichment of taxa utilising photosynthesis 
to the winter taxa utilising oligotrophic metabolism (Ward et al., 2017a). 

Arable land used for intensive farming generates bio-solids rich in both organic and 
inorganic compounds, with native microbial populations and trace elements that result in 
microbial and nutrient runoff with rainfall leading to eutrophication. Examples of 
eutrophication have been reported in Australia on the Great Barrier Reef from the excessive 
application of fertiliser and dense placement of livestock (Fraser et al., 2017; Wolff et al., 
2018). Eutrophication of waterways overwhelms ecosystems and causes dramatic changes to 
microbial populations and higher organisms (Diaz and Rosenberg, 2008; Peyton et al., 2016). 
All tidal zones are subject to micro-aerobic and anoxic cycles, changes in dissolved organic 
carbon (DOC) and nitrogen (DON) and salinity based on local weather and the tides, which 
impacts on microbial communities and their dynamic trajectory (Chauhan et al., 2009; Diaz 
and Rosenberg, 2008). The salinity in estuarine and tidal areas can be influenced by 
displacement through rates of discharge from freshwater sources and rainfall patterns (Savidge 
et al., 2016). A ten-year (2005-2015) reported dataset of dissolved oxygen (DO) and the 
mean daily temperature, demonstrated seasonal microaerobiosis (<5mg/L DO) to hypoxia (<3 
mg/L) across the tidal Garonne river of Southwest France (Schmidt et al., 2017). The 
Garonne river is the main tributary of the Gironde one of Europe’s largest macro-tidal 
estuaries. Turbidity was influenced by run-off of organic matter from farming, industrial and 
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urban areas. At the same time, warm temperatures facilitated microbial growth and 
deoxygenation, which was exacerbated by holding water for agriculture and hydroelectric 
generation, which resulted in a reduction in the discharge rate of freshwater to the more 
extensive Gironde estuary (Schmidt et al., 2017).  

The importance of these environmental and ecological model systems is that they are 
each comprised of multiple variables inside the same niche to which the inhabiting bacterial 
populations must adapt. Likewise, in individual species, the maintenance of ion and pH 
homeostasis is linked to energy generation, osmotic homeostasis, metabolism and other 
networks and is integral to cellular homeostasis. Homeostasis networks contain active and 
passive components, along with sensory and regulatory networks to detect shifts in 
equilibriums and elicit responses appropriately, to minimise expenditure of resources required 
to maintain cellular homeostasis and, therefore, minimise the cost on other metabolic 
processes. 

The key physiological networks in bacteria. The core cellular homeostasis networks in 
bacteria in the context of maintaining persistence and replication are osmoregulation, ion and 
pH homeostasis, carbon metabolism and nitrogen metabolism. Nearly all other physiological 
processes are encompassed under the umbrella of the combined interactions in these 
networks, including proton motive force (PMF) and energy generation, the production of 
secondary metabolites and homeostasis of sodium, potassium and divalent cations, such as 
calcium, magnesium, iron, manganese and other trace essential elements. Therefore, it is vital 
to consider the global context of any homeostasis model, from the regulation of metal 
homeostasis (Ma et al., 2009a; Ma et al., 2009b), to osmoregulation (Bremer and Kramer, 
2019; Wood, 2006, 2011), and pH homeostasis (Booth, 1999; Follmann et al., 2009b). The 
regulation of ion availability is crucial to defining microbe-microbe interactions in saprophytic 
mycobacteria and host-microbe interactions in intracellular mycobacterial species (Agranoff 
and Krishna, 2004).  

An example of physiological network interactions achieving a shared function was 
found in the development of succinate tolerance in Escherichia coli DST160 (Kwon et al., 
2011). Genomic adaptation to high concentrations of succinate was linked to pH tolerance 
and production of osmoprotectant metabolites, indicating that growth on succinate causes 
both pH stress as a weak acid and osmotic stress as an anion (Kwon et al., 2011). The strain 
DST160 was not only resistant to high succinate but also high sodium and low pH (4.5). The 
binding and uptake of osmotic solutes were upregulated to increase cellular turgor pressure 
along with the synthesis of new osmotic solutes utilising carbon and nitrogen metabolism 
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pathways (Kwon et al., 2011). These findings imply links between the networks responsible 
for osmotic regulation, cation and pH homeostasis and carbon/nitrogen metabolism in 
bacteria. The interplay of these networks within and across species is essential for the 
colonisation of different niches by bacteria. 

Passive homeostasis mechanisms in bacteria. Passive homeostatic mechanisms 
prevent or allow movement of ions and metabolites without the need to utilise active energy 
input (Booth, 1999). The primary passive components of bacterial homeostasis physiology are 
the structures of the cell wall(s) and membranes. These structures define permeability, which 
facilitates the tolerance of external stresses like changes in osmolarity of the surrounding 
environment (Booth, 1999). The cytoplasmic facing protein, carbohydrate and lipid moieties 
of cellular membranes can also contribute to internal buffering capacity (Booth, 1999; Bremer 
and Kramer, 2019). The abundance of intracellular constituents, such as amino acid 
carboxylate groups, protein side chains, phosphate groups and polar metabolites also 
contribute to internal buffering capacity (Booth, 1999). The Mitchell chemiosmotic energy 
transduction hypothesis is centred on the proton impermeability of biological membranes 
(Mitchell, 1961). A theory supported by observations of the disruption of membranes by 
ionophoric depletion of proton and cation gradients and the effects of alterations to 
membrane lipid packing (Booth, 1999). 

Porins are passive uptake channels that span membranes and facilitate permeability to 
ions and hydrophilic solutes, primarily through either a-helical bundles or b-strands in b-
barrel formation (Busch and Saier, 2002). The loss of porins impedes the passive uptake of 
solutes by energy-independent diffusion (Busch and Saier, 2002) and results in expression of 
active transport mechanisms, increasing metabolic expenditure to assimilate the essential ions 
and nutrients for growth (Jones and Niederweis, 2010; Niederweis, 2003, 2008; 
Wolschendorf et al., 2007). Porins in the mycobacterial bilayer allow for cations to enter the 
periplasmic space between the mycobacterial outer membrane and the cytoplasmic membrane 
(Hoffmann et al., 2008; Jones and Niederweis, 2010). More specifically, porins such as Msp 
family porins in M. smegmatis, enable diffusion of small solutes such as monosaccharides, 
amino acids, phosphates and cations, yet porins can be knocked out, and alternate uptake 
mechanisms can still compensate (Jones and Niederweis, 2010). For example, exochelin-
bound iron in M. smegmatis enters cells using a specific receptor and translocation via ABC 
transporters (Andrews et al., 2003). This uptake pathway circumvents porin pathways under 
low iron conditions (Jones and Niederweis, 2010), which is advantageous since the passive 
nature of porins renders them inefficient when exogenous solutes are in low supply.  
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Active homeostasis mechanisms in bacteria. Active components of bacterial 
physiology that facilitate the maintenance of equilibrium utilise energy-dependent 
mechanisms to sense, regulate and drive uptake, sequester, exchange or export ions and 
metabolites (Booth, 1999). The transport of ions and macromolecules is essential to all living 
organisms (Busch and Saier, 2002) and their uptake, exchange and export are mediated by a 
diverse range of protein families. These include the class 3.A. diphosphate-bond hydrolysis-
driven P-type ATPases and ATP binding cassette (ABC) superfamilies, the class 2.A major 
facilitator superfamily (MFS), monovalent cation and proton antiporters (CPA), sodium and 
proton antiporters (Nha) and other families that utilise electrochemical and ion gradients to 
drive transport of ions and metabolites across biological membranes (Busch and Saier, 2002). 

The sequestration and storage of ions is vital in homeostasis to both provide reserves 
and to control the biologically active and potentially damaging nature of some cations. As an 
example, iron is a versatile yet reactive cation in biochemical systems (Beinert et al., 1997) 
prone to redox activity such as the Fenton reaction, whereby free iron is toxic and has reduced 
solubility in the presence of oxygen (Andrews et al., 2003; Touati, 2000), in contrast to 
manganese. Manganese is more stable and often used as a redox co-factor to combat oxidative 
stress, observed in E. coli superoxide dismutase proteins, which are regulated in tandem by 
iron and manganese (Niederhoffer et al., 1990). Iron bioavailability is tightly modulated 
within the cytoplasm. In many cases, this is related to oxygen availability (Beauchene et al., 
2017), sensed by oxygen labile iron-sulfur clusters like FNR in E. coli (Niehaus et al., 1991).  

Specific examples of iron storage proteins in prokaryotes include ferritins and 
bacterioferritins, which oxidize Fe2+and store the resultant Fe3+ ions, like BfrA/FntA and BfrB 
seen in Pseudomonas aeruginosa (Rivera, 2017). BfrA and BfrB orthologues are also found in 
mycobacteria, where the deletion of the bfrA/bfrB genes in M. tuberculosis resulted in reduced 
intracellular survival in THP-1 macrophages (Reddy et al., 2012). The expression of bfrB was 
associated with adaptation to dormancy and hypoxic conditions, where sequestration of iron is 
essential for balancing redox and stress responses (Rodriguez et al., 2002; Voskuil et al., 
2004). Similarly, in E. coli three iron storage proteins have been reported; FtnB, BfrB, and 
Dps are responsible for iron storage in multimeric complexes, which are associated with the 
iron uptake and the storage regulator CsrA (Pourciau et al., 2019). 

Siderophores are a diverse family of molecules produced by prokaryotes, which are 
exceptional at scavenging iron for acquisition and uptake by the producing organism. Some of 
the best-known examples are the reported iron siderophores of mycobacterial species such as 
exochelins, mycobactins and carboxymycobactins (De Voss et al., 1999; De Voss et al., 2000; 
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Ratledge, 2004; Ratledge and Dover, 2000). Carboxymycobactins, are released into the 
environment, while other siderophore molecules remain membrane-associated (Ratledge and 
Dover, 2000); both classes of siderophore require specific translocation machinery to enter 
cells, such as ABC transporters (Andrews et al., 2003; Krewulak and Vogel, 2008). More 
specifically, M. tuberculosis reportedly used IrtAB to assimilate carboxymycobactin coordinated 
iron under iron-limited conditions (Rodriguez and Smith, 2006). Once inside the cells, the 
iron-laden siderophores are reduced to release the iron to the cytoplasm and the siderophores 
themselves are recycled (Andrews et al., 2003). Siderophores are highly derivative in their 
structures across species, but, there are some common structural factors. Most siderophores 
utilise either hydroxamate, catecholate or hydroxycarboxylate moieties to coordinate iron 
molecules (Krewulak and Vogel, 2008). 

The mediation of ion transport across biological membranes is primarily an active 
homeostasis mechanism in prokaryotes as they often live in a state of endless ionic flux, and 
energy is required to import and export ions against biological gradients. P-type ATPases are 
one of several families of energy driven transporters in prokaryotes. P-type ATPases are 
diphosphate bond hydrolysis-driven integral membrane proteins found in all forms of life that 
can transport ions against electrochemical gradients (Axelsen and Palmgren, 1998; Thever 
and Saier, 2009). P-type ATPases can be broadly divided into three topological classes (Chan 
et al., 2010); Type I, which are the heavy-metal (HM) transporters, predominant in 
prokaryotes, the Type II, earth/alkali (EA) transporters and Type III, which are the 
potassium-uptake, prokaryote specific, multi-subunit kdp transporters (Axelsen and Palmgren, 
1998; Chan et al., 2010; Haupt et al., 2005). Consisting of ~10-transmembrane helices, a 
nucleotide-binding domain and the autophosphorylation domain, P-type ATPase 
transporters translocate ions through ATP hydrolysis-driven conformational cycling between 
the ‘E1(P)” and “E2(P)” states, known as the “Post-Albers” cycle (Kuhlbrandt, 2004)(Figure 
1.1). Binding of the cation(s) and an ATP nucleotide (E1) allows for auto-phosphorylation 
and occlusion of the cation(s) (E1-P), the cations are then released, and the secondary 
cation(s) binds (E2-P). Following cation exchange, the nucleotide-binding site proceeds to 
de-phosphorylate into the rest state (E2) and the secondary cation(s) are released, and another 
cation exchange takes place (E1). The Post-Albers cycle is akin to a double-gated pathway 
across the membrane utilising ATP, where the binding-affinity influences the transition rate 
for the two cations (Kuhlbrandt, 2004).  
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Figure 1.1. The “Post-Albers” cycle of ATP-driven ion transport in P-type ATPases. Ion 
exchange by P-type ATPases utilises energy from ATP-hydrolysis to translocate ions against 
ionic and electrochemical gradients, e.g. resistance to toxic accumulation of heavy metals and 
high-affinity acquisition under nutrient-limitation. Uptake is initiated by binding of the 
substrate ion in the transmembrane channel (E1), ion binding along with ATP binding and 
hydrolysis generates conformational changes in the arrangement of transmembrane helices 
(E1-P) occluding the ion from the outside of the cell, i.e. the periplasmic space or 
extracellular milieu. The occluded ion is released to the cytoplasm as the counter-ion enters 
the transmembrane channel (E2-P), where the binding-affinity influences the transition rate 
for the two cations (Kuhlbrandt, 2004). De-phosphorylation and release of the inorganic 
phosphate ion (Pi) occur, coupled to the exclusion of the counter ion(s) from the cytoplasm 
(E2) and exchange for another substrate ion occurs, retuning to the E1 state of the cycle. 
Figure adapted from (Kuhlbrandt, 2004).  
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ABC transporters are another superfamily of energy driven transporters, with over 50 
identified families of transport (Busch and Saier, 2002; Wang et al., 2009). ABC transporters 
facilitate the uptake of lipids, phosphates, peptides, polysaccharides, amino acids, antibiotics 
and other large molecules and metabolites utilising ATP and ion gradients (Busch and Saier, 
2002; Saier, 2000). ABC transporters are well studied in the fields of antimicrobial 
compounds and drug resistance, nutrient uptake and secretion of biosynthetic pathway 
intermediates and end products (Gebhard et al., 2006; Kehres et al., 2002; Ogura, 2011; 
Rodriguez and Smith, 2006; Sabri et al., 2006). ABC transporters generally have a substrate-
binding protein, one or two membrane-spanning (permease) proteins and an ATP 
binding/hydrolysing cassette like the PstSCAB and PhnCDE phosphate transport complexes 
of mycobacteria (Gebhard et al., 2006).  

Major facilitator superfamily (MFS) transporters are large membrane-bound, multi-
domain proton gradient (PMF) driven proteins, similar to the multi-subunit resistance-
nodulation-division (RND) efflux pumps (Busch and Saier, 2002; Saier, 2000). There are 
multiple examples of characterised MFS and RND group transporters. The cusCFBA operon 
of E. coli is responsible for the efflux of copper and silver cations (Franke et al., 2003). The 
mdtABCD operon of Salmonella enterica Typhimurium encodes the RND multidrug efflux 
pump MdtABC and the MFS iron/citrate exporting pump MdtD/IceT (Frawley et al., 
2013). The RND subclass MmpL (mycobacterial membrane protein Large) has several 
members which participate in drug resistance pathways in Mycobacterium tuberculosis and are 
present in several fast-growing non-tuberculosis mycobacteria (NTM) (Viljoen et al., 2017). 

The CPA and Nha superfamilies are related to the potassium uptake (Kup) and 
potassium transport (Trk and Ktr) superfamilies (Busch and Saier, 2002), these families are 
central to facilitating sodium and potassium homeostasis and are also integral to pH 
homeostasis and osmotic homeostasis pathways in bacteria (Booth, 1999; Bossemeyer et al., 
1989; Fujisawa et al., 2004; Gibhardt et al., 2019; Gries et al., 2013; Quinn et al., 2012; 
Quintana et al., 2019; Resch et al., 2011; Sharma et al., 2016; Trchounian and Kobayashi, 
1999, 2000). Neutrophilic bacteria primarily utilise potassium to modulate pH homeostasis, 
whereas alkaliphiles and halophiles utilise sodium (Booth, 1999; Krulwich et al., 1994; 
Krulwich et al., 1999; Krulwich et al., 1997). The co-occurrence of related transporter 
families in bacteria provides redundancy and versatility under a range of conditions, usually 
based on regulation and substrate binding affinities. This redundancy is exemplified in 
potassium uptake by Kup/Trk family transporters and the KdpFABC complex in E. coli, Kup 
and Trk have low potassium binding-affinity (mM range), are expressed under potassium 
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replete conditions and can be differentially regulated by extracellular pH (Trchounian and 
Kobayashi, 1999, 2000). Whereas, the P-type ATPase KdpFABC complexes have much 
higher potassium binding affinities (sub-mM range) and are expressed under potassium-
limited conditions and osmotic stress (Ballal et al., 2007; Epstein, 2016). 

Mechanisms of sensing and regulation of homeostasis. The regulation of cellular 
homeostasis pathways is a multi-factorial and highly complex network of events that occurs at 
either the gene expression level, involving both direct and indirect transcriptional and 
translational controls of RNA polymerases, mRNA and ribosomal machinery (Browning and 
Busby, 2016; Burgos et al., 2017; Chiaruttini and Guillier, 2019), or at the protein level 
through a diverse range of post-translational modifications or competitive and allosteric 
binding of substrates, co-factors and second messenger molecules. In bacteria, sensory 
proteins and complexes are present for each cellular homeostasis network and respond to 
stimulus changes in the intracellular and extracellular environments. These sensors can 
directly alter gene expression and protein function or stimulate signalling cascades through 
phospho-relays or second messenger production. The essence of all these systems is that they 
each contain input and output domains and these create an array of combinations in the form 
of one or two-component regulatory systems (Gumerov et al., 2019).  

One-component systems (OCS) are primarily intracellular sensors, while two-
component systems (TCS) are predominantly responsible for extracellular sensing and 
signalling across the membrane to elicit an intracellular response (Gumerov et al., 2019). As 
catalogued in the microbial signal transduction (MiST) database, version 3.0 (Gumerov et al., 
2019), the enteric bacterium E. coli has 250 annotated one-component signal transduction 
proteins, 71 two-component systems including histidine kinases and response regulators and 
three extra-cytoplasmic function (ECF) proteins (alternate sigma 70 RNA polymerase 
factors) (Gumerov et al., 2019). In contrast M. smegmatis mc2 155 and M. tuberculosis H37Rv 
have 527/74 and 188/34, OCS/TCS respectively and M. smegmatis has 24 ECF proteins, 
while M. tuberculosis has 10 ECF proteins (Gumerov et al., 2019). These variations in signal 
transduction pathways appear to be a function of niche and lifestyle adaption in different 
species, especially in mycobacteria, where sensory perception has been the subject of review 
(Cook et al., 2009).  

Groups of genes co-regulated by a transcriptional repressor/activator are referred to as 
a regulon. Canonical examples of sensor/regulators are cation dependent activators/repressors 
that in the departure from the equilibrium of their cognate cation, these proteins/complexes 
have altered binding-affinity for promoter regions of the genes responsible for the active 
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acquisition, sequestration or extrusion of the cation and these genes will be repressed or 
induced accordingly (Agranoff and Krishna, 2004; Helmann, 2014; Ma et al., 2009a; 
Schelder et al., 2011; Teramoto et al., 2012; Waldron and Robinson, 2009; Waters et al., 
2011). Coordination chemistry plays an essential role in metal/cation selectivity and co-
activation/repressing in these systems (Agranoff and Krishna, 2004; Ma et al., 2009a). Second 
messenger signalling by intracellular potassium is linked to cyclic di-adenine monophosphate 
(c-di-AMP) signalling (Gundlach et al., 2018) and is related to pH homeostasis and osmotic 
homeostasis. Potassium facilitates cell turgor, membrane pressure and contributes to 
membrane potential Dy (Bakker and Mangerich, 1983; Epstein, 2003; Gries et al., 2016; 
Ochrombel et al., 2011). Potassium availability has also been associated with dormancy in 
mycobacteria as a putative signal for resuscitation (Salina et al., 2014) and in the 
signalling/response to toxic electrophile exposure and detoxification pathways (Ferguson, 
1999; Ferguson et al., 1995). 

Mycobacteria. Mycobacterial species are members of the Actinobacteria phylum, which 
also encompasses other species and, alongside the Proteobacteria, Firmicutes and Bacteroidetes 
phyla, are the most readily cultured and studied in soil communities and ecosystems 
(Greening et al., 2015a; Janssen, 2006). The genus Mycobacterium is comprised of rod-shaped, 
gram-positive, acid-fast bacteria with a high genomic G+C content and is closely related to 
the Nocardia and Corynebacterium genera. Many members of the Mycobacterium genus have 
been reported in both human and animal pathogenesis, outside highly studied intracellular 
infections caused by Mycobacterium tuberculosis, M. ulcerans and M. leprae isolates. Other non-
tuberculosis mycobacteria (NTM) are opportunistic pathogens from environmental reservoirs, 
and many new and NTM species have been rapidly isolated and characterised since the advent 
of genomic biology through 16S RNA phylogeny (Tortoli, 2006, 2014). Mycobacteria are 
part of the native microflora found in soils and aquatic environments, such as rivers, ponds, 
lakes and estuarine bays (Falkinham, 2010). Diversity and community structure of other 
NTM saprophytic species have been examined in paucity, mainly due to slow and difficult 
cultivability of isolates (Roguet et al., 2016), also with studies primarily focussing on single 
species for their involvement in opportunistic human and animal infection, such as 
Mycobacterium marinum (Aubry et al., 2017). 

Significance of researching ion homeostasis networks in mycobacteria. M. smegmatis 
and M. tuberculosis each harbour an extensive repertoire of uptake and efflux and secretion 
pathways to modulate metabolites and ions including; sodium, potassium, calcium, 
magnesium, iron, nickel, manganese, zinc, copper and cobalt (Agranoff and Krishna, 2004; 
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Ayala-Torres et al., 2015; Castaneda-Garcia et al., 2011; Cholo et al., 2015; Gebhard and 
Cook, 2008; Gebhard et al., 2006; Gupta et al., 2017; Novoa-Aponte et al., 2012; Raimunda 
et al., 2012; Rodriguez and Neyrolles, 2014; Titgemeyer et al., 2007). Maintaining 
equilibrated concentrations of intracellular ions is integral to permit proper growth, pH 
homeostasis, osmotic homeostasis and, in turn, bacterial persistence (Castaneda-Garcia et al., 
2011; Rodriguez and Neyrolles, 2014; Salina et al., 2014). M. smegmatis has a strong 
metabolic flexibility that allows it to grow and persist on multiple oligotrophic substrates in 
diverse range of soil and aquatic environments (Berney and Cook, 2010). This metabolic 
flexibility provides M. smegmatis (an obligate aerobe) the capacity to adapt to hypoxia and 
starvation, through the use of alternate electron acceptors including protons to generate 
hydrogen (Berney and Cook, 2010) (Berney et al., 2014b) (Berney et al., 2014a). The 
metabolism of hydrogen in M. smegmatis requires nickel/iron [NiFe] redox centres (Berney et 
al., 2014b), and with metallo-enzyme biochemistry comes the requirement for cation 
homeostasis networks. While there have been studies on individual uptake and resistance 
operons for potassium (Castaneda-Garcia et al., 2011), zinc (Grover and Sharma, 2006), iron 
(Ojha and Hatfull, 2007), manganese (Padilla-Benavides et al., 2013), and cobalt (Raimunda 
et al., 2012), cation homeostasis has not been widely explored in M. smegmatis. Previously, the 
literature covering the physiology of mycobacteria has been extensively reviewed (Cook et al., 
2009), this review highlighted that the understanding of mycobacteria specific physiology is 
lacking, relative to general bacterial physiology (Cook et al., 2009). Therefore, this thesis 
aimed to bridge this knowledge gap in the specific area of cation homeostasis using M. 
smegmatis. This was undertaken through two chapters, first by profiling cation homeostasis in 
M. smegmatis, and secondly by focusing more directly on potassium homeostasis and its 
importance in mycobacteria. 
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Overview and Aims of Thesis: 
The overarching goal of this thesis was to investigate and characterise cation 

homeostasis in mycobacteria. The molecular model for this study is Mycobacterium smegmatis.  
In Chapter 2, the aim was to use inductively coupled plasma mass spectroscopy (ICP-

MS) analysis to provide a molecular inventory of cations in M. smegmatis under normoxic and 
hypoxic conditions. Also, to catalogue the molecular inventory of cations under chelation 
stress and heavy-metal overloading of the wild-type was. Similarly, an investigation of the 
effects of mutating the putative calcium-binding P-type ATPase designated CtpF in M. 
smegmatis was designed. This project aimed to characterise internal disruptions to cation 
homeostasis using the same tools as the wild-type.  

In Chapter 3, the critical aim was to focus on a specific cation the monovalent ion 
potassium. ICP-MS analysis was used to investigate whether the deletion of the energy-
driven transport regulator trkA resulted in altered potassium homeostasis in M. smegmatis. 
Further experiments were designed to reveal if the capacity for persistence and viability of the 
ΔtrkA mutant were affected under hypoxia relative to the wild-type. The use of a 
CRISPR/Cas gene interference model, and RT-qPCR was implemented to look at gene 
expression changes in wild-type and the ΔtrkA mutant in response to altered potassium 
availability and disruptions to potassium uptake mechanisms. Amiloride derived compounds 
and bedaquiline were used in the characterisation of the effects on multi-drug susceptibility of 
disruptions to potassium uptake pathways. Where possible, the translation of any experiments 
from M. smegmatis into an avirulent strain Mycobacterium tuberculosis to provide insights into 
potassium and ion homeostasis in both species, which was a secondary aim of this Ph.D.  
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Chapter 2: Profiling cation homeostasis in 
Mycobacterium smegmatis. 
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Abstract 
Cation homeostasis in bacteria is central to defining the adaptation of microbes to 

their environment for growth and persistence. There is a paucity of fundamental knowledge 
on cation homeostasis in mycobacteria. This chapter aimed to create a clearer understanding 
of cation homeostasis in M. smegmatis by defining the intracellular cation profiles of M. 
smegmatis under normoxic and hypoxic conditions. The gene ctpF is part of an operon for the 
multi-subnunit hydrogenase Hyd3 in M. smegmatis CtpF is a P-type ATPase. P-type 
ATPases are a diverse superfamily of proteins, present in both eukaryotes and prokaryotes 
that are responsible for energy-driven transport of ions across membranes and play a pivotal 
role in cellular homeostasis. The initial investigation into CtpF focused on whether CtpF was 
responsible for cation acquisiton for Hyd3 function. CtpF and Hyd3 are members of the 
DosR regulon, which is responible for controlling adaption to hypoxia in M. smegmatis. While 
a functional role for Hyd3 has previously been demonstrated under hypoxia, the role of CtpF 
remains to be elucidated.  

An investigation of the effects of mutating the P-type ATPase CtpF in M. smegmatis 
was completed, and cation homeostasis was characterised in the DctpF mutant. The 
phylogenetic relationship and functional similarity of M. smegmatis CtpF to characterised P-
type ATPases and Mycobacterium tuberculosis CtpF were interrogated. The analysis showed 
that M. smegmatis CtpF has homology to several calcium-transporting P-type ATPases of 
bacterial and eukaryotic origin. Phylogenetic and structural modelling analysis of CtpF 
suggested that calcium is the most probable cation transported by this P-type ATPase. To 
characterise cation homeostasis in M. smegmatis, inductively-coupled plasma mass-
spectrophotometry (ICP-MS) was utilised to profile cation abundance in the wild-type and 
the DctpF mutant under normoxic and hypoxic conditons. 

The profiles of intracellular cations under normoxia and hypoxia in M. smegmatis 
wild-type were dominated by sodium (40-85%), potassium (10-55%) and magnesium (5-7%). 
Cations also quantified as part of these profiles were calcium, manganese, iron, cobalt, nickel, 
copper and zinc. These trace elements were found to comprise less than 1.2% of the 
intracellular cation content. This work also demonstrated the effects of external stimuli on the 
intracellular cation profiles of M. smegmatis. Firstly, using cation chelation treatment; 
ethylene-diamine-tetra-acetic acid (EDTA) and diethylene-triamine-penta-acetic acid 
(DTPA) exposure, resulted in an approximately 80% reduction in intracellular manganese 
concentrations and a greater than 50% reduction in intracellular cobalt concentrations. In 
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contrast, exposure to a combination of 2,2-dipyridyl, ethylene-diamine-di-hydroxyphenyl-
acetic acid (EDDHA) and 5-sulfo-salicylic acid (5-SSA) resulted in a greater than a 75% 
reduction in iron concentrations and an approximately 20% reduction in zinc concentration, 
along with aprroximately ~2-fold increases in intracellular calcium, magnesium and 
manganese concentrations. Secondly, the wild-type was exposed to cation overload using 
manganese and nickel, exposure to 2 mM manganese resulted in a ~5-fold increase in 
intracellular manganese and an aproximately 50% reduction in iron concentrations. Whereas 
exposure to 2 mM nickel resulted in an approximately 200-fold increase in intracellular nickel 
concentrations, an approximately 2-fold increase in sodium and copper concentrations, 
concurrent with an approximately 90% reduction in potassium concentrations, an 
approximately 75% reduction in magnesium concentration, an approximately 50% reduction 
in iron concentrations and an approximately 30% reduction in cobalt concentrations. This 
thesis provides novel insight into cation homeostasis, providing a molecular inventory of 
intracellular cations in M. smegmatis. This thesis also provides an indication that CtpF is not 
linked functionally to Hydrogenase 3 in M. smegmatis, despite sharing operonic regulation 
under the control of the dormancy regulator DosR. 

.  
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Introduction 
Microbes persist in a diverse range of terrestrial and aquatic environments across the 

globe and are adapted to survive in the ecological niches they inhabit. Both essential and non-
essential nutrients including carbon, nitrogen, oxygen and sulfur sources and monovalent 
cations such as sodium and potassium, soft earth alkali metals such as magnesium and calcium 
and heavy/transition metals such as manganese, iron, copper, cobalt, nickel and zinc can be 
present consistently or transiently through spatial and temporal biotic and abiotic events. 
These include (but are not limited to) processes such as rainfall, tidal flows, irrigation, ocean 
currents, seasonal cycles and biogeochemical features such as oceanic thermal vents or 
geothermal hot pools. Attaining and maintaining nutrient and cation balance in the face of 
low availability or avoiding over-accumulation of nutrients to toxic excess, is critical for 
growth and environmental persistence of microorganisms and the ability to implement 
complex adaptive responses is a driver of microbial diversity (Jones and Lennon, 2010).  

Hydrogen metabolism is an example of microbial adaptability and diversity, first 
characterised in Streptomyces sp. PCB7 (Constant et al., 2010), multiple reports have been 
presented on Actinobacteria and other soil phyla and their capacity to supplement growth and 
persist using trace gas scavenging of ubiquitous tropospheric hydrogen (H2) from their 
environment via [NiFe] hydrogenases (Berney et al., 2014a; Berney et al., 2014b; Greening et 
al., 2015a; Greening et al., 2015b; Greening and Cook, 2014; Greening et al., 2014). 
Mycobacterium smegmatis encodes three [NiFe] hydrogenases, two of which are responsible for 
high-affinity utilisation of H2 (Hyd1 and Hyd2), and one responsible for the evolution of H2 
as a redox sink under hypoxia (Hyd3) (Berney and Cook, 2010; Berney et al., 2014b). Other 
actinobacterial species that scavenge H2 may also produce it using protons as terminal electron 
acceptors through Hyd3 orthologues (Berney et al., 2014a). Under low oxygen tension, this 
type of biochemistry provides a mechanism for regenerating redox cofactors, maintaining 
proton motive force (PMF) (Vignais and Colbeau, 2004) and enabling persistence (Berney et 
al., 2014b). The Hyd3 operon expression in M. smegmatis is under the control of the 
dormancy regulator DosR, alongside the P-type ATPase CtpF (Berney and Cook, 2010). P-
type ATPases are the main metal cation export machinery in mycobacterial species 
(Niederweis et al., 2015), and the roles of several mycobacterial P-type ATPases including 
CtpF remain to be fully elucidated.  

Mycobacteria are present in a range of environmental niches and face diverse 
variations in the availability of nutrients, organicandinorganic compounds, trace-metals and 
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salts. Therefore, to grow and persist they need a great deal of metabolic flexibility and cellular 
resilience. The former is present in their extensive repertoire of sensory and transport 
machinery (Niederweis, 2003, 2008), the latter of which is lent to them by their acid-fast, 
mycolic acid-rich cellular structures (Barry et al., 1998) and their lipid bilayer (Hoffmann et 
al., 2008). As covered in the introductory chapter (Page 6), ion homeostasis is mediated by a 
highly specific combination of controlling cation consumption and expression of related 
metallo-proteins, alongside robust acquisition machinery and mechanisms for intracellular 
deposition to establish functional equilibriums and maintain cellular homeostasis (Niederweis 
et al., 2015). 

The founding hypothesis of this thesis was that the P-type ATPase CtpF was crucial 
for Hyd3 function, and therefore for persitence and growth of M. smegmatis under hypoxia. 
The investigation of the role of CtpF in M. smegmatis physiology and its association with 
Hyd3 and dormancy was developed into the study of M. smegmatis cation homeostasis. With 
the aim of defining the intracellular cation profiles in the wild-type and in the ΔctpF mutant.  
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Methods 
Bacterial strains and cultivation. All bacterial strains and plasmids used in this study 

are listed in Table 3.1. E. coli strains were grown on lysogeny broth (LB) (Sambrook, 1989) at 
37 °C with agitation at 200 RPM. M. smegmatis (Snapper et al., 1990) strains and all 
derivatives were grown on LB supplemented with 0.05% (v/v) tyloxapol (Sigma) detergent, 
with agitation at 200 RPM, or in Hartmanns de Bont (HdeB) medium (recipe in Table A.1) 
(Smeulders et al., 1999) with 0.05% (v/v) tyloxapol and either 22 mM glycerol, 11 mM 
glucose or 15 mM succinate as the sole carbon and energy source where specified. Selective 
medium had gentamycin 5 µg/mL or 20 µg/mL, kanamycin 20 µg/mL or 50 µg/mL and 
hygromycin B 50 µg/mL or 200 µg/mL for mycobacteria or E. coli respectively. All solid 
medium contained 1.5% agar (w/v). M. smegmatis strains were inoculated to an initial optical 
density (600 nm), of 0.005, 0.05, 0.25 or 0.5 where specified and grown at 37 °C with 
agitation at 200 RPM. Batch culture under normoxic conditions was achieved in conical 
flasks at 4:1headspace to culture media ratio and anaerobic (hypoxic) batch culture was 
achieved in sealed serum vials using the same headspace ratio, and hypoxia confirmed as 
described previously (Berney et al., 2012).  

Genetic manipulation. All biology techniques were carried out as per standard 
operating procedures found in Sambrook (1989). Restriction enzymes and other molecular 
biology reagents were obtained from Roche Diagnostics or New England Biolabs. The 
GFX™ PCR DNA and gel band purification kit, DNA clean & concentrator™ (Zymo 
Research) and the Zymoclean™ Gel DNA Recovery Kit (Zymo Research), were used for 
PCR clean up and gel extraction of DNA fragments. The Zyppy™ Miniprep Kit (Zymo 
Research) was used for plasmid DNA isolation from both E. coli and M. smegmatis. Genomic 
DNA for PCR and sequencing was extracted using the UltraClean® Microbial DNA 
Isolation Kit” from Mo Bio Laboratories (QIAGEN). Cat# 12224-50. All manipulations 
were performed according to the manufacturer’s specifications. 

Polymerase Chain Reaction. Phusion PCR (New England Biolabs) was used for 
amplification of DNA fragments for cloning, as per manufacturer’s instructions, using the 
predicted melting point of primers (Tm) AmplifX software (AmplifX 1.70 [by Nicolas 
Jullien; CNRS, Aix-Marseille Université) (http://crn2m.univ-mrs.fr/pub/amplifx-dist). 
Dream Taq (Roche) was used for screening of constructs, as per manufacturer’s instructions, 
via PCR on purified plasmid or colony PCR. The standard Phusion and Dream Taq reaction 
mixtures are outlined in Table 2.3. 
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Table 2.1 Bacterial strains and plasmids used in this study 
Strain or plasmids Description Reference or Source 
Strains   
DH10B F-mcrAΔ(mrr-hsdRMS-mcrBC) Φ80 , dlacZ, 

ΔM15 , ΔlacX74, deoR, recA1, araD139, Δ(ara 
leu)7697, galU, galK, rpsL, endA1, nupG 

(Hanahan et al., 1991) 

DH10B::dCas9 DH10B with autonomous pRH2502 construct 
carrying dCas9 

This Study 

mc2 155 Wild-type electro-competent strain of M. 
smegmatis 

(Snapper et al., 1990) 

ΔctpF wild-type with markerless deletion of 
Msmeg_3926 

This Study 

Δhyd3 wild-type with markerless deletion of 
Msmeg_3931 

(Berney et al., 2014b) 

ΔdosR1 wild-type with marked deletion of Msmeg_5244, 
HygR 

(O'Toole et al., 2003) 

mc2 155::dCas9 wild-type with integrated pRH2502 construct 
carrying dCas9 

This Study 

   
Plasmids   
pRX53 pX33 backbone containing mk2 ΔMsmeg_3926 

construct:  
oriE, oriM’ts, GmR, xyl sacB 

This Study 

pJEM15 oriE, oriM, KanR, promoter-less lacZ (Timm et al., 1994) 
pJEM-hyd3-lacZ pJEM15 with Hyd3 Operon Promoter to lacZ 

fusion 
(Berney et al., 2014b) 

pX33 oriE, oriM’ts (temp sensitive 28 °C), GmR, xyl 
(catechol selection), sacB (sucrose selection) 

(Gebhard et al., 2006) 

pRH2502 KanR, oriE, intL5, attPL5, integrates at 
attBL5 site,Pmyc1tetO-dCas9 

(Singh et al., 2016) 

pRH2521 HygR, oriE, oriM, Pmyc1tetO-sgRNA, tetR. (Singh et al., 2016) 
pRX76 pRH2521 derivative targeting ctpE1 Protospacer 

+58 
This Study 

pRH_mmpl3 pRH2521 derivative targeting mmpl3 (Y. Shimaki unpublished) 
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Primers and Oligonucleotides. The oligonucleotides and primers for this study were 
designed and checked using AmplifX (AmplifX 1.70 [by Nicolas Jullien; CNRS, Aix-
Marseille Université) (http://crn2m.univ-mrs.fr/pub/amplifx-dist). All primers and 
oligonucleotides were obtained from IDT and are listed in Table 2.2.  

Gene knockout via allelic exchange. Knock out of the ctpF gene (Msmeg_3926) was 
performed using the suicide vector pX33 as described previously (Gebhard et al., 2006). 
Briefly, the primer pairs pma1.1/pma2.2 and pma2.3/pma2.4were used to amplify the left and 
right portions and flanking regions of ctpF. These productions were joined using overlap 
extension PCR and cloned into pX33 using the SpeI site to create pRX53 and the construct 
checked by sequencing. The pRX53 construct was transformed into wild-type and allelic 
exchange selected for using catechol, and high sucrose medium as described in (Gebhard et 
al., 2006) and (Pelicic et al., 1997). The resulting unmarked non-polar deletion of ctpF was 
left with only 15.5% of the protein-coding sequence. The deletion was confirmed by genomic 
PCR with primer pair Fseq3926/Rseq3926 from outside the crossover region and by 
sequencing the final product with multiple coverages in both directions using pma1.7-
pma1.14. Additionally, whole-genome sequencing was undertaken to confirm both the 
deletion and the absence of any secondary point mutations in the ΔctpF mutant. 

RNA extraction and RT-qPCR. Total RNA was extracted using TRIZOL reagent 
(Invitrogen) and using the RNA clean and concentrator kit (zymo-research). DNA was 
removed from the isolated total RNA using TURBO DNase (Ambion). RNA concentrations 
were determined using a NanoDrop One spectrophotometer, and the quality of RNA 
checked on a 1.5% agarose gel. Cell lysis was achieved by three cycles of bead-beating in a 
Mini-Bead-beater (Biospec) at 5,000 RPM for 30 s. Reverse transcriptase quantitative PCR 
(RT-qPCR) was carried out using Superscript III reverse transcriptase (Invitrogen) according 
to the manufacturer’s instructions and the methods described previously (Berney and Cook, 
2010). The RT reactions were performed using 500 ng of RNA extracted from an M. 
smegmatis wild-type and ΔctpF mutant cultures grown in either normoxia or under hypoxia for 
3- and 6-d. RT-qPCR assays were performed in biological triplicate and technical duplicate 
on single plates using 6 µL of 1:20 diluted cDNA in a 20 µL reaction using SYBR® green 
from Applied Biosystems (life technologies) part no: 4309155. The housekeeping gene sigA 
was used as the endogenous control; primers used for RT-qPCR are listed in Table 2.2. All 
commercial kit and reagent manipulations were carried out according to the manufacturer’s 
instructions. 
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Table 2.2 Primers used in this study. 
Primer Name 5’-3’ Orientation Sequence Description 

pma1.1 TAATACTAGTACGCGATGCGATAC
GCCG  

ΔMsmeg_3926 Left flank Fwd 
(SpeI: Underlined) 

pma2.2 ATCGCTTTCGCGACCGTGGTTGC ΔMsmeg_3926 Left flank Rvs  
pma2.3 CGGCACCAATGCGCTCTGTTTCC ΔMsmeg_3926 Right flank Fwd  
pma2.4 ATATACTAGTGGTGGTCTTCGCGA

TCGAAGAAGCG 
ΔMsmeg_3926 Right flank Rvs 
(SpeI: Underlined) 

pma2.5 ATATAAGCTTACGGCAGAATGCCC
TGATAAG 

ΔMsmeg_3926 Complementation 
Rvs (HindIII: Underlined)  

pma2.6  ATATCATATGGCTGCAGGGCCACG
GACTTTCGTGCGAC 

ΔMsmeg_3926 Complementation 
Fwd (NdeI, PstI: Underlined) 

pma1.7 GATGTCACCACACGCAACGG Msmeg_3926 Fwd Seq A 
pma1.8 GACGCGCCATCGTGTGCCG Msmeg_3926 Fwd Seq B 
pma1.9 GACCTCGATTCGGGATTCACC Msmeg_3926 Fwd Seq C 
pma1.10 TCCTGTTGAGGACAGGTTCGAG Msmeg_3926 Rvs Seq D 
pma1.11 ATCCCGTTCTTGCACAACCGT Msmeg_3926 Rvs Seq E 
pma1.12 GTGGTTGATTCGCCCAAGTTCG Msmeg_3926 Rvs Seq F 
pma1.13 TGAAGCCGTAATCGGCGAAACT Msmeg_3926left to external 
pma1.14 TTGCCGATTCCGATGACCAGT Msmeg_3926 right to external 
Fseq-3926 CTGGCATGGGTCTGAGAGTCCTAG Msmeg_3926 deletion Fwd 
Rseq-3926 GTCGGCGAGGCGCAAGTG Msmeg_3926 deletion Rvs 
RV102.2 GAGCAAGACGTTTCCCGTTGA pMV261 Rvs Seq 
RV101.2 GTCATGGGCCGAACATACTCAC pMV261 Fwd Seq 
pMV-up CAGCGAGGACAACTTGAGC pMV261 Fwd Seq 

(Ayala-Torres et al., 2015) 
pMV-down TATTTGATGCCTGGCAGTCG pMV261 Rvs Seq 

(Ayala-Torres et al., 2015) 
5636_sg58R AAACAGGGCAAGACAAACGACGTC Fwd/Rvs protospacer pair to 

create sgRNA plasmid pRX76 
against ctpE 

5636_sg58F GGGAGACGTCGTTTGTCTTGCCCT 

2521_Seq_F AACGTTCTCGGCTCGATGATCC pRH2521 Fwd screening primer 
(Y. Shimaki unpublished) 

2521_Seq_R AGAACCAGTTGGCCTTCCTGTG pRH2521 Rvs screening primer 
(Y. Shimaki unpublished) 
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Table 2.2 (continued). 
Primer Name 5’-3’ Orientation Sequence Description 

RT-qPCR   
Msm_5'sigA TGCCGATCTGCTTGAGGTAGG  sigA Forward primer 

(Singh et al., 2016) 
Msm_3'sigA TTCGTGTGGGACGAGGAAGAG sigA Reverse primer  

(Singh et al., 2016) 
Msm_5'ctpF TGTGCCAATTGTTCTCGTTGGA ctpF Forward primer 
Msm_3'ctpF TCATCGTCTTGACCGTGGATGT ctpF Reverse primer 
Msm_5'3931 TGAGTCACCTCATTGGAACG hyd3 Forward primer  
Msm_3'3931 GAGCTTGTGGGTGATCCAGT hyd3 Reverse primer  
Msm_5'5636 AAGTTCACGCTGGTGAAATCCG ctpE Forward primer 
Msm_3'5636 AACTCGTTGACCAGACACTGAC ctpE Reverse primer 
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Table 2.3 Polymerase Chain Reaction (PCR) setup 
Phusion 
Reagent Volume (µL)  Step Time  No of cycles 
DMSO 1-2   Initiation 95 °C 5 min 1 
dNTPs (10 mM) 1  Denaturation 95 °C 30 s 

30-35 Buffer (5x) GC 4  Annealing 50-55 °C 10-20 s 
Primer 1 (20 µM) 0.5-1  Extension 72 °C 15-25 s/kb 

Primer 2 (20 µM) 0.5-1  
Final Extension 72 
°C 

5-7 min 1 

Polymerase 0.1-0.3     
dH2O 7.7-10.9     
Template  
(50-200 ng) 

1-4     

Total 20     
      
Dream Taq      
Reagent Volume (µL)  Step Time  No of cycles 
DMSO 1-2   Initiation 95 °C 5 min 1 
dNTPs (10 mM) 1  Denaturation 95 °C 30 s 

30-35 Buffer (10x) 2  Annealing 50-55 °C 10-20 s 
Primer 1 (20 µM) 0.5-1  Extension 72 °C 15-25 s/kb 

Primer 2 (20 µM) 0.5-1  
Final Extension 72 
°C 

5-7 min 1 

Polymerase 0.1-0.3     
dH2O 9.7-12.9     
Template*  
(50-200 ng) 

1-4     

Total 20     
 
*DreamTaq was also used for colony PCR where the colony was picked into 50 µL dH2O and 
boiled for 5 min at 95 °C and 2-3 µL used as the template. 
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Statistical analysis. Experimental data were graphed, and P values were determined 
using 2-way ANOVA or t-tests using GraphPad Prism, 8.2 for OSX, GraphPad Software, 
La Jolla California USA, www.graphpad.com, any follow up analysis is described in figure 
legends. 

Sequencing. Whole-genome sequencing (WGS) of wild-type and the ΔctpF mutant 
gDNA were performed at New Zealand Genomics Limited. Reads were assembled against 
the mc2 155 reference genome (RefSeq NC_008596.1) using Geneious version 8.19 software 
(http://www.geneious.com) (Kearse et al., 2012). Plasmid, PCR and gDNA loci were sent to 
Massey Genome Service for sequencing in standard 20 µL reactions containing 600 ng 
template and 3.2 nM primers.  

Nucleotide and protein analysis. Protein one to one threading analysis and modelling 
was prepared and visualised using Phyre2 (Kelley et al., 2015), reference template Oryctolagus 
cuniculus SERCA1A (PBD: 5XA7) (Norimatsu et al., 2017). Homologous proteins were 
identified via BLAST search (Altschul et al., 1990). BLASTp analysis of mycobacterial P-
type ATPases was performed on the 18 P-type ATPases, which were ranked by alignment 
scores. Protein sequence alignments and phylogenetic trees were generated using the Qiagen 
CLCbio sequence viewer 7.6 (https://www.qiagenbioinformatics.com/products/clc-sequence-
viewer/). 

LacZ reporter assays. The vector pJEMhyd3-lacZ (Berney et al., 2014b) was used as a 
reporter for ctpF/Msmeg_3926 given the operonic nature of hyd3, and ctpF demonstrated in 
(Berney et al., 2014b). Samples (2 mL) to measure β-galactosidase expression were taken and 
stored at -20 °C. β-gal expression was assayed as described in (Gebhard et al., 2006). 

CRISPR/Cas gene knockdown. The dual vector CRISPR/Cas knockdown system 
described in Singh et al. (2016) comprised a mycobacterial integrative dcas9mutant in vector 
pRH2502 and CRISPR short-guide RNA (sgRNA) expressing vector pRH2521 was 
obtained from Addgene (cat: 84379 and 84380). CRISPR/Cas expression was initiated using 
200 ng/mL final concentration Anhydro-tetracycline (ATc). Candidate protospacers of 20 
nucleotides (nt) in length were selected using protospacer-adjacent motif (PAM) “5’-CCN” 
from the non-coding strand. Candidate protospacers were screened against the M. smegmatis 
wild-type genome using BLASTn (Altschul et al., 1990) and protospacers with at least 5-nt 
or more mismatches to off-target sequences were used to design oligo pairs. These oligo pairs 
were annealed in a thermocycler at 50 °C and Golden-Gate cloned into pRH2521 using 
BbsI-HF (NEB Cat: R3539) See appendices Table A.2 (pages 121-123) for the full list of 
screened protospacers. The oligonucleotides used to create the sgRNAs for cloning into 
pRH2521 are listed in Table 2.2.  
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Radio isotope Assays. Whole-cell assays of 63Ni uptake were performed on samples 
from 72-h hypoxia. Samples were prepared by harvesting 25 mL cultures by centrifugation 
(3200 x g) in 50 mL tubes and washing 2 x with PBS containing 5 mM EDTA at 4 °C to 
strip external cations from the cells and remove the excess medium. Two additional washes 
were performed in PBS without EDTA. Final cell pellets were resuspended in 20 mL 1 x 
PBS, recovered at 37 °C for 60 min and OD600 was recorded. Resuspended final cell volumes 
of 250 µL were used for each assay time point in technical duplicate. Reactions were initiated 
at 37 °C by addition of 5 µL of 120 µCi 63Ni (approximately 4 nM) and run for 0, 2, 5 and 10 
min. Two mL of 1 M LiCl stop solution was added, and the samples were vacuum filtered 
onto a 0.45 µ cellulose acetate filter (Sartorius Stedim) and washed with 2 mL of 1M LiCl. 
The filter discs were transferred to scintillation tubes and had 2 mL of Ultima Gold™ 
scintillation fluid added and then the samples were read with a Tri-Carb 2910 TR counter for 
1 min (basic dual decays per min assay). Cation competitive uptake was assayed at 37 °C with 
cold 400 nM CaCl2 or, MgCl2 added to 4 nM 63Ni in 5 µL volumes and assayed as for 63Ni 
above. Results were expressed as counts per min (CPM)/µg protein as determined by standard 
Bicinchoninic acid (BCA) protein assay using bovine serum albumin (BSA) to generate a 
standard curve.  

Inductively Coupled Plasma Mass Spectrophotometry (ICP-MS). Assay of cation 
composition in growth medium and whole-cell preparations was performed using ICP-MS. 
David Barr of the University of Otago Department of Chemistry in the Centre for Trace 
Element Analysis performed all assays. All growth medium for ICP-MS was prepared in 
glassware washed in 1% v/v hydrochloric acid in deionised/milli-Q water containing 5 mM 
EDTA and rinsed twice with distilled water to remove any contaminants from the glassware. 
M. smegmatis 20-30 mL cultures harvested by centrifugation at 3200 x g in 50 mL tubes and 
washed twice in 25 mL PBS with 5 mM EDTA and 0.05% tyloxapol at 4 °C. Two additional 
washes were performed without EDTA. Pellets were desiccated for 120 min at 60 °C in an 
evaporating centrifuge until pellet dry-mass was stable. Pellet mass was recorded and then the 
pellet dissolved in 1 mL 7 N (44%) nitric acid at 95 °C for 1 h and clarified for 30 min at 
13,000 RPM. Samples were diluted 1:10 into a final volume of 2 mL using deionised/milli-Q 
water. Sample data were reported as either µg/g or ng/g of dried material, Na, K and Mg 
values as µg/g and Ca, Fe, Mn, Co, Ni, Zn and Cu as ng/g. Values were transposed to moles 
per gram of dry-mass, and intracellular concentrations were calculated using a standard 
intracellular volume for M. smegmatis of 3.45 ± 0.59 µL/mg protein previously calculated (Rao 
et al., 2001). Uninoculated medium samples were analysed for reference, data from these 
assays on LB and HdeB are presented in Table A.4, (appendices page 129) and the predicted vs 
actual cation concentrations for LB medium are presented in Table A.5 (appendices page 130 ). 
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 Results 
An examination of P-type ATPases and their roles in cellular homeostasis in a range 

of species was completed to formulate an experimental approach towards defining the role of 
CtpF in M. smegmatis physiology. The initially selected approach was to use the protein 
sequences of characterised P-type ATPases for in-silico analyses of the M. smegmatis P-type 
ATPases, to predict the role of CtpF, and providing a foundation for direct physiological 
experiments. Previously, CtpF has been proposed to be a calcium-transporting P-type 
ATPase (Pulido et al., 2014), and there has long been a paucity of knowledge regarding 
calcium homeostasis in M. smegmatis and M. tuberculosis. Combining the knowledge of the 
association of Hydrogenase 3 with CtpF and the DosR regulon (see introduction page 17 
paragraph 2), an experimental approach was developed focusing on characterising the 
phylogeny and putative function of the P-type ATPases in mycobacteria.  

The M. smegmatis genome has six P-type ATPases with M. tuberculosis homologues. 
M. smegmatis encodes six cation transporters from the energetically driven P-type ATPase 
superfamily, half the number present in the related species M. tuberculosis. Several of these 
proteins had previously been examined both computationally and biochemically, whereby 
aspects of their roles within mycobacterial physiology have been reported or at least proposed 
(Novoa-Aponte et al., 2012; Novoa-Aponte and Soto Ospina, 2014). These P-type ATPases 
at their core share a broad range of identity and similarity on the protein level, yet they can 
exhibit selectivity for specific cations. Alignment of the P-type ATPases from the genomes of 
M. smegmatis and M. tuberculosis identified the closest homologue(s) (Tables 2.4 and 2.5) 
from within these two species. The alignments showed that all M. smegmatis P-type ATPases 
had a relative in M. tuberculosis with 45% amino acid sequence identity or higher. The CtpC 
and CtpE proteins were the most highly conserved between the two species with greater than 
75% identity, followed by KdpB and CtpD, which fell in the 60-70% identity bracket. M. 
smegmatis CtpA had two homologous relatives in M. tuberculosis with ~50% identity, and 
finally, the M. smegmatis and M. tuberculosis CtpF proteins had 45% identity to each other. In 
summation, while the P-type ATPases found in M. smegmatis and M. tuberculosis were related 
there was an evident divergence in sequence identities of relatives.  

Classification of the mycobacterial P-type ATPases. Historically, the P-type ATPase 
superfamily has been sub-divided into three main classes, and members placed within these 
classes to enable prediction of their role/ion specificity based on conserved motifs (Chan et al., 
2010). To build an independent evidence based phylogenetic model of mycobacterial 
ATPases, characterised members of these families were selected, then protein sequence 
alignments and a subsequent phylogeny were generated of the 18 mycobacterial P-type 
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ATPases alongside multiple bacterial and eukaryotic orthologues (Figure 2.1). The table of 
proteins used is listed in Table A.3 (appendices pages 124-125 ). The protein of interest, M. 
smegmatis CtpF, groups as predicted previously as a member of the EA transporters (Chan et 
al., 2010).The CtpA, B and V proteins were classified as HM family transporters, specifically 
as copper family P-type ATPases. CtpC, D, J and G were also classified in the HM family for 
iron, zinc, manganese, cobalt and nickel, whereas CtpE, H and I were allocated as EA family 
transporters alongside CtpF, and finally, KdpB was segregated as a member of the multi-
subunit potassium transporting P-type ATPases.  

M. smegmatis has a smaller P-type ATPase repertoire than M. tuberculosis. M. 
smegmatis only has two EA family transporters (ctpE and ctpF), while M. tuberculosis has four 
(ctpE, F, H and I). Both species contain the high-affinity K+ uptake system kdpFABCDE (of 
which, kdpB encodes the P-type ATPase subunit). M. smegmatis has only three HM family P-
type ATPases (ctpA, C and D), while seven have been identified in M. tuberculosis (ctpA, B, C, 
D, G, J and V). This expansive number and diversity in M. tuberculosis P-type ATPases could 
represent systematic redundancy, or development of more extensive regulation of ion 
homeostasis and be reflective of the different native lifestyles of these two species. 

M. smegmatis CtpF shows relation to eukaryotic Ca2+ transporting P-type ATPases. 
Alignment and phylogenetic analysis showed that CtpF clustered in the EA family of P-type 
ATPases (Figure 2.1). Previous studies have identified that ctpF is part of the DosR regulon 
in both M. smegmatis and M. tuberculosis (Berney and Cook, 2010; Berney et al., 2014b). To 
provide better of understanding of how CtpF clustered in the EA family of P-type ATPases, 
further comparative analyses were done specifically on the CtpF protein sequences of both M. 
smegmatis and M. tuberculosis. Several characterised EA family calicum-transporting P-type 
ATPases were included from eukaryotic species, they were from Saccharomyces cerevisiae 
(yeast) (Szigeti et al., 2005), Oryctolagus cuniculus (European rabbit) (Norimatsu et al., 2017) 
and Homo sapiens (human) (Smaardijk et al., 2018). Central to completing the aim of 
characterising the role of CtpF in M. smegmatis physiology; these five proteins were aligned 
together using the CLC sequence viewer 7.6 (Qiagen Bio) to identify regions of conservation 
that could predict a functional role for CtpF. The alignment was annotated with conserved P-
type ATPase motifs (Chan et al., 2010), and with the characterised calcium-binding residues 
identified in a published structure for the mammalian calcium transporting P-type ATPase 
SERCA1A of O. cuniculus (Norimatsu et al., 2017). The alignment was used to highlight 
regions with at least 80% conservation across the five proteins.. The data (Figure 2.2) show 
that these proteins shared a core 273 amino acid residues correlating to 27.5-30.7% identity, 
encompassed within the critical structural motifs required for P-type ATPase function. 
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 Table 2.4. Top five orthologous P-type ATPases of M. smegmatis wild-type and M. 
tuberculosis H37Rv ranked by amino acid identity to each of the six M. smegmatis P-type 
ATPases by BLASTp analysis.  

Gene Locus  Protein Identity (%) Similarity (%) 
ctpA (Msmeg_5014) 

ctpB RV0092 50.5 65.0 
ctpA RV0103c 49.9 64.3 
ctpV RV0969 44.8 55.3 
ctpC RV3270 33.7 49.3 
ctpC Msmeg_6058 31.2 45.4 

 ctpC (Msmeg_6058) 
ctpC RV3270 77.0 86.4 
ctpV RV0969 38.1 55.2 
ctpG RV1992c 37.4 53.3 
ctpD Msmeg_5403 32.1 47.0 
ctpB RV0092 31.4 47.6 

ctpD (Msmeg_5403) 
ctpD RV1469 63.6 73.7 
ctpJ RV3743c 56.9 69.2 
ctpG RV1992c 28.5 42.5 
ctpV RV0969 28.1 39.2 
ctpC Msmeg_6058 27.2 39.7 

kdpB (Msmeg_5393) 
kdpB RV1030 69.3 79.3 
ctpJ RV3743c 25.2 38.2 
ctpD Msmeg_5403 24.3 38.0 
ctpC RV3270 22.7 32.6 
ctpA Msmeg_5014 22.3 33.2 

ctpE (Msmeg_5636) 
ctpE RV0908 78.4 87.2 
ctpB RV0092 28.7 45.9 
ctpD Msmeg_5403 23.5 35.9 
ctpF Msmeg_3926 22.9 33.7 
ctpV RV0969 22.7 35.1 

ctpF(Msmeg_3926) 
ctpF RV1997 45.3 60.0 
ctpE Msmeg_5636 26.7 39.3 
kdpB RV1030 25.2 39.1 
ctpV RV0969 23.8 35.2 
ctpD RV1469 23.7 38.2 
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Table 2.5. Top five orthologous P-type ATPases of M. smegmatis wild-type and M. 
tuberculosis H37Rv ranked by amino acid identity to each of the twelve M. tuberculosis P-type 
ATPases by BLASTp analysis. 

Gene Locus Protein Identity (%) Similarity (%) 
ctpA (RV0103c) 

ctpB RV0092 67.0 77.9 
ctpA Msmeg_5014 51.7 66.5 
ctpV RV0969 41.8 54.9 
ctpC RV3270 35.0 52.1 
ctpC Msmeg_6058 29.6 44.0 

ctpB (RV0092) 
ctpA RV0103c 66.2 77.0 
ctpA Msmeg_5014 51.1 65.7 
ctpV RV0969 39.1 50.9 
ctpJ  RV3743c 29.8 45.1 
ctpC RV3270 29.4 44.6 

ctpC (RV3270) 
ctpC Msmeg_6058 77.7 87.1 
ctpV RV0969 38.2 56.1 
ctpG  RV1992c 36.1 52.3 
ctpA Msmeg_5014 32.8 47.6 
ctpD RV1469 30.7 48.4 

ctpD (RV1469) 
ctpD Msmeg_5403 63.2 73.1 
ctpJ RV3743c 53.8 68.0 
ctpG  RV1992c 28.5 43.5 
ctpV RV0969 28.1 39.2 
ctpC Msmeg_6058 25.1 37.1 

ctpE (RV0908) 
ctpE Msmeg_5636 79.0 87.9 
ctpJ  RV3743c 23.8 39.2 
ctpD RV1469 23.1 37.4 
ctpD Msmeg_5403 22.9 36.5 
ctpF RV1997 22.1 34.9 

ctpF (RV1997) 
ctpF  Msmeg_3926 44.7 59.1 
kdpB Msmeg_5393 27.3 41.5 
ctpJ  RV3743c 27.1 43.7 
ctpE Msmeg_5636 25.9 40.1 
ctpE RV0908 25.8 40.5 
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Table 2.5 (continued) 
Gene Locus Protein Identity (%) Similarity (%) 

ctpG (RV1992c) 
ctpC Msmeg_6058 40.6 57.9 
ctpV RV0969 40.5 56.0 
ctpC RV3270 38.7 56.1 
ctpD Msmeg_5403 36.3 53.6 
ctpD RV1469 35.6 53.9 

ctpH (RV0425c) 
ctpI RV0107c 36.3 49.2 
ctpV RV0969 34.7 52.1 
ctpJ RV3743c 29.5 45.4 
ctpF Msmeg_3926 26.9 42.2 
ctpE Msmeg_5636 26.5 44.2 

ctpI (RV0107c) 
ctpH RV0425c 38.5 52.6 
ctpE Msmeg_5636 28.6 41.1 
ctpF Msmeg_3926 23.6 33.7 
ctpC Msmeg_6058 23.2 33.4 
ctpE RV0908 22.6 33.0 

ctpJ (RV3743c) 
ctpD Msmeg_5403 57.2 69.6 
ctpD RV1469 54.5 6.8 
ctpG  RV1992c 28.8 44.2 
ctpV RV0969 28.4 42.5 
ctpC Msmeg_6058 25.8 39.0 

ctpV (RV0969) 
ctpA Msmeg_5014 45.9 55.9 
ctpC Msmeg_6058 41.3 59.6 
ctpA RV0103c 41.1 53.7 
ctpG  RV1992c 40.3 55.5 
ctpC RV3270 40.3 58.8 

kdpB (RV1030) 
kdpB Msmeg_5393 68.7 78.6 
ctpA Msmeg_5014 23.0 35.8 
ctpV RV0969 22.3 33.4 
ctpA RV0103c 22.2 35.0 
ctpC RV3270 22.0 34.8 
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Figure 2.1. Phylogenetic tree of mycobacterial P-type ATPases. The protein sequences of P-
type ATPases from M. tuberculosis H37Rv and M. smegmatis wild-type aligned using the 
CLC sequence viewer, with the protein sequences of several P-type ATPases from other 
bacterial and eukaryotic species that have biochemical evidence supporting their specificity for 
ion transport. Alignment data was used to create a neighbour-joining tree using Jukes-Cantor 
protein measurement scale and with bootstrap analysis performed for 100 replicates. Proteins 
CtpE, F, H and I are grouped as EA transporters (blue), KdpB proteins as potassium 
transporters (green), CtpA-D, G and V are grouped as predicted HM transporters (orange 
for Cu2+, and purple for Fe2+, Co2+, Ni2+, Mn2+ and Zn2+). The data are consistent with the 
predictions laid out in Chan et al. (2010). The gene of interest, M. smegmatis CtpF, has been 
highlighted (dark blue). See Table A.3 (appendices pages 126-127) for species abbreviations 
and reference details. 
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Conservation was also seen in the 10 transmembrane helices, which are also 
characteristic of P-type ATPase topography. The O. cuniculus SERCA1A protein had 32% 
identity/49% similarity to M. smegmatis CtpF. The PMR1 Ca2+ P-type ATPase from Homo 
sapiens had 37% identity/45% similarity to M. smegmatis CtpF, the PMR1 Ca2+ P-type 
ATPase from Saccharomyces cerevisiae had 35% identity/55% similarity to M. smegmatis CtpF, 
and finally, the M. tuberculosis CtpF homologue has 45% identity/60% similarity to M. 
smegmatis CtpF (Table 2.4). Demonstrating that CtpF of M. smegmatis has a moderate 
identity to calcium transporting P-type ATPases found in eukaryotic species. 

Modelling of M. smegmatis CtpF to Oryctolagus cuniculus (European rabbit) 
SERCA1A structure shows strong conservation of Ca2+ coordinating residues. Given the 
phylogenetic relationship of M. smegmatis CtpF to O. cuniculus SERCA1A, the sequence of 
M. smegmatis CtpF was modelled to a published O. cuniculus SERCA1A structure (PBD 
5XA7) (Norimatsu et al., 2017) using Phyre2 one to one threading (Kelley et al., 2015) and 
visualised using the CLC sequence viewer 7.6 (Figure 2.3.A) to predict the secondary 
structure of CtpF (Figure 2.3.B). The analysis showed that all but one (8/9) of the reported 
calcium coordinating residues of SERCA1A is conserved in M. smegmatis CtpF, (Figure 
2.3.C and D, Table 2.7), indicating that CtpF is a calcium transporting P-type ATPase. The 
analysis included overlaying the binding pockets within the two proteins (Figure 2.3.E) to 
show that they align closely and modelling of the hypothetical placement of calcium ions 
within the pocket of the CtpF protein was predicted (Figure 2.3.F). This modelling strongly 
argued that CtpF had the structral motifs to coordinate and transport calcium ions in M. 
smegmatis. 

Deletion of ctpF and the characterisation of DctpF growth on rich and minimal media. 
A markerless deletion of ctpF (Msmeg_3926) the final gene located within the hyd3 operon 
(Msmeg_3932-3926) was constructed using an allelic exchange method, to determine the role 
of CtpF in M. smegmatis physiology. A total of 2337 nucleotides were removed to make an in-
frame truncation of ctpF leaving 432 nucleotides and deleting all major structural coding 
regions of the gene (as described in methods page 21 paragraph 2). The deletion was confirmed 
by PCR, external sequencing across the manipulated region and by whole-genome sequencing 
to confirm the absence of any secondary mutations within the genome. Obtaining knockout 
intermediates or the second crossover event clones was straight forward, suggesting that CtpF 
is non-essential under the standard culture conditions used in generating the deletion strain. 

The ∆ctpF mutant was assessed for a phenotypic variance compared to wild-type in rich 
medium (LB), and there was no difference in final yield based on optical density (Figure 
2.4.A), or in viability, based on the assessment of colony-forming units (CFU/mL) up to 14-d 
post-inoculation (Figure 2.4.B). The same result was observed in the minimal medium HdeB, 
using 11 mM glucose as the sole carbon and energy source (Figure 2.4.C and D).  
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Figure 2.2 Analyses of M. smegmatis and M. tuberculosis CtpF proteins in alignment with 
their eukaryotic orthologues (Legend on next the page). 
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Figure 2.2. (continued). Alignment generated using the Qiagen CLC Bio sequence viewer 
7.6 analysis. Residues in red indicate higher conservation and blue indicates weaker 
conservation, 273 residues were conserved in at least 4 of the 5 proteins, translating to identity 
conservation of 27.5-30.7% across these proteins. Conserved structural components are 
highlighted in boxes, and the * points denote the published Ca2+ coordinating residues of 
Oryctolagus cuniculus (European rabbit) Ca2+ transporting P-type ATPase SERCA isoform 1A 
(Norimatsu et al., 2017). 
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Figure 2.3. Modelling of conserved calcium-binding residues in M. smegmatis CtpF to 
orthologous SERCA1A of Oryctolagus cuniculus. A, the protein database (PDB) X-Ray 
crystallography model of O. cuniculus SERCA1A (PBD 5XA7) (Norimatsu et al., 2017), with 
luminal (cytoplasmic) surface downward. B, the calcium-binding site of O. cuniculus 
SERCA1A with the orientation of calcium ligands (black spheres) and interacting water 
molecules (red spheres). C The corresponding Phyre2 (Kelley et al., 2015) generated one to 
one threading model of CtpF, with the cytoplasmic surface also downward. D, the 
corresponding conserved residues of CtpF from the model in panel C. E, overlay of the 
proposed calcium-binding residues (blue) onto the identified calcium-binding residues from 
O. cuniculus in panel A. F, a hypothetical diagram of the CtpF calcium-binding pocket with 
likely positioning of calcium ligands (black spheres) and putative positioning of coordination 
involved water molecules (red spheres). Images were generated in the CLC sequence viewer 
7.6. 
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Table 2.6. The Ca2+ coordinating residues of the O. cuniculus protein SERCA1A and their 
conservation in the orthologous M. smegmatis CtpF protein. 
SERCA1A residue CtpF Residue Interaction type 
Val 304 Ala 290 Backbone 
Ala 305 Ala 291 Backbone 
Ile 307 Ala 293 Backbone 
Glu 309 Glu 296 Sidechain 
Asn 768 Asn 709 Sidechain 
Glu 771 Glu 712 Sidechain 
Asn 796 Asn 737 Sidechain 
Thr 799 Thr 740 Sidechain 
Asp 800 Ser 741 Sidechain 
Glu 908 Glu 818 Sidechain 
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Figure 2.4. Growth kinetics and viable cell counts of the wild-type and the ∆ctpF, ∆hyd3 and 
∆dosR1 mutants under normoxic and hypoxic conditions. A, normoxic growth kinetics of 
wild-type and the ∆ctpF mutant in LB medium up to 44-h. B, normoxic viable cell counts 
(CFU/mL) of wild-type ∆ctpF and ∆hyd3 in LB medium up to 14-d. C, the growth kinetics 
of normoxic wild-type and ∆ctpF cultures in HdeB medium with 11 mM glucose up to 44-h. 
D, normoxic viable cell counts (CFU/mL) of wild-type, ∆ctpF and ∆hyd3 in HdeB medium 
with 11 mM glucose up to 14-d. E, hypoxic growth kinetics of strains wild-type, ∆dosR1, 
∆hyd3 and ∆ctpF in HdeB medium with 11 mM glucose up to 35-d. F, hypoxic viable cell 
counts (CFU/mL) of wild-type, ∆dosR1, ∆ctpF and ∆hyd3 from cultures in (E) up to 35-d. 
Data presented are the result of biological triplicates expressed as the mean ± SD. Dashed 
vertical lines on the graph indicate confirmation of low oxygen tension (hypoxia) by 
methylene blue decolourisation.   
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The gene ctpF is part of the hyd3 operon, and subject to DosR regulation under 
hypoxia (Berney and Cook, 2010), and so the growth and viability of the ∆ctpF mutant under 
hypoxia alongside ∆hyd3 and ∆dosR1 mutant strains were also assessed (Figure 2.4.E and F), 
in which ∆ctpF demonstrated no phenotypic deviation from the wild-type strain up to as far 
as 35-d post-inoculation. No significant deviations in any of the growth characteristics 
assayed against the ∆ctpF mutant were observed, indicating that CtpF had a non-essential 
function under these specific growth conditions in M. smegmatis. 

The inventory of cations in M. smegmatis wild-type and ∆ctpF in normoxic culture. 
Initially, the P-type ATPase ctpF, a member of the nickel-iron [NiFe] hydrogenase hyd3 
operon was chosen as an uncharacterised homeostatic agent to be studied. It was questioned if 
CtpF played a role in Hyd3 function or assembly in M. smegmatis, or if CtpF functioned 
independently from Hyd3. An intriguing question, as there are no characterised hydrogenases 
in M. tuberculosis. Yet the gene ctpF has been identified as under the control of the DosR 
regulator in both species. Through the characterisation of the role of CtpF in M. smegmatis 
physiology, the focus of this study evolved toward an investigation of cation homeostasis. 
With the overarching aim of reporting the molecular inventory of cations in M. smegmatis as a 
useful reference tool. Following the analyses indicating that CtpF transported calcium, a 
methodology was developed to quantify intracellular cations in mycobacterial cultures using 
Inductively Coupled Plasma Mass Spectrophotometry (ICP-MS). Changes to homeostatic 
equilibriums were observed under different growth conditions, to develop a model of cation 
homeostasis in M. smegmatis.  

Batch culture samples were collected, prepared and sent for analysis of sodium (Na), 
magnesium (Mg), potassium (K), calcium (Ca), manganese (Mn), iron (Fe), cobalt (Co), 
nickel (Ni), copper (Cu) and zinc (Zn). LB batch cultures from early stationary phase (48-h 
post-inoculation) compared to those of older cultures (72-h post-inoculation) were examined 
first. In wild-type cultures, the majority of cations in the cell were Na, K and Mg in the 
millimolar (mM) range (Figure 2.5.A), and Ca, Mn, Fe, Co, Ni, Cu and Zn made up the 
remainder in the micromolar (µM) range (Figure 2.5.B). Percentage-wise this equated to Na 
(~40-85%), Mg (~4-6%) and K (~10-55%) made up greater than 99% of the molecular cation 
inventory (Figure 2.5.C and D). In the older 72-h cultures, intracellular sodium 
concentrations increased, while potassium concentrations decreased. At 48-h in the trace 
element fraction, Fe and Zn were the predominant trace cations (~830 µM and ~400 µM 
respectively). Intracellular Ca was ~130 µM, and Mn was ~40 µM (Figure 2.5.A-D). At 72-h 
Ca and Fe were the major trace cations (~1350 µM and ~1300 µM respectively). While Zn 
and Mn concentrations were not significantly altered relative to 48-h (~580 µM and ~60 µM 
respectively. Quantification of cations from the ∆ctpF mutant demonstrated a similar 
intracellular cation inventory at 48- and 72-h compared to wild-type (Figure 2.6.A-D).  
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Figure 2.5. ICP-MS analyses of the cation inventory of the wild-type under normoxia. 
Normoxic cultures of wild-type were grown in LB, harvested by centrifugation and prepared 
for ICP-MS analysis of their molecular cation inventories. A, the ICP-MS data from wild-
type under normoxia of Na, Mg and K intracellular concentrations in mM at 48- (grey bars) 
and 72-h (blue bars). B, the ICP-MS data from wild-type of intracellular concentrations of 
Ca and trace elements Mn, Fe, Co, Ni, Cu and Zn in µM at 48- (grey bars) and 72-h (blue 
bars). C, the ICP-MS data from 48-h was transposed into percentages, with the <0.5% 
fraction of Ca and the trace elements enlarged to the right. D, the ICP-MS data from 72-h 
was transposed into percentages, with the <1% fraction of Ca and the trace elements enlarged 
to the right. Data presented for 48-h cultures is the mean result of 6-biological replicates± SD 
and data from 72-h cultures are the result of biological triplicates. Differences between the 
cultures were assessed using multiple comparisons, 2-way ANOVA and discovery were 
determined using the two-stage step-up method of Benjamini, Krieger and Yekutieli, with 
False Discovery Rate (FDR) = 1%. Each row was analysed individually, without assuming a 
consistent SD. * Denotes P <0.001 in all panels. 
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Figure 2.5. (Legend on the previous page). 
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Figure 2.6. ICP-MS analyses of the cation inventory of the ∆ctpF mutant under normoxia. 
Normoxic cultures of the ∆ctpF mutant were grown in LB, harvested by centrifugation and 
prepared for ICP-MS analysis of their molecular cation inventories. A, the ICP-MS data 
from wild-type of Na, Mg and K intracellular concentrations in mM at 48- (grey bars) and 
72-h (blue bars). B, the ICP-MS data from wild-type of intracellular concentrations of Ca 
and trace elements Mn, Fe, Co, Ni, Cu and Zn in µM 48- (grey bars) and 72-h (blue bars). 
C, the ICP-MS data from 48-h was transposed into percentages, with the <0.5% fraction of 
Ca and the trace elements enlarged to the right. D, the ICP-MS data from 72-h was 
transposed into percentages, with the <1% fraction of Ca and the trace elements enlarged to 
the right. Data presented for 48-h cultures is the mean result of 6-biological replicates ± SD 
and data from 72-h cultures are the result of biological duplicates. Differences between the 
cultures were assessed using multiple comparisons, 2-way ANOVA and discovery were 
determined using the two-stage step-up method of Benjamini, Krieger and Yekutieli, with 
False Discovery Rate (FDR) = 1%. Each row was analysed individually, without assuming a 
consistent SD. * Denotes P <0.001 in all panels. 
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Figure 2.6. (Legend on the previous page). 
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The same changes to intracellular Na to K were observed, shifting from ~170 mM Na and 
~190 mM K at 48-h to 365 mM Na and ~50 mM K at 72-h (Figure 2.6.A). At 48-h in the 
trace element fraction of the ∆ctpF mutant, Fe and Zn were the predominant trace cations 
(~920 µM and ~430 µM, respectively followed by Ca and Mn (~130 µM and ~45 µM 
respectively). At 72-h, Fe and Zn remained the predominant cations (~1150 µM and ~550 
µM, respectively), followed by Ca and Mn (~565 µM and ~50 µM, respectively). Notably, Ca 
did not accumulate in ∆ctpF as much as in the wild-type (Figure 2.6.C and D). 

The molecular cation inventories of M. smegmatis under hypoxia. Further to the 
examination of cation profiles in wild-type and the ∆ctpF mutant in normoxia, the 
investigation of these strains in hypoxic culture was also completed. Since ctpF is a member of 
the hyd3 operon and the DosR regulon (Berney et al., 2014b), ∆hyd3 and ∆dosR1 were also 
included in the analysis. Hypoxic cultures of the four strains were harvested after 72-h and 
prepared for ICP-MS (Figure 2.7.A); no significant variations from the wild type cation 
inventory were observed (Figure 2.7.B/C).Ca became the most dominant cation (~0.8%) after 
Na (~70%), Mg (~5%) and K (~22%) in hypoxic cultures compared to normoxic (0.036-0.3%) 
(Figure 2.5.D, (Table 2.7, Figure 2.8.A-D). Under hypoxia, all four M smegmatis strains 
examined had ~3 mM intracellular calcium, compared to the sub-millimolar concentrations 
seen in both ∆ctpF and wild-type at 48-h normoxia. Compared across the datasets, Fe levels 
were limited under hypoxia (~500 µM) relative to normoxia (~1300 µM). A summary of the 
wild-type and ∆ctpF cation profile datasets under normoxia and hypoxia at 72-h is presented 
in Table 2.7. The ratio of Fe (~1300 µM) to Zn (~550 µM) seen in wild-type normoxic 
cultures is ~2.2:1, whereas in hypoxic cultures Fe levels dropped (~500 µM)while Zn 
remained consistent (~550 µM) and the Fe to Zn ratio became 0.89:1. As mentioned earlier, 
normoxic cultures of wild-type and the ∆ctpF mutant at 72-h had high Na to K concentration 
ratios (page 39 paragraph 3), this ratio was reduced in hypoxic cultures, due to increased 
intracellular potassium concentrations (~48 mM normoxic, to ~ 85 mM hypoxic) (Table 2.7). 
Aside from the main changes observed in Na, K, Fe and Ca, the Ni concentrations increased 
3-fold in hypoxia (~12-15 µM) compared to normoxia (~2-5 µM). Ni, along with Co, is the 
lowest abundance trace element present in these cultures. The data from Figure 2.7 are shown 
again as percentages in the four strains in Figure 2.8.A-D.  

The deletion of ctpF did not alter the expression of a hyd3 operon reporter system. 
Previous work has presented RT-PCR evidence of hyd3 and ctpF being operonic and use of a 
hyd3 promoter lacZ-fusion to report induction of hyd3-ctpF operon expression (Berney et al., 
2014b). The same model was used to determine hyd3-ctpF operon expression in the ∆ctpF 
background alongside wild-type, ∆hyd3 and ∆dosR1 strains. Expression from the hyd3 
promoter-lacZ transcriptional/translational fusion vector (pJEMhyd3-lacZ) was low (~1-7 b-
gal units) under normoxic batch culture for the wild-type.   
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Figure 2.7. ICP-MS analyses of the cation inventory of M. smegmatis under hypoxia. A, 
(reproduced data from Figure 2.4.E) growth kinetics in LB of wild-type, ∆ctpF, ∆hyd3 and 
∆dosR1. (Entrance to hypoxia indicated by the dashed vertical line). B, in a separate 
experiment, hypoxic batch cultures of the four strains were grown up in duplicate for 72-h, 
harvested and prepared for ICP-MS analysis. Intracellular concentrations of Na, K, Mg and 
Ca in mM. C, intracellular concentrations of Mn, Fe, Co, Cu, Ni and Zn in µM. Datasets 
were assessed using T-tests Discovery determined using the Two-stage linear step-up 
procedure of Benjamini, Krieger and Yekutieli, with False Discovery Rate (FDR) = 1%. Each 
row was analysed individually, without assuming a consistent SD.  
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Figure 2.8. Comparative ICP-MS analyses of the molecular cation inventory of M. smegmatis 
wild-type and mutant strains ∆ctpF, ∆hyd3 and ∆dosR1 under hypoxia. A, wild-type data 
transposed from Figure 2.7.B and C into a percentile, with trace-elements enlarged on the 
right. B, the ∆ctpF mutant data transposed from Figure 2.7.B and C into a percentile. C, the 
∆hyd3 mutant data transposed from Figure 2.7.B and C into a percentile. D, the ∆dosR1 
mutant data transposed from Figure 2.7.B and C into a percentile. For each strain shown, all 
10 elements examined are on the left, on the right is a scaled presentation of the less common 
elements that make up the <1.15% of intracellular cations.  
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Table 2.7 Collated ICP-MS datasets for wild-type and the ∆ctpF mutant in older cultures under normoxia and hypoxia. 
 Wild-type 72-h normoxic Wild-type 72-h hypoxic ∆ctpF 72-h normoxic ∆ctpF 72-h hypoxic 

Na 365±54 mM (83.71%) 316±80 mM (73.61%) 365±13 mM (84.34%) 264±24 mM (69.58%) 
Mg 20±5 mM (4.47%) 22±2 mM (5.22%) 18±0.2 mM (4.18%) 22±3 mM (5.76%) 
K 49±14 mM (11.07%) 86±8mM (20.19%) 47±11 mM (10.94%) 90±18 mM (23.61%) 

Ca 1370±540 µM (0.31%) 2940±87 µM (0.706%) 570±220 µM (0.131%) 2900±76 µM (0.769%) 
Mn 57±13 µM (0.013%) 49±4 µM (0.011%) 53±1 µM (0.012%) 45±5 µM (0.012%) 
Fe 1300±290 µM (0.295%) 498±14 µM (0.119%) 1150±31 µM (0.267%) 460±61 µM (0.121%) 
Co 7.6±1.2 µM (1.75x103%) 6.60±0.5 µM (1.57x103%) 9.1±0.2 µM (2.09x103%) 6.60±0.6 µM (1.73x103%) 
Ni 5.3±1.6 µM (1.2x103%) 15.8±0.2 µM (3.76x103%) 2.4±0.5 µM (5.48x104%) 12.7±1.6 µM (3.35x103%) 
Cu 33±6 µM (0.008%) 73±7 µM (0.017%) 35±2 µM (0.008%) 68±7 µM (0.018%) 
Zn 590±130 µM (0.134%) 560±38 µM (0.133%) 550±9 µM (0.128%) 514±6 µM (0.136%) 

Na:K 7.5:1 3.7:1 7.7:1 2.9:1 
Fe:Zn 2.2:1 0.9:1 2.1:1 0.9:1 
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Placing the pJEMhyd3-lacZ vector in the ∆ctpF background did not cause any changes to this 
expression pattern (Figure 2.9 A and B). When the same system in the four M. smegmatis 
strains was used to examine induction of the hyd3-ctpF operon under hypoxia, all four strains 
demonstrated hyd3 operon induction upon entering hypoxia (Figure 2.9.C and D), with an 
expression level of ~15 b-gal units. 

Expression of ctpF is upregulated in older hypoxic cultures. Normoxic and hypoxic 
batch cultures of wild-type and the ∆ctpF mutant were prepared for RT-qPCR, to validate 
previous lacZ fusion data in M. smegmatis and look at the expression of ctpF directly. Samples 
were collected from cultures 3- and 6-d post-inoculation and relative the expression of ctpF 
and hyd3 transcripts was determined. Normoxic wild-type cultures at 3-d post-inoculation 
were used as the reference (Figure 2.10). Complementary to the lacZ-fusion data, the RT-
qPCR data showed induction of hyd3 expression under hypoxia compared to normoxia at 
both time points (Figure 2.10.A). The target amplicon for the ctpF gene is still present in the 
mutant strain, the expression pattern of ctpF was the same in both strains, and ctpF expression 
was sustained at the later time point under hypoxia compared to normoxia (Figure 2.10.B). 

CtpF does not facilitate the uptake of 63Ni in M. smegmatis. Based on the observation 
of reduced Ca and Ni accumulation in older cultures of ∆ctpF compared to wild-type (Figure 
2.5/2.6) and the genetic locus association of ctpF with hyd3 (a nickel-iron [NiFe] 
hydrogenase) it was hypothesised that CtpF could facilitate either the uptake of Ni for Hyd3 
assembly or Ca for a role distinct from Hyd3 function. A whole-cell radionuclide uptake assay 
using 63Ni was employed to assess the capacity of the ∆ctpF mutant, wild-type and the ∆hyd3 
mutant nickel uptake and also non-radioactive magnesium and calcium in their ability to 
compete with 63Ni for uptake. There was no deviation observed in kinetics of uptake of 63Ni 
between wild-type, ∆ctpF and ∆hyd3, nor was there any competitive inhibition of 100x non-
radioactive calcium or magnesium (Figure 2.11), indicating that 63Ni uptake in these 
experiments was not by CtpF. Radio-labelled calcium was not used due to lack of availability 
and is an area for future work. 

The effects of chelation agent stress on M. smegmatis intracellular cation profiles. 
Having demonstrated the molecular inventory of cations in M. smegmatis under normal 
culture conditions, the next aim was to examine the impact that exogenous stresses might 
have. The simulation of exogenous stresses was achieved by reducing availability of cations 
through chelation (Figure 2.12). The chelation agents ethylene-diamine-tetra-acetic acid 
(EDTA) and diethylene-triamine-penta-acetic acid (DTPA) were used to supplement 
normoxic batch cultures of M. smegmatis wild-type. Also tested for their effects on cation 
homeostasis, were the chelation agents; 2,2-dipyridyl, ethylene-diamine-di-hydroxyphenyl-
acetic acid (EDDHA) and 5-sulfo-salicylic acid (5-SSA), which have a high affinity for Fe 
over other cations.   
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Figure 2.9. Analyses of expression kinetics of a hyd3-lacZ operon reporter system under 
normoxia and hypoxia. A, the growth kinetics of wild-type, ∆ctpF, ∆hyd3 and ∆dosR1under 
normoxia up to 5-d post-inoculation, harbouring vector pJEM-hyd3-lacZ and of wild-type 
harbouring the empty vector control pJEM15. B, the corresponding measured b-galactosidase 
expression from the hyd3 promoter-lacZ transcriptional/translational fusion constructs at each 
of the normoxic growth time points, compared to the empty lacZ fusion vector b-
galactosidase expression. C, the growth kinetics of wild-type, ∆ctpF, ∆hyd3 and ∆dosR1 under 
hypoxia (established at the dashed vertical line) up to 5 days post-inoculation, harbouring 
vector pJEM-hyd3-lacZ and of wild-type harbouring the empty vector control pJEM15. D, 
the corresponding measured b-galactosidase expression from the hypoxic growth time points, 
compared to the empty lacZ fusion vector b-galactosidase expression. 
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Figure 2.10. RT-qPCR analysis of ctpF and hyd3  gene expression in older cultures. A, gene 
expression of the hyd3 large subunit (Msmeg_3931) at 3- and 6-d post-inoculation, in 
normoxic and hypoxic cultures of wild-type and ∆ctpF. B, gene expression of cptF 
(Msmeg_3926) at 3- and 6-d post-inoculation, in normoxic and hypoxic cultures of wild-type 
and the ∆ctpF mutant. LB batch cultures were inoculated at OD600 0.005 and grown for 6-d 
in either normoxic flasks or with hypoxia achieved in sealed serum vials. Samples collected at 
3- and 6-d for RNA extraction and cDNA synthesis and optimised for qPCR using primers 
for the housekeeping gene sigA. RT-qPCR was performed to determine ctpF and hyd3 gene 
expression in both wild-type and the ∆ctpF mutant under both conditions. Samples were 
analysed in biological triplicate and technical duplicates, with a negative reverse transcriptase 
control included and melt-curve analysis performed. Gene expression was normalised to 
internal housekeeping gene sigA expression for each strain and the expression datasets of ctpF 
and hyd3 were standardised across conditions relative to wild-type normoxic cultures at 3-d 
post-inoculation (left-most data bar).  
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Figure 2.11. Rate of 63Ni uptake in whole-cells for wild-type, ΔctpF, ΔdosR1  and Δhyd3 . A, 
Whole-cell uptake of 4 nM radioactive nickel (63Ni) and 4 nM radioactive nickel mixed with 
100x (400 nM) non-radioactive magnesium (Mg) (green) or calcium (Ca) (orange) in wild-
type, B, in the ΔctpF mutant, C, and in Δhyd3. D, overlay of wild-type, ΔctpF and Δhyd3 63Ni 
uptake from A, B and C. Data presented are the result of biological triplicate and technical 
duplicate assays. 63Ni uptake values are presented as scintillation counts per minute (CPM)/µg 
protein. Protein concentrations of the cultures were determined by bicinchoninic acid 
titration assay against bovine serum albumin standard. 
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Figure 2.12. Analyses of changes to the cation inventory of M. smegmatis  wild-type exposed 
to chelation agents. The untreated M. smegmatis wild-type control is represented in grey, 
broad-spectrum treatment with ethylene-diamine-tetra-acetic acid (EDTA) and diethylene-
triamine-penta-acetic acid (DTPA) (10 µM) in orange and iron-specific chelation using 2,2-
dipyridyl, ethylene-diamine-di-hydroxyphenyl-acetic acid (EDDHA) and 5-sulfo-salicylic 
acid (5-SSA) (10 µM) supplementation in LB normoxic batch cultures in stationary phase 
(~48-h post-inoculation). A, Na, Mg and K intracellular concentrations in mM, determined 
by ICP-MS. B, Ca, Mn, Fe, Co, Ni, Cu and Zn concentrations in µM. C, the intracellular 
concentrations of the 10 examined cations relative to control, demonstrating increases or 
decreases upon chelation treatments. D, the optical densities and viable cell counts 
(CFU/mL) measured at the time of culture collection for ICP-MS. Data presented are the 
mean ± SD of three biological replicates, significance determined using T-tests and the two-
stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with False Discovery Rate 
(FDR) = 0.1%. Each row was analysed individually, without assuming a consistent SD.  
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Culture supplementation with 10 µM each of EDTA and DTPA reduced the levels of Mn 
(~75%) and Co (~50%) in the cultures relative to the untreated controls, while all other 
cations remained insignificantly altered (Figure 2.12.A-C). Supplementation with 10 µM 
each of the Fe chelation agents 2,2-dipyridyl, EDDHA and 5-SSA caused a significant 
reduction in Fe (~82%), Zn (~18%), Co (~14%) and increases in Mn (~70%) and Mg (~48%) 
levels (Figure 2.12.A-C). Both chelation treatments reduced final culture density and viable 
cell counts (Figure 2.12.D/E). 

The cation profiles of the untreated and chelation agent supplemented cultures (from 
Figure 2.12) were transposed into fractional profiles to visualise the changes in cation 
proportions upon chelation agent addition to the medium relative to the control (Figure 
2.13.A). Between all three conditions Na, Mg and K remained the major cations present with 
insignificant changes in proportion. EDTA/DTPA chelation (Figure 2.13.B) resulted in a 
reduction in the proportion of Fe present (0.262% to 0.223%), along with a reduction in Mn 
from 0.011% to 0.003%, while the proportion of Zn increased from 0.108 to 0.139%. The 
iron-specific chelation cultures (Figure 2.12.C) saw a significant reduction (p £0.001) in the 
proportion of Fe and the proportion of trace cations was ~50% lower than in the control 
condition (from 0.393% reduced to 0.22%). Despite a significant reduction in Zn levels 
(Figure 2.12), Zn made up 40% of the trace cations as opposed to only 27.5% of the trace 
cations in the control condition. The chelation of iron reduced it to 0.048% of the total 
cations and 22% of the trace cations compared to 66% in the control condition. Ca also 
increased significantly in the presence of iron chelation agents from 0.028% to 0.053% and 
becoming 24% of the trace cations compared to 7% in the control condition. 

The impact of heavy metal exposure on M. smegmatis intracellular cation profiles. In 
contrast to examining the effects of cation chelation, it was of interest to look at the impact of 
heavy metal stress on the cation profiles of M. smegmatis. To study the effects of exogenous 
heavy metal stress cultures were supplemented mid-log phase (~24-h post-inoculation) with 
exposure to either 2 mM NiCl2 or 2 mM MnCl2. At 24-h post-exposure, cultures were 
harvested and prepared for ICP-MS analysis. Exposure to 2 mM NiCl2 resulted in reduced 
levels of Mg (~70%), Fe (~55%), Co (~40%) and K (~95%), while 2-fold or higher increases 
in Na, Ca and Cu were observed along with nearly three orders of magnitude more Ni 
accumulated (~704 µM) in the cultures compared to the control (~2.67 µM) (Figure 2.14.A-
C). Exposure to 2 mM MnCl2 resulted in an increase (~5 x) in Mn content (~200 µM) 
compared to the untreated control (~40 µM) and a ~55% reduction in Fe content (~949 µM 
to ~463 µM) (Figure 2.14.A-C). Optical density and culture viability from 90 min pre-
exposure up to 24-h post-exposure were also assessed as part of these experiments. Neither 
the nickel or manganese exposure had a significant effect on M. smegmatis growth kinetics. 
Manganese exposure increased the final culture density, while nickel exposure reduced the 
final culture density reached (Figure 2.14.D).  
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Figure 2.13. ICP-MS analyses of the molecular inventory of cations in M. smegmatis 
subjected to chelation agent exposure. Data transposed from Figure 2.12.A/B. A, M. 
smegmatis wild-type untreated (control) 48-h post-inoculation cultures, grown in LB medium. 
B, wild-type with ethylene-diamine-tetra-acetic acid (EDTA) and diethylene-triamine-
penta-acetic acid (DTPA) (10 µM). C, iron-specific chelation using 2,2-dipyridyl, ethylene-
diamine-di-hydroxyphenyl-acetic acid (EDDHA) and 5-sulfo-salicylic acid (5-SSA) (10 
µM). Data presented are the mean of three biological replicates.   
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Figure 2.14. Analyses of the changes to M. smegmatis molecular cation inventory when 
exposed to 2 mM nickel and manganese. Cation concentrations in untreated M. smegmatis 
wild-type (grey) LB normoxic batch cultures 48-h post-inoculation were assessed compared 
to the effect of challenging with 2 mM NiCl2 (green) and 2 mM MnCl2 (purple) at 24-h post-
inoculation and analysing 24-h post-exposure. A, Na, Mg and K intracellular concentrations 
in mM determined by ICP-MS. B, Ca, Mn, Fe, Co, Ni, Cu and Zn concentrations in µM. 
C, the intracellular concentrations of the 10 examined cations for each test condition relative 
to the control. D, observed optical density 90-min pre-exposure and 1, 2, 4 and 24-h post-
exposure and E, viable cell counts (CFU/mL) measured at the time of culture collection for 
ICP-MS. Data presented are the mean ± SD of three biological replicates, significance 
determined using T-tests and the two-stage linear step-up procedure of Benjamini, Krieger 
and Yekutieli, with False Discovery Rate (FDR) = 0.1%. Each row was analysed individually, 
without assuming a consistent SD.  
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Numbers of viable cells were not altered by manganese exposure, but there was a log-
reduction in viable cells in response to nickel exposure (Figure 2.14.E). As with the chelation 
agent supplemented cultures, the cation profiles of the untreated and exposed conditions were 
transposed into fractional profiles to visualise the changes in cation proportions relative to the 
other cultures. The cation chelation, nickel and manganese stress experiments were performed 
simultaneously. The same control cultures were used for both experiments. Therefore the 
control experiment data in Figures 2.12, 2.13, 2.14 and 2.15 are identical. Across all of the 
chelation and heavy-metal exposure conditions, as seen in earlier figures of normoxic cultures 
(Figures 2.5 and 2.6) Na, Mg and K predominated in the cultures making up ~99.5% of the 
cations present (Figure 2.15). Ca, Mn, Fe, Co, Ni, Cu and Zn made up <0.5% of the cations, 
and within that fraction Fe, Zn and Ca were the major cations followed by Mn, Cu then Co 
and Ni. Exposure to excess (2 mM) NiCl2 resulted in Ni increasing from ~0.0006% to 
0.1469% of the total cation profile, primarily displacing Fe (Figure 2.15.B) while the majority 
of K (55.19% reduced to 3.53%) and Mg (5.25% reduced to 1.19%) was displaced by the 
accumulation of Na (39.14 to 94.81%). exposure to manganese resulted in the displacement of 
Fe with Mn and reduction in Fe, with Fe shifting from 0.262% to 0.121% of the total cation 
profile and Mn going from 0.0113% to 0.0542% of the total cation profile (Figure 2.15.C) 

The knockdown of M. smegmatis ctpE using CRISPR/Cas does not induce a growth 
phenotype, and ctpE was not upregulated in the absence of ctpF in older cultures. A 
mycobacterial codon-optimised two vector system using dCas9 described in (Singh et al., 
2016) was used to create sgRNAs that targeted M. smegmatis P-type ATPase genes to assess 
in M. smegmatis followed by RT-qPCR validation of knockdown. The reported calcium-
transporting ATPase CtpE (Msmeg_5636) was chosen as the target for knockdown (Gupta 
et al., 2017), as CtpE and CtpF are both calcium family P-type ATPases, therefore the 
function and expression of ctpE were of interest. Vectors were prepared to carry ctpF and hyd3 
large-subunit (Msmeg_3931) specific short-guide RNAs (sgRNAs). Each target had three 
sgRNAs cloned for use and qPCR amplicons designed to validate knockdown. A vector with 
a sgRNA for the essential gene mmpl3 was obtained from a colleague (Yosuke Shimaki, 
unpublished), which was used as a positive control for knockdown (Figure 2.16.A) and has 
been validated by RT-qPCR (Figure 2.16.B). Knockdown of ctpE demonstrated no growth 
inhibition in the wild-type background (Figure 2.16.C). However, ctpE gene expression from 
this experiment has not been validated yet by RT-qPCR as this was only a preliminary 
examination for a growth phenotype, and the concept to look at the gene expression came 
later. Analyses of native ctpE RNA levels in the absence of CRISPR/Cas were performed 
using cDNA from older (6-d post-inoculation, from the experiment presented in Figure 2.10) 
wild-type and the ΔctpF mutant cultures grown in LB, which showed no significant changes 
in genes expression between normoxic or hypoxic cultures or in the absence of the calcium P-
type ATPase encoded by ctpF (Figure 2.16.D).  
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Figure 2.15 ICP-MS anaylsis of the changes to M. smegmatis wild-type cation inventory 
when exposed to 2 mM nickel and manganese. Data transposed from Figure 2.14.A/B. A, M. 
smegmatis wild-type untreated (control) 48-h post-inoculation cultures, grown in LB medium 
(these data are the same as the untreated control dataset from figure 2.13.A). B, wild-type 
exposed to 2 mM NiCl2. C, wild-type exposed to 2 mM MnCl2. Data presented are the mean 
of three biological replicates. 
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Figure 2.16. CRISPR/Cas targeting of ctpE, validation of CRISPR/Cas system control 
efficacy and assessment of native ctpE gene expression in M. smegmatis. A*, growth kinetics 
of M. smegmatis wild-type Comparison of wild-type carrying vector pRH2521 (empty 
control) or the mmpl3 sgRNA carrying vector pRH::mmpl3, with or without 200 ng/mL final 
concentration anhydrotetracycline (ATc) supplementation. Red arrows indicate sample 
collection for gene expression analysis by RT-qPCR. B*, RT-qPCR analysis of mmpl3 gene 
expression at 19- and 25-h post-inoculation and induction of the CRISPR/Cas system. 
Expression was normalised using the housekeeping gene sigA and to mmpl3 native expression 
in wild-type carrying pRH2521 at 19-h with no ATc supplementation .C, Endpoint optical 
density in HdeB 11 mM glucose at 24-h, for the wild-type carrying either pRH2521 
(negative control), pRH::mmpl3 (positive control) or pRX76 (carrying a specific sgRNA for 
ctpE). Cultures were inoculated with/without 200 ng/mL final concentration ATc to induce 
dcas9 expression. D, RT-qPCR analysis of native ctpE expression in the wild-type grown in 
LB medium for 6-d in normoxic and hypoxic batch culture (samples are from the experiment 
presented in Figure 2.10) and also in the DctpF mutant under the same conditions. Expression 
was normalised to that of ctpE in normoxic wild-type cultures, and the expression a 
housekeeping gene sigA from the same condition has also been included for reference. Data 
presented in A and B are the mean of two biological replicates, and the data presented in C 
and D are the mean of three biological replicates. Discovery determined using the T-tests and 
the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with False 
Discovery Rate (FDR) = 0.1%. Computations assume that all rows were sampled from 
populations with the same scatter (SD). 
 
*Experiment(s) created, performed and data collected by Y. Shimaki. For this specific 
experiment cells were grown in 7H9 Middlebrook medium with 10% OADC (oleic acid 
dextrose catalase), pantothenate (50 µg/mL), kanamycin (20 µg/mL) and hygromycin B (50 
µg/mL), and inoculated at OD600 0.005. 
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Figure 2.16. (Legend on the previous page). 
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Discussion 
This work presented the molecular inventories of intracellular cations under carbon 

and oxygen-limited conditions in Mycobacterium smegmatis, where the monovalent cations Na 
and K are the majority of the cations present, along with Mg being the most abundant 
divalent cation present. Also the other biologically relevant cations: Ca, Mn, Fe, Co, Ni, Cu 
and Zn are present in low levels, generally comprising less than 1.2% of the total cellular 
cations quantified as part of the profiles. This study focused on the energy-driven transport of 
cations across membranes in M. smegmatis by P-type ATPases, a diverse superfamily of 
proteins, present in both eukaryotes and prokaryotes. Specifically ctpF, a putative calcium-
binding P-type ATPase (Ayala-Torres et al., 2015), which is locus adjacent in M. smegmatis 
with the bidirectional group 3b hydrogenase Hyd3 (Berney et al., 2014b), and under the 
control of dormancy regulator DosR (Berney and Cook, 2010). 

Several reports have presented in-silico data on P-type ATPases (Novoa-Aponte et al., 
2012; Novoa-Aponte and Soto Ospina, 2014). These studies compare CtpF to the Ca2+ 
transporting smooth endoplasmic reticulum calcium ATPases (SERCA), found in eukaryotic 
species such as Oryctolagus cuniculus (European Rabbit). While the identity and similarity does 
encompass the key residues requisite for topology and energy transduction, these orthologous 
features do not signify the same cation selectivity. The level of identity amongst P-type 
ATPases in M. smegmatis and M. tuberculosis ranges from 79% for the ctpE homologues (that 
have recently been shown to be complementary in function (Gupta et al., 2017)), to as low as 
15% for M. tuberculosis ctpA and ctpE, each having their distinct cation specificities. While in-
silico analyses provide predictions as to the specificity of these ATPases, these data require 
validation through biochemical characterisation, which has been one of the aims of this 
present study. Analysis of M. smegmatis cation profiles within this work, demonstrated 
changes in calcium abundance upon disruption of ctpF gene expression in older cultures, in 
concurrence with the literature that CtpF is most likely a calcium transporting P-type 
ATPase. 

In a review of Mycobacterium tuberculosis metal regulation (Agranoff and Krishna, 
2004) CtpF was discussed with CtpE, CtpH and CtpI concerning conserved motifs in 
transmembrane helices five and six “NXGE and QXXWXNXXTD” being associated with 
Ca2+ transport in eukaryotic species. While the NXGE motif mentioned is present in the 
mycobacterial CtpF proteins and the SERCA1A protein of O. cuniculus (Figure 2.2), the 
CtpF proteins do not contain full identity to the QXXWXNXXTD” motif and are lacking 
the final residue “D” (aspartate). The alignment data presented in figure 2.2 (page 34) 
comparing the CtpF proteins with several eukaryotic Ca2+ P-type ATPases demonstrated the 
presence of several adjacent “T and S” (threonine and serine) residues in CtpF, which could 
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play a role in cation interactions due to their (albeit weaker) polar properties. As a point of 
discussion, due to the recent identification of CtpE as a calcium uptake P-type ATPase 
(Gupta et al., 2017), the alignment from figure 2.2 was repeated and the mycobacterial CtpE 
proteins (MS_5636 and RV_0908) were included in the alignment (Figure 2.17). The Ca2+ 
transporting PMR1 proteins of H. sapiens and S. cerevisiae lack the “NXGE” motif 
highlighted by Agranoff and Krishna (2004), and neither of the identified calcium 
coordination motifs are present in CtpE proteins indicating that a different mechanism is 
involved in coordinating calcium in CtpE compared to CtpF and their eukaryotic relatives.  

This work was unable to demonstrate unambiguous transport of calcium by CtpF of 
M. smegmatis, yet work the Gupta et al. (2017) has reported the role of CtpE in mycobacterial 
calcium transport (Gupta et al., 2017). From this, it can be surmised that CtpE and CtpF 
may represent a redundancy in the M. smegmatis calcium homeostasis network and that 
further work in a double knockout system with complementation or establishment and 
validation of an effective dCas9 knockdown would prove useful in the elucidation of the 
role(s) of CtpF and CtpE in mycobacterial physiology. At present, ctpE and ctpF sgRNA 
expressing vectors using the Streptococcus pyogenes dcas9 system (Singh et al., 2016) have been 
generated and preliminarily tested (Figure 2.16), but remain to be validated appropriately for 
future work and analysis in this area. However, a newer single vector system, using 
Streptococcus thermophilus dCas9 instead of the dual vector S. pyogenes system, has become 
available since completion of this research, and is comparably more efficient with better 
knockdown and less off-target toxicity in M. smegmatis and M. tuberculosis that would be far 
more suitable for continuing this work (McNeil and Cook, 2019; Rock et al., 2017). 

Although the operonic expression of hyd3 and ctpF under DosR control reported 
previously (Berney et al., 2014a; Berney et al., 2014b), there has been no evidence for a direct 
link in function between CtpF and Hyd3 in M. smegmatis. Assessment of the expression of 
ctpF and hyd3 using RT-qPCR under both normoxic and hypoxic conditions was performed 
to confirm this operonic link further, and that both genes are upregulated in hypoxic cultures 
and not normoxic cultures (Figure 2.9). This study did not detect variations in rates of whole-
cell uptake of nickel when ctpF expression was disrupted (Figure 2.10), even though it was 
initially observed that deletion of ctpF reduced accumulation of calcium, and to a lesser extent, 
nickel in older stationary cultures. From this result, it is clear that CtpF does not transport 
nickel and the observed change in cellular nickel is indirectly related to the expression of ctpF, 
and indicates that CtpF in M. smegmatis does not transport Ni for the function of the [NiFe] 
hydrogenase Hyd3. 
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Figure 2.17 Alignment of M. smegmatis and M. tuberculosis CtpF and CtpE proteins with 
eukaryotic calcium transporting P-type ATPases. Combined alignment data from Figure 2.2 
and mycobacterial CtpE proteins Msmeg_5636 and RV_0908. Red indicates higher 
conservation and blue represents lower sequence conservation. The consensus is shown for 
residues conserved in at least 6 of the 7 protein sequences. Annotated with core P-type 
ATPase motifs (boxed) and known calcium-binding residues from Oryctolagus cuniculus 
(European rabbit) Ca2+ transporting P-type ATPase SERCA isoform 1A (Norimatsu et al., 
2017)(*).  
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Figure 2.17 (continued).   
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Figure 2.17 (continued).   
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There has been no examination of whether or not the deletion of ctpF impacts on the 
biochemical activity of Hyd3 in M. smegmatis, but Hyd3 function has been described 
previously in fermentative hydrogen production under hypoxia and reductive stress (Berney et 
al., 2014a). Even though this would prove interesting from an environmental perspective, 
such work was beyond the scope of this thesis. Future assessment of the role of CtpF in 
calcium uptake, based on both the current results and predictions of CtpF function from the 
literature requires experiments measutring the uptake radioactive calcium to clarify. 
Examination of radioactive calcium transport would also need to look comparatively at 
transport in both whole-cells and inverted membrane vesicles, as the direction of potential 
transport by CtpF also remains unknown. A previous examination of CtpF in M. smegmatis 
(Ayala-Torres et al., 2015; Pulido et al., 2014) focused on over-expression of CtpF in the 
wild-type background and reported stimulation of ATPase activity by calcium, sodium and 
potassium ions in membrane vesicles, but the examination of ATP stimulation by other 
cations including nickel was not undertaken (Ayala-Torres et al., 2015).  

Within the interrogation of the cation homeostasis profile of M. smegmatis wild-type, 
distinct differences were observed between normoxic and hypoxic batch cultures. Trace 
elements comprised less than 1.2% of the total cation profiles quantified, and this fraction was 
the most variable. Older hypoxic cultures of wild-type M. smegmatis contained higher levels of 
Ca, K and Cu, along with lower levels of Fe, compared to normoxic cultures. Of note in 
regards to Ca and indeed the other cations examined in this study, is that ICP-MS analysis 
quantifies the total levels of an element relative to total biomass in the experiments of this 
study. Thses data were then translated into an internal concentration assuming a constant 
internal volume previously described in M. smegmatis cultures using partitioning of 3H2O and 
[14C] Taurine, to be 3.45 ± 0.59 µL (mg protein)-1 (Rao et al., 2001). Therefore, it is 
acknowledged that any strain-specific variance in internal volume cannot be accounted for in 
these data sets, without further examination using a method similar to that of Rao et al., to 
calculate the internal volume for each strain (Rao et al., 2001).  

In this study, M. smegmatis demonstrated a total cellular calcium ([tCa2+]) range of 
~100 µM to ~3 mM under different conditions. ICP-MS analysis does not distinguish 
between free cytosolic calcium and stored calcium, and while there is a moderate amount of 
research reported on calcium in eukaryotes and other prokaryotes, there is a paucity of data on 
calcium and mycobacteria. In E. coli, signalling through free cytoplasmic calcium ([fCa2+]) has 
been measured in a study on chemotaxis using the fluorescent dye “fura-2” (Tisa and Adler, 
1995), of which [fCa2+] was observed in the 90 ± 10 nM range resting and [fCa2+] was 
transiently increased or decreased in response to chemo-attractants and repellents respectively, 
reaching peaks approaching the µM range. Gangola and Rosen (1987) in a similar manner to 
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Tisa and Adler (1995), reported [fCa2+] levels of E. coli in the 90 ± 10 nM range (Gangola and 
Rosen, 1987; Tisa and Adler, 1995). They then presented data suggestive of tight regulation 
of intracellular calcium, dependent on PMF and using the radioisotope [45Ca2+] and the fura-
2 dye to demonstrate stable [fCa2+] concentrations in response to increased extracellular levels, 
while [tCa2+] reached mM concentrations. Subsequently, research with Bacillus subtilis 168 
reported resting internal [fCa2+] in the 90 ± 10 nM range (Herbaud et al., 1998), and a study 
of Pseudomonas aeruginosa PAO1 reported [fCa2+]also in the 90 ± 10 nM range (Guragain et 
al., 2013). From these data, [fCa2+] in M. smegmatis is likely to be in the nM range and bound 
calcium levels are higher, in the µM-mM range, in response to the various environmental 
conditions M. smegmatis cultures can be subjected to in laboratory settings. 

Prokaryotes, in general, contain an array of predicted and, to a lesser extent, 
characterised calcium-binding proteins (Domínguez et al., 2015). Prediction of these proteins 
is through bioinformatics relative to eukaryotic orthologues, which are reported to be involved 
in diverse cellular processes from signalling and gene expression to metabolism and motility. 
Dominguez and colleagues referred to a review of calcium homeostasis in eukaryotes 
(Zampese and Pizzo, 2012), which discussed the regulation of calcium, not just in terms of 
magnitude, but also spatial and temporal fluctuations that generate diverse signalling profiles 
that influence intercellular and intracellular physiology in eukaryotes. From the consideration 
of the previous literature and current observations, it is clear that characterisation of the 
molecular inventory of cations is an excellent first step, yet one of many on the path to 
understanding the complexity of bacterial calcium homeostasis. Use of quantification methods 
that discriminate free cytosolic cations from stored cations, is the logical next step to develop a 
better understanding of ion homeostasis in not just mycobacteria but other species as well.  

Overall, calcium homeostasis mechanisms are expected to involve transporters and 
channels for flux and binding/storage proteins that maintain equilibrium between [fCa2+] to 
[tCa2+] within the cell discrete from the external environment. Primarily, previous studies have 
reported high-affinity Ca2+ transport by P-type ATPases such as those investigated within 
this study, or low-affinity transport by mechano-sensitive channels such as MscL studied in 
the cyanobacterium Synechocstis sp. PCC 6803, which demonstrated Ca2+ efflux in the 
presence of K+ and the K+ ionophore valinomycin (Nazarenko et al., 2003). The calcium 
homeostasis data from thie present study reported here aligns with reported calcium 
homeostasis data (Domínguez et al., 2015). A review of eukaryotic calcium signalling 
(Clapham, 2007) comprises an excellent portrait of calcium, its roles in protein and higher 
structure physiology and roles in cellular systems. Modulation of [fCa2+] is a useful tool in 
many physiological situations, from balancing electrochemical gradients, protein charges and 
conformations, to cell signalling (Clapham, 2007). While useful,[fCa2+] can also be toxic in 
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excess through various chemistries, including phosphate precipitation, therefore [fCa2+] is 
tightly controlled in intracellular compartments and limited to approximately the 100 nM 
range (Clapham, 2007). 

This knowledge can be used to inform and provide a general understanding of calcium 
homeostasis in M. smegmatis, with the aim of future research to develop a more explicit model 
of how mycobacteria sense, respond to and utilise calcium. Regarding the CtpF and CtpE 
proteins of M. smegmatis, if CtpE is responsible for calcium uptake as reported (Gupta et al., 
2017), then inversely CtpF is responsible for calcium export under intracellular excess. Such as 
when [fCa2+] is unable to be buffered by the storage proteins present in Mycobacteria. Such as 
those containing motifs akin to EF-hand proteins (Zhou et al., 2006). This hypothesis would 
account for the lack of observable growth phenotype in the ΔctpF background in this study 
and points to CtpF being one of possibly several redundant or antagonistic proteins being 
involved in calcium flux. 

The present study also observed shifts in Fe and Cu levels in response to external and 
environmental stimuli. Iron usually requires chelators for solubility, transport and controlled 
biochemistry in biological systems, e.g., haem containing proteins such as haemoglobin, 
myoglobin and cytochromes or iron-sulfur cluster containing proteins such as hydrogenases 
and ferredoxins, among others (Crichton and Pierre, 2001). Copper has two vital roles in 
cellular biochemistry; electron transfer and dioxygen transport/activation, e.g., cytochrome c 
oxidase (complex IV) and superoxide dismutase (Crichton and Pierre, 2001). Free cytoplasmic 
copper is quickly sequestered or exported by bacterial cells, as previously reported in studies of 
copper resistance (Rowland and Niederweis, 2013; Ward et al., 2010; Ward et al., 2008; 
Wolschendorf et al., 2011; Zhao et al., 2014).  

The primary regulators of copper resistance/homeostasis mechanisms belong to the 
copper inactivated CsoR/CueR transcriptional repressor family, and most copper-containing 
proteins are membrane-associated, or found in the periplasmic/extracellular space. P-type 
ATPases are one mechanism of copper efflux and provide a means of resistance to 
environmental copper (Ward et al., 2008), there are also several multicomponent chaperones 
and efflux systems reported such as E. coli CusCFBA (Macomber and Imlay, 2009; Rensing 
and Grass, 2003). Efflux systems for copper, including P-type ATPases, have affinity and 
transport rates reflective of their functional roles within the cell. Several P-type ATPases such 
as CtpA have been proposed to deliver copper ions to secreted/exported cuproproteins 
(Hassani et al., 2010). In instances of copper delivery, the transport rates are significantly 
lower than for dedicated tolerance transporters and do not contribute to tolerance of 
environmental copper (Raimunda et al., 2011). Whereas CtpV has been shown to prevent 
toxic accumulation of copper in M. tuberculosis, CtpV is encoded with a copper responsive 
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regulator RV_0967 (Ward et al., 2010; Ward et al., 2008). Soluble periplasmic cuproproteins 
include CopA and CueO (multicopper oxidase) (Macomber and Imlay, 2009; Rensing and 
Grass, 2003; Rowland and Niederweis, 2013), and cysteine-rich copper sequestration 
metallothionein proteins, although rare in bacteria, as opposed to eukaryotes have been 
identified in M. tuberculosis such as MymT (Rowland and Niederweis, 2012). All of these 
copper homeostasis components are relevant due to the presence of environmental copper and 
also from a disease perspective. Copper overload is a proposed host defence mechanism 
against bacteria such as M. tuberculosis (Rowland and Niederweis, 2012), Listeria species and 
Pseudomonas species (Ghasemian et al., 2015), and, as such, has fueled interest in copper as an 
antimicrobial agent (Steinhauer et al., 2018). 

The increased cellular copper observed in M. smegmatis under hypoxia suggests that 
more cuproproteins are present. Microarray data from M. smegmatis previously published 
(Berney and Cook, 2010) contained six annotated copper-associated genes, one being the P-
type ATPase ctpA (Msmeg _5014), along with copper resistance operon copCD and three 
copper-containing oxidases, including a copper-zinc superoxide dismutase sodC. The other 
copper oxidases and ctpA were upregulated in response to slow growth and low oxygen 
tension, along with cytochrome C oxidase family genes. Hypothetically, cupro-enzymes 
would be useful under the low oxygen tension and under reduced iron availability observed in 
hypoxic cultures, where total cellular iron levels drop by over 50% (Figures 2.6 and 2.7).In 
Salmonella enterica serovar Typhimurium P-type ATPase CopA (with 39% identity to M. 
smegmatis CtpA) is required for activation of the periplasmic superoxide dismutase CII 
(SodCII) (Osman et al., 2013), which acts to detoxify superoxide including macrophage 
released superoxide during phagocytosis (Rushing and Slauch, 2011). From these data, a 
similar loading of Cu-Zn superoxide dismutase may exist in M. smegmatis/M. tuberculosis via 
the CtpA P-type ATPase. 

Thus, increases in copper and decreases in iron seen in hypoxic M. smegmatis cultures 
fits with the hypothesis of minimising redox stresses by increasing the utilisation of [Cu-Zn] 
dependent oxidases over [Fe] dependent oxidases. A well-known key host defence mechanism 
in limiting bacterial proliferation is the sequestration of iron (Zhou et al., 1999). Therefore, 
utilisation of other metal co-factors provides an adaptive mechanism to circumvent iron 
limitation. This phenomenon is applicable both in infection models and environmental 
models where iron might be at reduced bioavailability, such as alkaline soils and soils where 
rapid cycling between oxic and anoxic conditions occurs (Berney et al., 2014a). These 
observations, based on the intracellular cation profiles of M. smegmatis, and previous research, 
no doubt demonstrate the usefulness of this study as a resource for future study of homeostasis 
in mycobacteria.  



 

 69 

Chapter 3: Energetics of potassium 
homeostasis in Mycobacterium smegmatis and 

Mycobacterium tuberculosis 
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Abstract 
Potassium homeostasis is a critical component of bacterial physiology, essential for 

several cellular processes, including pH homeostasis, osmolarity and maintenance of the 
membrane potential. Therefore, understanding the interactions and regulation of the 
pathways and complexes responsible for modulating intracellular potassium is vital for 
research. Mycobacterium tuberculosis and Mycobacterium smegmatis have two characterised 
potassium uptake pathways, the low-affinity, NADH-energised TrkAB system and the high-
affinity (ATP-driven) KdpFABC complex. TheKdpFABC complex is a multi-subunit P-type 
ATPase like CtpF (covered in chapter 2), regulated by the two-component regulatory system 
KdpDE. This chapter aimed to characterise potassium homeostasis and energetics in the 
wild-type and the ΔtrkA mutant under hypoxia and normoxia. Further exploration was made, 
on the effects of anti-tubercular compounds with putative potassium energetics-disrupting 
capabilities in the wild-type and the ΔtrkA mutant.  

The ΔtrkA mutant demonstrated reduced viability and persistence under long-term 
hypoxia and growth was undetectable on solid medium at 43-d post-inoculation compared to 
the wild-type. Exit from hypoxia resulted in a ~2.5-log increase in viable cell counts in the 
wild-type (from ~102 to ~104) after 48-h, while the ΔtrkA mutant went from undetectable to 
~102 CFU/mL, demonstrating a significant phenotypic deviation from wild-type. The ΔtrkA 
mutant consistently demonstrated reduced intracellular potassium concentrations (~10-50%) 
and elevated intracellular sodium concentrations (~10-30%), compared to the wild-type under 
hypoxic and normoxic conditions, through inductively coupled plasma mass spectroscopy 
(ICP-MS) analysis. No other cation concentrations surveyed were affected in the ΔtrkA 
mutant except magnesium, which increased 2-fold under potassium-limited conditions 
compared to the wild-type.  

A two-plasmid CRISPR/Cas system was used to knockdown expression of the sensor 
kinase gene kdpD, which is responsible for controlling the expression of the kdpFABC operon 
with its phosphor-relay partner gene kdpE to establish a model system with no direct 
potassium uptake mechanisms. The aim was to probe the phenotype of the ΔtrkA mutant 
using CRISPR/Cas in the ΔtrkA mutant background, but technical limitations prevented the 
establishment of the kdpD knockdown construct in the ΔtrkA mutant background (see pages 86 
and 106). In the wild-type background, the results demonstrated that in potassium-limited 
minimal medium (~0.2 mM K+) kdpD expression was induced 82-fold and kdpA expression 
induced 160-fold compared to potassium-replete medium (7 mM K+). The induction of 
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CRISPR/Cas knockdown of kdpD (wild-type background) in potassium-limited medium, 
reduced kdpD expression by 99% and kdpA expression by 99.9% with no significant inhibition 
of growth in the wild-type.  

The epithelial sodium channel (ENaC) drug amiloride is a diuretic that has been 
repurposed for the anti-tubercular properties of several of its derivative compounds with 
adducts on the core pyrazine ring of its structure and bedaquiline is an anti-tubercular drug 
with putative potassium energetics disrupting effects. The wild-type and the ΔtrkA mutant 
were exposed to these compounds to characterise their effect on potassium homeostasis. 
Bedaquiline exposure resulted in 2-fold or higher increase in intracellular sodium, calcium, 
manganese, iron, nickel and copper in both strains, while the ΔtrkA mutant had increased 
magnesium (~28 mM) and potassium (~126 mM) compared to the wild-type (~15 mM and 
~107 mM respectively). The wild-type also accumulated ~2-fold more copper (~198 µM) 
than the ΔtrkA mutant (~113 µM) in response to bedaquiline exposure. Additionally, the 
ΔtrkA mutant was more susceptible to the amiloride derivatives HM2-16F (6-benzofuryl-
amiloride) and BB2-50F (5-hexamethylene, 6-benzofuryl-amiloride) than the wild-type. The 
addition of sodium and potassium to the medium partially rescued both strains from the 
inhibitory effects of BB2-50F, an effect that was reduced in the ΔtrkA mutant. Mycobacterium 
tuberculosis was exposed to BB2-50F at sub-MIC (16 µM) concentrations and ICP-MS 
analysis of cation homeostasis performed. The intracellular cation profile of M. tuberculosis, 
like M. smegmatis, was dominated by sodium (~10-70 mM), potassium (~3-4 mM) and 
magnesium (~200-600 µM). At the same time, copper calcium zinc and manganese were 
present in the range of ~1-25 µM concentrations, iron concentrations ranged from ~20-200 
µM and cobalt and nickel were present in sub-micromolar concentrations. Short-term 
exposure (6-h) to BB2-50F reduced intracellular concentrations of manganese and iron by 
~90% each and copper, cobalt, zinc and magnesium by ~60% each. Exposure to BB-50F had 
a short-term high impact effect on cation inventory of M. tuberculosis that was not observed 
after 24-h exposure suggestive of an adaptation response to BB-50F. 

These findings provide insights into potassium related physiology in mycobacteria and 
build the foundations of a broad model for future research. Potassium and potassium 
homeostasis are crucial components of mycobacterial physiology. The disruption of potassium 
homeostasis had far-reaching implications for growth, persistence and multi-drug 
susceptibility.  
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Introduction 
The importance of bacterial intracellular potassium homeostasis has been 

demonstrated in several species, primarily in neutrophilic species; E. coli, S. enterica 
Typhimurium and B. subtilis, which have become the main models of study for potassium 
homeostasis (Bakker and Mangerich, 1983; Booth, 1999; Bossemeyer et al., 1989; Dosch et 
al., 1991; Epstein and Davies, 1970; Epstein and Kim, 1971; Gundlach et al., 2018; 
Gundlach et al., 2017a; Gundlach et al., 2017b). Potassium has fundamental roles in pH 
homeostasis and in providing tolerance to anionic stresses (Booth, 1999; Russell and Diez-
Gonzalez, 1998; Trchounian and Kobayashi, 1999). In contrast intracellular sodium is more 
critical for pH homeostasis in alkaliphilic bacteria (Krulwich et al., 1994).  

Roles and mechanisms of potassium uptake. Potassium acts as a secondary messenger 
in bacteria and as an osmotic solute. As an osmotic solute, potassium acts to provide cell 
turgor and, as such turgor is a signal of intracellular potassium availability, therefore systems 
that sense cell turgor are effectively able to transduce responses to imbalances in osmolarity 
and potassium homeostasis (Epstein, 2003). Osmotic up-shock results in stimulation of 
potassium uptake in bacteria; this has been postulated to be a universal response to the loss of 
turgor and is transient (Epstein, 2003). The movement of potassium across biological 
membranes is a rapid and ubiquitous mechanism to facilitate changes in cell turgor, while the 
accumulation of polar solutes is a subtle and stable, yet a slower mode of osmotic regulation 
(Wood, 2006). The role of potassium as an osmotic solute is coupled to the role of glutamate 
(Gundlach et al., 2018; Wood, 2011), which acts as the central amino group donor in 
nitrogen metabolism for bacteria and is the most abundant central metabolite (Bennett et al., 
2009; Gundlach et al., 2018). Glutamate has been reported to comprise ~30% of the core 
metabolite pool in glucose-fed E. coli, whereas glutamine comprised ~3% and a-ketogluterate 
~0.3% (Bennett et al., 2009). Glutamate is required for the synthesis of arginine, and proline, 
which are also osmoprotectants and play roles in pH homeostasis, as well as high salt stress 
(Gundlach et al., 2018). Alongside the many active pathways for potassium and pH 
homeostasis the constituents of cell membranes and their inherent permeability are passive 
mechanisms of maintaining internal buffering capacity and limiting the flux of potassium, 
sodium, protons and other cations to create physiological gradients (Booth, 1999).  
 Besides passive uptake of potassium when external availability is high, active uptake of 
potassium in bacteria is mediated by energy-driven transporters such as the TrkA/TrkB 
(transport of K+) and K+ uptake (Kup) systems in E. coli (Trchounian and Kobayashi, 1999) 
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and the orthologous Ktr (K+ transport) system found in Staphylococcal species and 
Corynebacterium glutamicum (Gries et al., 2013; Gries et al., 2016; Ochrombel et al., 2011), 
which are all low-affinity K+ transporters (Bossemeyer et al., 1989; Dosch et al., 1991). TrkA 
and TrkB are also found in species like M. smegmatis (Castaneda-Garcia et al., 2011), 
orthologous proteins CeoB and CeoC are found in M. tuberculosis (Cholo et al., 2006) and 
referred to as SapG, SapD and SapJ in S. enterica Typhimurium (Epstein, 2003; Frymier et 
al., 1997). Whereas, the bacterial endemic P-type ATPase KdpB from the KdpFABC 
complex, regulated by sensor/effector pair KdpD/KdpE provides high-affinity K+ uptake, 
which has been well studied in E. coli (Ballal et al., 2007; Becker et al., 2007; Frymier et al., 
1997; Greie, 2011; Greie and Altendorf, 2007; Heitkamp et al., 2009; Heitkamp et al., 2008; 
Irzik et al., 2011; Surmann et al., 2014). Other potassium importers include the high-affinity 
transporters CglK of C. glutamicum (Follmann et al., 2009a) and KimA found in Listeria 
monocytogenes, B. subtilis and Staphylococcus aureus (Gibhardt et al., 2019; Gundlach et al., 
2017b). 

Potassium efflux mechanisms. While potassium uptake serves as a rapid mechanism to 
increase turgor and modulate osmolarity on bacteria, in excess, intracellular potassium is toxic 
and needs to be regulated (Gundlach et al., 2017b). Efflux of intracellular potassium is 
primarily mediated by the Kef (K+ efflux) family of transporters and other mechano-sensitive 
channels such as MscL (Epstein, 2003). However, there is a paucity of information regarding 
the regulation of Kef channels outside of studies in E. coli. These E. coli studies have 
demonstrated that Kef family channels can be activated by glutathione conjugates during 
electrophile detoxification (Ferguson, 1999; Ferguson et al., 1995; Trchounian and 
Kobayashi, 1999). The efflux of intracellular potassium is reported to assist with the 
detoxification of methylglyoxal and other electrophilic compounds in E. coli. Methylglyoxal is 
detoxified by becoming conjugated to glutathione and creating hemi-thioacetal (HTA) that is 
processed by glyoxalases to regenerate free glutathione while converting the methylglyoxal 
moiety to D-lactate (Ferguson, 1999; Ferguson et al., 1995; Trchounian and Kobayashi, 
1999). Kef channels are activated by glutathione adducts such as HTA but also inhibited by 
free glutathione and the rapid efflux of potassium from the cell results in cytoplasmic 
acidification to below pH 7.4, shown to be essential for the survival of exposure to 
methylglyoxal in E. coli (Ferguson et al., 1995).  

Additionally, in the absence of Kef expression, weak acids have the same protective 
effect on the cells against methylglyoxal, but the specific mechanism of this protection is 
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unknown (Ferguson, 1999; Ferguson et al., 1995). Weak acids have been shown to acidify the 
cytoplasm of some bacteria and prevent potassium uptake (Bakker and Mangerich, 1983). 
Therefore, it is possible that cytoplasmic acidification, by any means, reduces the capacity of 
electrophiles to interact and damage structures in the cytoplasmic space while being detoxified 
by glutathione and glyoxalases. Methylglyoxal production in E. coli appears to signal the 
accumulation up of sugar-phosphate metabolites and low phosphate availability (Totemeyer 
et al., 1998). Similar methylglyoxal accumulation has been observed in M. smegmatis in 
response to the accumulation of sugar-phosphates from growth on short-chain fatty acids and 
anti-mycobacterial drug treatments (Baptista et al., 2018; Noy et al., 2016).  

Potassium, osmo-regulation and c-di-AMP (cyclic-di-Adenine-Mono-Phosphate). 
In the past decade, B. subtilis has become a model for the study of the regulatory interplay and 
roles of potassium and the second messenger c-di-AMP (Gundlach et al., 2018; Gundlach et 
al., 2015a; Gundlach et al., 2017a; Gundlach et al., 2017b; Gundlach et al., 2015b; Gundlach 
et al., 2016). The role of c-di-AMP in potassium homeostasis and osmoregulation has also 
been recognised in L. monocytogenes (Gibhardt et al., 2019), Lactococcus lactis (Quintana et al., 
2019) and S. aureus (Bai et al., 2014; Campeotto et al., 2015; Corrigan et al., 2013; Corrigan 
and Grundling, 2013). In B. subtilis, the second messenger c-di-AMP is produced by di-
adenylate cyclases (DACs), such as CdaA and can be degraded by phosphodiesterases (PDEs) 
like GdpP (Gundlach et al., 2015a). Potassium uptake can be switched off upon accumulation 
of c-di-AMP, which is produced in response to several stimuli, including high glutamate 
concentrations (Gibhardt et al., 2019). Potassium transport regulators such as KtrC and 
KdpD have been shown to bind [32P]labelled c-di-AMP and negatively regulate potassium 
uptake and L. monocytogenes (Gibhardt et al., 2019). Inhibition of the B. subtilis potassium 
importer KimA has also been observed through the ydaO-riboswitch binding by c-di-AMP 
(Gundlach et al., 2017b). The result of this c-di-AMP regulation mechanism in B. subtilis 
allows for rapid potassium accumulation and subsequent shutdown of potassium uptake once 
the optimal intracellular concentration has been reached (Gibhardt et al., 2019). At present, 
the role of c-di-AMP as a regulator of potassium homeostasis has not been explored in 
mycobacteria. 

Mycobacterial potassium homeostasis. M. smegmatis has two characterised active 
potassium uptake pathways, the low-affinity, NADH-energised TrkAB system (Castaneda-
Garcia et al., 2011) and the high-affinity (ATP-driven) KdpFABC complex. The KdpFABC 
complex is a multi-subunit, diphosphate-bond hydrolysis-driven P-type ATPase, like CtpF 
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(covered in chapter 2), regulated by the two-component regulatory pair KdpDE and both of 
these potassium uptake systems are present in M. tuberculosis (Ali et al., 2017) (where TrkAB 
is known as CeoBC) (Cholo et al., 2015). M. smegmatis has no characterised potassium efflux 
systems, and there are no studies on the interactions of potassium homeostasis with other 
physiological processes or the passive mechanisms of potassium uptake. The genes responsible 
for c-di-AMP production and degradation in mycobacteria have only recently been identified 
(Manikandan et al., 2014; Tang et al., 2015; Zhang and He, 2013; Zhang et al., 2013) and 
their broader role in mycobacterial physiology has not been thoroughly investigated. Apart 
from one report on TrkA (Castaneda-Garcia et al., 2011), and one Kdp study (Ali et al., 
2017) the majority of information relating to potassium homeostasis in M. smegmatis is 
extrapolated from M. tuberculosis studies on CeoBC and KdpFABCDE (Cholo et al., 2006; 
Cholo et al., 2015; Salina et al., 2014). 

Production of c-di-AMP in mycobacteria. The relationship between c-di-AMP and 
potassium homeostasis remains unexplored mycobacteria and is beyond the scope of this 
thesis. However, the topic needs to be addressed as it presents an area that requires attention. 
In M. smegmatis wild-type, the DAC DisA requires coordinated magnesium as a co-factor, is 
encoded by Msmeg_6080 and is negatively regulated by the radiation-sensitive RadA, which 
is encoded by the adjacent gene Msmeg_6079 (Tang et al., 2015; Zhang and He, 2013; 
Zhang et al., 2013). Msmeg_2630 is a phosphodiesterase (PDE) and is responsible for c-di-
AMP degradation to AMP (Tang et al., 2015). Over-expression of Msmeg_6080 results in 
M. smegmatis cells swelling, becoming sessile and aggregating (Zhang et al., 2013). The TetR 
family regulator DarR has been identified as a c-di-AMP-activated repressor in M. smegmatis 
that represses genes involved in fatty acid elongation (Zhang et al., 2013). In M. tuberculosis, 
DisA is encoded by Rv3586 and requires coordinated manganese, not magnesium as a co-
factor (Manikandan et al., 2014), while Rv2837c is the PDE gene (cnpB) (Manikandan et al., 
2014; Yang et al., 2014). The deletion of cnpB results in increased c-di-AMP production and 
secretion, inciting interferon-beta (IFN-b) production in macrophages and attenuated 
virulence in a mouse model (Yang et al., 2014). The reduction of c-di-AMP by M. tuberculosis 
DisA preferentially utilises ATP over ADP, but is allosterically inhibited by greater than 1 
mM intracellular ATP, rseulting in the reduction of cellular ATP availability by 30-60% is 
stimulatory to c-di-AMP production (Manikandan et al., 2014). 

Anti-tubercular compounds capable of disrupting potassium homeostasis. Several 
compounds with anti-tubercular activity have resulted in reported changes to potassium 
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homeostasis. These were: clofazimine, (Cholo et al., 2006), bedaquiline (Hards et al., 2018; 
Hards et al., 2015) and amiloride derivatives (Cragoe et al., 1967; Kleyman and Cragoe Jr, 
1988). Bedaquiline targets the mycobacterial F1F0 ATP synthase c-ring (Andries et al., 2005; 
Koul et al., 2007). The consequences of bedaquiline exposure include loss of intracellular 
potassium through electro-neutral exchange with protons and changes to central carbon 
metabolism: and long-term exposure is bactericidal (Koul et al., 2008) Amiloride targets 
epithelial sodium channels (ENaCs) through protonation at physiological pH of its acyl-
guanidine group (arginine-mimetic), which interacts with sodium binding sites (Schild et al., 
1997). Multiple amiloride derivatives have been generated for study (Kleyman and Cragoe Jr, 
1988).   

This chapter was aimed towards the characterisation of potassium homeostasis and 
energetics in M. smegmatis, and to build more foundational knowledge of mycobacteria 
specific physiology that is lacking compared to other well-known species such as E. coli 
(Epstein, 2016) and B. subtilis. To address these aims, this thesis has summarised the current 
understanding of potassium homeostasis and energetics in mycobacteria. This work has also 
built a foundational model of the physiological networks and pathways influenced by changes 
in potassium homeostasis in M. smegmatis, utilising the detailed reports available on 
potassium homeostasis from E. coli (Epstein, 2016; Greie, 2011; Heitkamp et al., 2009), B. 
subtilus (Gundlach et al., 2017b), and other species (Follmann et al., 2009a; Gibhardt et al., 
2019; Ochrombel et al., 2011). These collective aims were primarily achieved by creating 
disruptions in the M. smegmatis active transport systems KdpFABCDE and TrkAB and 
through the use of antimycobacterial compounds to evaluate the physiological importance of 
potassium regulation in mycobacteria. The results in this chapter have been presented with an 
in depth analysis in the context of mycobacterial physiology and broader bacterial pgysiology. 
The summary model proposed throughout this chapter includes the identification of putative 
potassium homeostasis mediators in M. smegmatis, and the identification of putative links 
between potassium homeostasis to central metabolism pathways. 
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Methods 
Methods specific to this chapter are included here, or otherwise are referenced to chapter 2. 

Bacterial strains, primers and oligonucleotides. Bacterial strains and plasmids used in 
this study are listed in Table 3.1, and for cultivation see chapter 2 (page 19). All primers and 
oligonucleotides were obtained from IDT and have been listed in Table 3.2. M. smegmatis 
batch cultures with a 1:3 volume to headspace ratio were used to test for compound 
inhibition. Cultures were inoculated at either 0.025/0.05 (OD600) and grown for 20-h with 
agitation at 200 RPM at 37 °C and their endpoint optical densities were measured. 
Attenuated M. tuberculosis mc2 6230 (Sambandamurthy et al., 2006) was cultivated in 
Middlebrook 7H9 (Difco) + 10% OADC (oleic acid, dextrose and catalase), 11 mM glucose 
(Table A.6 appendices page 129) and 50 µg/mL pantothenate in 125 mL Nalgene bottles (Cat: 
322020-0125) with agitation at 120 RPM at 37°C. M. tuberculosis strain mc2 6230 is an 
avirulent auxotroph approved for use under biosafety level 2 (BSL2) containment at the 
University of Otago, under approval number GMC100202. 

RNA extraction and RT-qPCR. M. smegmatis wild-type batch cultures were grown in 
modified HdeB with 11 mM glucose as the sole carbon and energy source ±7 mM KCl and 
with the dCas9 system (Singh et al., 2016) induced for 24-h (as described in chapter 2, page 25). 
These cultures had RNA extracted and cDNA synthesised for RT-qPCR (as described in 
chapter 2, page 21).. All other molecular biology methods, and genetic manipulations, 
including CRISPR/Cas gene knockdown used in this chapter, are also described within in 
chapter 2 (pages 19-21). 

Inductively Coupled Plasma Mass Spectrophotometry (ICP-MS). M. tuberculosis mc2 
6230 cultures were harvested by centrifugation of an OD600 equivalent of 0.5 and washed 
twice with PBS with 0.05% tyloxapol and 5 mM EDTA and twice without EDTA. The cell 
pellets were heat-killed and desiccated at 95 °C for 1-h under BSL2 containment, then 
transferred from containment and prepared for ICP-MS analysis (as described in chapter 2, 
page 26). 

Minimum inhibitory (MIC) and minimum bactericidal concentration (MBC) assays. 
MIC/MBC assays were performed in Greiner 96-well micro-titre plates (item: 650101). Test 
compounds were 2-fold serially diluted in fresh medium and inoculated with M. smegmatis at 
final OD600 0.005, sealed to prevent evaporation, incubated at 200 RPM at 37 °C for 48-h 
and visually checked for growth to determine MIC. MBC was measured both by spot plating 
5 µL onto solid medium and examining for growth after 24-h and by addition of the 
respiration/oxidation indicator resazurin at a final concentration of 0.02% (w/v) to the micro-
titre cultures, resealing them and assessing changes in indicator colour after 3-h agitation at 
200 RPM and 37 °C. 
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Table 3.1 Bacterial strains and plasmids used in this study 
Strain or 
plasmid 

Description Reference or Source 

Strains   
DH10B F-mcrA�(mrr-hsdRMS-mcrBC) �80d, lacZ, �M15, 

�lacX74, deoR, recA1, araD139, �(ara leu)7697, galU, 
galK, rpsL, endA1, nupG 

(Hanahan et al., 1991) 

DH10B::dCas9 DH10B with autonomous pRH2502 construct 
carrying dCas9 

This Study 

mc2 155 Wild-type electro-competent strain of M. smegmatis (Snapper et al., 1990) 
mc2 155::dCas9 wild-type with integrated pRH2502 construct carrying 

dCas9 
This Study 

�trkA wild-type with markerless deletion of Msmeg_2771 (Castaneda-Garcia et 
al., 2011) 

mc2 6230 H37Rv ΔRD1, ΔpanCD  (Sambandamurthy et 
al., 2006) 

   
Plasmids   
pRH2502 KanR, oriE, intL5, attPL5, integrates at attBL5 site, 

Pmyc1tetO-dCas9 dcas9 (D10A, H840A).  
(Singh et al., 2016) 
 

pRH2521 HygR, oriE, oriM, Pmyc1tetO-sgRNA, tetR. (Singh et al., 2016) 
pRH_mmpl3 pRH2521 derivative targeting mmpl3 Y. Shimaki 

unpublished 
pRX61 pRH2521 derivative targeting kdpF1 Protospacer +61 This Study 
pRX62 pRH2521 derivative targeting kdpF2 Protospacer +74 This Study 
pRX63 pRH2521 derivative targeting kdpD1 Protospacer +63 This Study 
pRX64 pRH2521 derivative targeting kdpD2 Protospacer +536 This Study 
pRX65 pRH2521 derivative targeting kdpD3 Protospacer +805 This Study 
pRX66 pRH2521 derivative targeting kdpD4 Protospacer +973 This Study 
pRX67 pRH2521 derivative targeting kdpE1 Protospacer +381 This Study 
pRX68 pRH2521 derivative targeting kdpE2 Protospacer +409 This Study 
pRX69 pRH2521 derivative targeting kdpE3 Protospacer +421 This Study 
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Table 3.2 Primers used in this study. 
Primer Name 5’-3’ Orientation Sequence 

CRISPR/Cas  
kdpF_sg61R AAACCACTGCTCTTCCCGGAGAGG 
kdpF_sg74R AAACGGAGAGGTTCTAGTGTCCCC 
kdpD_sg63R AAACGGCGTGGGAAAGACGTACGC 
kdpD_sg536R AAACGCTGTCTCACGGCAACGTGT 
kdpD_sg805R AAACAACTCATGGTGGTCCATGTG 
kdpD _sg973R AAACCCCAGTTGGTGCTCGGCACA 
kdpE_sg381R AAACGAGACCGATCAACCGGTCAT 
kdpE_sg409R AAACCATCGTTCACCGTTGATCTC 
kdpE_sg421R AAACTTGATCTCGCCGCGAAGAAG 
kdpF_sg61F GGGACCTCTCCGGGAAGAGCAGTG 
kdpF_sg74F GGGAGGGGACACTAGAACCTCTCC 
kdpD_sg63F GGGAGCGTACGTCTTTCCCACGCC 
kdpD_sg536F GGGAACACGTTGCCGTGAGACAGC 
kdpD_sg805F GGGACACATGGACCACCATGAGTT 
kdpD _sg973F GGGATGTGCCGAGCACCAACTGGG 
kdpE_sg381F GGGAATGACCGGTTGATCGGTCTC 
kdpE_sg409F GGGAGAGATCAACGGTGAACGATG 
kdpE_sg421F GGGACTTCTTCGCGGCGAGATCAA 
pRH2521_Screen_F AACGTTCTCGGCTCGATGATCC 
pRH2521_Screen R AGAACCAGTTGGCCTTCCTGTG 
RT-qPCR  
qTrkA F GATCCTGGGTATGGGCTTCG 
qTrkA R GAACGTTGAGCAACCTGTCG 
q1945 F CGTGGATGTGTTGCGGATTC 
q1945 R CCGTCGCATAGTAGAGGCAG 
q3665 F CGATTTCGAGGTGGTGGTCT 
q3665 R GACGATCGCGACGATGGAC 
Msm_5'sigA TGCCGATCTGCTTGAGGTAGG  
Msm_3'sigA TTCGTGTGGGACGAGGAAGAG 
Msm_5'kdpA GCGACTACATGTACCGCGTCTA 
Msm_3'kdpA TGGTGTTGGTGACGAAGCTGA 
Msm_5'kdpD ACCCACGGACGCAAGAACA 
Msm_3'kdpD GCACGTTCACCGTCGAGATCA 
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Results 
The deletion of trkA reduces survival under hypoxia in a rich growth medium. The 

ΔtrkA mutant strain of M. smegmatis has a previously reported phenotype, consisting of a 
reduced growth rate of 0.77 ± 0.02 relative to wild-type (growth rate of 1.0) on Middlebrook 
7H9 medium (Castaneda-Garcia et al., 2011).No examination of the ΔtrkA mutant has been 
made under hypoxia. Therefore, a principal aim was to characterise the growth rate and 
survival of the ΔtrkA mutant under hypoxia in sealed serum vials. Both the wild-type and the 
ΔtrkA mutant reached hypoxia after 32-36-h in rich medium (LB), after which point OD600 
and viability measurements (CFU/mL) were made from 48-h post-inoculation. Both strains 
had similar culture densities to each other as their OD600 declined with the age of the cultures, 
which was examined up to 43-d post-inoculation (Figure 3.1.A). However, the ΔtrkA mutant 
had significantly reduced CFU/mL compared to wild-type at all time points. 

The ΔtrkA mutant reached a peak population of 1.09 x 107CFU/mL followed by 
population decline (to below the limit of detection) compared to wild-type, which reached a 
peak population of 4.96 x 107 CFU/mL (Figure 3.1.B). Upon breaking hypoxic conditions 
and re-equilibrating these cultures to normoxia, the wild-type and the ΔtrkA mutant 
presented resuscitation of viable (actively dividing) cell populations above the limit of 
detection (Figure 3.1.C). In the 48-h following exit from hypoxia, wild-type cultures had a 
significant increase in actively dividing cells of 0.125% (330 CFU/mL to 6.2 x 104 CFU/mL), 
and ΔtrkA had a significantly different viable cell population increase of 0.00353% (<100 
CFU/mL to 385 CFU/mL), demonstrating that the ΔtrkA mutant strain had reduced 
viability. If this increase in viable/actively dividing cells were simply a function of active 
growth, the wild-type would have undergone ~9 divisions with an average replication time of 
~5.3-h and the ΔtrkA mutant would have undergone 3-6 cell divisions with an average 
replication time of ~8-16-h, demonstrating limitation in the capacity to return to a 
viable/actively replicating state by ΔtrkA.  

The cation profiles of hypoxic wild-type and the ΔtrkA mutant indicate that alteration 
of potassium homeostasis influences cell viability. Following the observation that around 10-
12-d post-inoculation under hypoxic conditions, there were significant drops in viable cell 
counts in the ΔtrkA mutant (Figure 3.1.B). The next aim was to determine if there were 
alterations to cation homeostasis from loss of TrkA function. Assessments of optical density 
and viable cell counts were made at 48- and 240-h (10-d) post-inoculation in serum vials with 
modified HdeB (Table A.1.) medium using 11 mM glucose as the sole carbon and energy 
source and 7 mM KCl. 
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Figure 3.1. Analyses of survival and 
resuscitation under hypoxia in the wild-
type and the ΔtrkA mutant of M. smegmatis.  
A, optical density assessment at 600 nm of 
growth of three biological replicates 
presented as the mean with error bars 
representing SD, for hypoxic cultures of 
wild-type and ΔtrkA up to 43-d post-
inoculation in LB medium from 48-h once 
hypoxia was established at 32-36-h. Entry 
to hypoxia indicated by the dashed vertical 
line, visually confirmed by methylene blue 
decolourisation as previously described 
(Berney and Cook, 2010). B, assessment of 
viability in wild-type and ΔtrkA (from A) 
entry to hypoxia indicated by the vertical 
dashed line. The limit of detection (LOD) 
is indicated at 102 CFU/mL, ΔtrkA dropped 
below the LOD at 43-d, at all time-points 
the statistical significance between the 2 
strains was P £ 0.05. C, viability data from 
43-d post-inoculation (boxed in B) under 
hypoxia and 48-h after exiting from hypoxia 
by aseptically exchanging the serum vial 
headspace for free atmosphere. The 
resuscitated populations were compared 
statistically using 2-way ANOVA, one of 
the three biological replicates from wild-
type was discontinued, resulting in the data 

set having two samples with the same CFU/mL values (330 CFU/mL). Therefore no error 
bars are visible for this time point.  
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HdeB is chemically defined with a single consistent carbon source and alteration of the anion 
and cation types is achievable in HdeB to limit variables. ICP-MS was employed to 
characterise the cation profiles of the cultures. Wild-type and ΔtrkA cultures demonstrated 
similar optical densities at 48-h post-inoculation. However, the ΔtrkA mutant had a 
significantly lower optical density in older 10-d cultures (Figure 3.2.A). Viability assessments 
showed that the ΔtrkA cultures had 3 orders of magnitude fewer viable cells at both time 
points (Figure 3.2.B). The cation profiles of the two different stage cultures for the two 
strains showed common trends (Figure 3.2.C and D). Firstly, changes were observed in the 
levels of the transition metals; iron, manganese and zinc (Figure 3.2.D), indicative of a switch 
away from redox stress-inducing iron, to the more stable cofactors of manganese and zinc 
under hypoxia. The loss of TrkA function resulted in significantly reduced intracellular 
potassium (~25%) and increased sodium (~13%) in ΔtrkA mutant cultures compared to the 
wild-type. At 10-d post-inoculation, the wild-type and ΔtrkA mutant cultures had 20.93 mM 
and 279 mM intracellular potassium and sodium respectively, while the ΔtrkA mutant had 
15.6 mM and 314 mM intracellular potassium and sodium respectively. This change in 
concentrations corresponded to a 13.4:1 sodium to potassium ratio in the wild-type and 
20.2:1 ratio in the ΔtrkA mutant (Figure 3.2.E), demonstrating changes in monovalent cation 
homeostasis as a result of disruption of TrkA function. 

Potassium-limitation in M. smegmatis induces the expression of a secondary high-
affinity potassium uptake system. The data from hypoxic cultures showed a reduction in the 
intracellular potassium concentrations in the ΔtrkA mutant compared to wild-type (Figure 
3.2.C). It has been previously reported that the supplementation of Middlebrook 7H9 
medium with 50-200 mM KCl rescued the growth of the ΔtrkA mutant relative to wild-type 
(Castaneda-Garcia et al., 2011). Therefore, the next aim was to look at the changes in 
intracellular cation concentrations when potassium was depleted from the external medium. 
The chemically defined HdeB medium was modified, using sodium orthophosphates in place 
of potassium orthophosphates (Table A.1 see appendices page 120) to maintain a consistent 
buffering capacity and KCl addition was used to define the potassium concentrations in these 
experiments. This modified HdeB medium was verified using ICP-MS (Table A.4. see 
appendices page 127) to quantify the cation composition of the uninoculated medium 
compared to standard HdeB. The analyses of LB medium cation concentrations have been 
presented in Table A.4 (see appendices page 127), which were assayed from four individual 
preparations to determine a potassium-replete concentration to utilise in minimal medium. 
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Figure 3.2. Analysis of growth yield and comparative ICP-MS analyses of the M. smegmatis 
ΔtrkA mutant and wild-type under hypoxia. A, optical density at 600 nm of growth of wild-
type and ΔtrkA, under short-term (48-h) and long-term hypoxic (10-d) conditions in 
potassium replete HdeB medium with 11 mM glucose as the sole carbon and energy source in 
sealed serum vials. B, population viability counts from the same hypoxic cultures. C, the 
intracellular profiles of sodium (Na), magnesium (Mg) and potassium (K) levels from these 
cultures expressed in mM. D, the intracellular profiles of Calcium (Ca), manganese (Mn), 
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn) levels from the same cultures 
expressed in µM .E, sodium to potassium concentration ratios for the two strains at the two 
culture ages. All data are from four biological replicates presented as the mean with error bars 
representing SD. Significance was assessed using T-tests and discovery determined using the 
two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with False Discovery 
Rate (FDR) = 1%. Each row was analysed individually, without assuming a consistent SD. * P 
≤ 0.001 and ‡ P = 0.0032.  
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Growth at 48-h post-inoculation of wild-type and the ΔtrkA mutant was compared in 
potassium-limited (~0.2 mM) minimal medium, with potassium-replete (~7 mM) minimal 
medium under normoxic conditions. The results demonstrated that in the ΔtrkA mutant 
culture optical density (1.70 ± 0.12 and 1.81 ± 0.10) was comparable to wild-type (2.03 ± 0.24 
and 1.63 ± 0.15), yet in the ΔtrkA mutant culture viable counts were 2-3 orders of magnitude 
lower than the wild-type (Figure 3.3.A and B). Under potassium-limited conditions, there 
was an increase in intracellular potassium (64.24 mM upshift to 110.43 mM) in the ΔtrkA 
mutant, to concentrations seen in the wild-type (109.23-113.28 mM), by a secondary 
mechanism (presumably KdpFABC) (Figure 3.3.C). Intracellular sodium and magnesium 
levels were also elevated (253.36 mM and 30.60 mM, respectively) compared to the wild-type 
(193.32 mM and 20.38 mM respectively). Aside from the alterations to the Na, Mg and K 
levels, there were no other significant cation alterations between the two strains under 
potassium-limitation (Figure 3.3.C/D). 

Targeting the high-affinity potassium uptake operon kdpFABCDE in M. smegmatis 
wild-type using CRISPR/Cas knockdown. From the data collected for the DtrkA mutant and 
previous reports (Castaneda-Garcia et al., 2011), it was clear that disruption of TrkA function 
had a detrimental effect on fitness (Castaneda-Garcia et al., 2011) and survival during long-
term hypoxia (Figure 3.1.B and Figure 2.3). There were also phenotypic differences under 
potassium-limitation compared to the wild-type (Figure 3.3) (Castaneda-Garcia et al., 2011). 
The increase in intracellular potassium concentrations during potassium limitation appeared 
to be driven by a secondary active mechanism in the absence of TrkA/TrkB-mediated 
potassium-uptake (Figure 3.3.C). In M. tuberculosis, the absence of the trkA genes ceoB and 
ceoC resulted in up-regulation of the kdp operon (Cholo et al., 2015). As described earlier, 
TrkA is part of the low-affinity potassium uptake pathway in M. smegmatis, whereas the 
KdpFABC complex and its cognate response regulators KdpDE are responsible for mediating 
high-affinity uptake of potassium under potassium-limited conditons. Therefore, was the next 
aim was the characterisation of either a double knockout or a knockdown of the kdpFABCDE 
operon (Msmeg_5391 to Msmeg_5396) in the DtrkA mutant background, to observe the 
phenotypic effects of disrupting both of these active potassium uptake pathways 
simultaneously. The system used for knockdown was a dual vector system based on an S. 
pyogenes CRISPR/Cas system that has been codon optimised for use in mycobacterial species 
(Singh et al., 2016). The nucleotide sequences from the kdpFABCDE operon were used to 
identify and screen protospacers in the non-coding strand that would result in knockdown of 
transcripts, based on the protospacer-adjacent motif (PAM) of this system (5’-“CCN” from 
the non-coding strand). 
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Figure 3.3. Analyses of the effects of potassium-limitation on the wild-type and the ΔtrkA 
mutant of M. smegmatis. A, optical density at 600 nm of wild-type and the ΔtrkA mutant (48-
h), in potassium limited (~0.2 mM) minimal medium (HdeB) and potassium-replete (~7 
mM)minimal medium with 11 mM glucose as the sole carbon and energy source. B, viable 
cell counts from these cultures. C, intracellular concentrations of sodium (Na), magnesium 
(Mg) and potassium (K) in mM. D, intracellular concentrations of Calcium (Ca), manganese 
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn) expressed in µM. Data 
presented are of four biological replicates presented as the mean with error bars representing 
SD. Significance was assessed using T-tests and discovery determined using the two-stage 
linear step-up procedure of Benjamini, Krieger and Yekutieli, with False Discovery Rate (FDR) = 
1%. Each row was analysed individually, without assuming a consistent SD. * P ≤ 0.001.   
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Several short-guide RNAs (sgRNAs) were designed and cloned for each target gene to 
provide redundancy in the event of knockdown being unsuccessful when tested. A total of 5, 
60 and 35 protospacers were screened, and 2, 4 and 3 protospacers were selected to create 
sgRNAs from kdpF, kdpD and kdpE respectively (Figure 3.4 and Figures A.2, A.3 and A.4). 
Selected protospacers (as described in chapter 2 methods, page 25) had a minimum of 5 base-
pairing mismatches to genomic off-target loci, as protospacers meeting these criteria have 
been demonstrated to be good candidates for a knockdown, with minimal chances of off-
target effects (Singh et al., 2016). RT-qPCR amplicons were also designed for kdpA, kdpD 
and kdpE (Figure 3.4) for use in validating kdp gene knockdown. 

Expression of a kdpD specific sgRNA for CRISPR/Cas gene knockdown does not 
result in a growth defect in M. smegmatis. The integrative pRH2502 vector containing the 
dcas9 cassette was electroporated into the wild-type strain and maintained using 5 µg/mL 
kanamycin. The vector pRH2502 integrates at the M. smegmatis attB site adjacent to 
Msmeg_4676, which encodes a tRNAGLY (Pena et al., 1996). The resulting wild-type strain 
mc2 155::dcas9 was generated for hosting the sgRNA vectors targeting the kdpFABCDE 
operon. The same system was unable to be established in the ΔtrkA mutant due to 
compatibility issues stemming from its altered multi-drug suseptibility (Castaneda-Garcia et 
al., 2011) (Discussed further on page 106). For validation of the system, appropriate controls 
were used. The negative control was the empty pRH2521 vector. The positive control was a 
sgRNA targeting M. smegmatis mmpl3, disruption of Mmpl3 function results in growth 
defects in M. tuberculosis, through disruption of the mycobacterial outer membrane (Li et al., 
2014; McNeil and Cook, 2019; Tahlan et al., 2012). Growth kinetics data for the positive 
and negative controls were gathered before further testing, showing the anhydrotetracycline 
(ATc) induction-factor specific growth defects by targeting mmpl3 in the wild-type 
background (Figure 3.5.A). The vector pRX66 was electroporated into wild-type and used to 
express a sgRNA for target gene kdpD at position +973 of the kdpD coding sequence 
highlighted in Figure 3.4. Endpoint growth was examined by measuring optical density in 
potassium-limited and replete conditions. In the absence of sgRNA induction by ATc, there 
were no growth defects in wild-type carrying the control vectors or pRX66 (Figure 3.5.B). 
When the cultures were supplemented with 200 ng/mL ATc (final concentration), the 
induction of mmpl3-specific sgRNA expression resulted in a growth rate defect (Figure 
3.5.A), but no growth rate defect was seen upon induction of kdpD-specific sgRNA 
expression from pRX66 (Figure 3.5.B). Knockdown of mmpl3 using this CRISPR/Cas system 
has been validated by RT-qPCR in M. smegmatis wild-type in figure 2.16.A/B (chapter 2 pages 
59-60).  
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Figure 3.4. The design of short guide RNAs (sgRNAs) for kdp operon knockdown. A, the 
kdpFABCDE operon of M. smegmatis (not to scale), nine CRISPR/Cas protospacers (green 
lines) that were selected based on screening criteria are labelled underneath the genes, named 
based on the binding location within the coding sequence of gene itself. For example, 
“kdpF+61” (far left) binds at position 61in the kdpF coding sequence. B, the sequences for the 
9 selected protospacers, 2 for kdpF, 4 for kdpD and 3 for kdpE. The protospacer-adjacent 
motifs (PAMs) are highlighted (red) in the non-coding strand, as are the protospacer 
sequences (blue), 3 different PAMs are among these 9 selected protospacers, and multiple 
protospacers were selected per gene to provide redundancy. C, the protospacer target used for 
knockdown was kdpD+973 (boxed), as KdpD is the sensor kinase unit responsible for 
initiating signalling to activate kdpFABCDE expression though KdpE binding of the 
promoters.   

kdpEkdpDkdpCkdpBkdpAkdpF

+63 +536 +805 +973 +381
+409

+421+61 +74

kdpA qPCR 
amplicon

kdpD qPCR 
amplicon

5’CCGCACTGCTCTTCCCGGAGAGG
3’GGCGTGACGAGAAGGGCCTCTCC - template strand

- non-coding strand

5’CCCGGAGAGGTTCTAGTGTCCCC 
3’GGGCCTCTCCAAGATCACAGGGG 

kdpF+74

kdpF+61

kdpE qPCR 
amplicon

5’CCCGGCGTGGGAAAGACGTACGC 
3’GGGCCGCACCCTTTCTGCATGCG  

kdpD+63

5’CCGGCTGTCTCACGGCAACGTGT 
3’GGCCGACAGAGTGCCGTTGCACA 

kdpD+536

5’CCGAACTCATGGTGGTCCATGTG 
3’GGCTTGAGTACCACCAGGTACAC 

kdpD+805

5’CCACCCAGTTGGTGCTCGGCACA 
3’GGTGGGTCAACCACGAGCCGTGT 

kdpD+973

5’CCCGAGACCGATCAACCGGTCAT 
3’GGGCTCTGGCTAGTTGGCCAGTA 

kdpE+381

5’CCACATCGTTCACCGTTGATCTC 
3’GGTGTAGCAAGTGGCAACTAGAG 

kdpE+409

5’CCGTTGATCTCGCCGCGAAGAAG 
3’GGCAACTAGAGCGGCGCTTCTTC 

kdpE+421

A

B C



 

 88 

Figure 3.5. Targeting of sensor kinase gene kdpD using a S. pyogenes CRISPR/Cas system in 
M. smegmatis and analysis of the effects on kdp and trk gene expression. A, optical density 
measurement of growth on LB medium up to 46-h. at 600 nm, for the wild-type carrying 
either pRH2521 (negative control), pRH2521::mmpl3 (positive control) with or without 
sgRNA induction using anhydrotetracycline (final concentration 200 ng/mL). Demonstrating 
growth rate inhibition by targeting the essential gene mmpl3, which has since been validated 
in M. tuberculosis using knockdown with a different dCas9 system (McNeil and Cook, 2019). 
See figure 2.16 in chapter 2 (pages 58-59) for RT-qPCR validation of mmpl3 knockdown. B, 
endpoint optical density assessment of growth in a potassium-limited and potassium-replete 
medium of wild-type carrying pRH2521, pRH::mmpl3, or pRX66 (kdpD-specific sgRNA) 
with/without ATc induction. C, RT-qPCR determination of relative transcript abundance 
for kdpD and kdpA in response to the growth in a potassium-limited and potassium-replete 
medium in the absence of ATc. D, Transcript abundance for kdpD and kdpA in the wild-type 
background in the presence of pRX66 relative to the negative control with and without 
induction. E, Expression of trkA, Msmeg_1945 and Msmeg_3665 under the same conditions 
as the knockdown of kdpD/kdpA gene expression shown in D. All expression was normalised 
to the housekeeping gene sigA. Data presented are representative of three biological replicates 
presented as the mean with error bars representing SD. Statistical significance was examined 
using t-tests and discovery determined using the two-stage linear step-up procedure of 
Benjamini, Krieger and Yekutieli, with False Discovery Rate (FDR) = 1%. Each row was 
analysed individually, without assuming a consistent SD. * P≤0.001 
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Figure 3.5. (Legend on the previous page) 
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RT-qPCR demonstrated the upregulation of kdpD in response to potassium-
limitation, and the successful CRISPR/Cas knockdown of kdpD expression was coupled to 
the downstream downregulation of kdpA gene expression. In the absence of an apparent 
growth defect upon system induction for the kdpD sgRNA, RT-qPCR was performed to 
determine whether there was knockdown of kdpD or kdpA expression in ATc supplemented 
cultures of wild-type carrying pRX66. The data showed that in cultures grown in potassium-
limited medium, kdpD and kdpA gene expression increased ~82x and ~160x respectively, 
relative to cultures grown in potassium-replete medium (Figure 3.5.C). In cultures with the 
kdpD-specific sgRNA induced knockdown and with limited K+, the expression of kdpD 
transcripts was reduced by 2-orders of magnitude relative to the control, coupled with 3-
orders of magnitude reduction in kdpA expression (Figure 3.5.D). The kdpFABCDE operon is 
controlled by the sensor kinase KdpD and response regulator KdpE, through binding activity 
within the promoter region upstream of kdpF demonstrated in M. smegmatis (Ali et al., 2017) 
and highlighted in Figure A.4. The effect of kdpD-specific sgRNA on kdpD and kdpA 
expression was reduced in potassium replete medium, with no significant reduction in kdpD 
expression and only a single order of magnitude reduction in kdpA expression was seen 
(Figure 3.5.D). 

The expression patterns of trkA and “trk-related” genes, Msmeg_3665 and 
Msmeg_1945 in response to CRISPR/Cas knockdown of kdpD and potassium-limitation. 
Expression of the kdp operon has previously been demonstrated to be induced in M. 
tuberculosis in the absence of TrkA function, (Cholo et al., 2015), but the response of trkA 
expression or any novel trk-domain containing genes in the absence of kdpFABC or kdpDE 
gene expression under limited K+ availability has not been characterised in M. smegmatis. The 
expression of trkA and two genes containing trk-domains identified by BLASTn search 
(Msmeg_1945 and Msmeg_3665) of M. smegmatis wild-type were examined alongside the 
validation of kdpD knockdown (Figure 3.5.D). Induction of kdpD-knockdown by addition of 
ATc did not result in any expression changes of these genes in the wild-type relative to the 
control. However, a significant 2-fold increase in the expression of trkA was seen under 
potassium limitation, irrespective of kdpD-knockdown (Figure 3.5.E).  

Sodium and potassium were the only cations whose intracellular concentrations are 
significantly altered by the deletion of trkA and the loss of low-affinity potassium uptake. The 
examination of the cation profiles of the ΔtrkA mutant and wild-type in this study utilising 
ICP-MS consistently demonstrated that the ΔtrkA mutant had significantly increased internal 
sodium levels at the expense of internal potassium (Figure 3.2.C, Figure 3.3.C and Figure 
3.6.B). The datasets from these experiments were collated in Table 3.3, for the wild-type and 
the ΔtrkA mutant in normoxic and hypoxic cultures growth in potassium-limited and 
potassium replete media from mid-exponential phase to late hypoxia.   
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Table 3.3 Collated ICP-MS data across experimental conditions for internal sodium and 
potassium concentrations of M. smegmatis 

Condition Wild-type ΔtrkA mutant 
 [Na+] mM [Na+] mM 

K+ replete, normoxia 20-h 143 ±4 177 ±8 
K+ replete, normoxia 48-h 215 ±16 246 ±13 
K+ limited, normoxia 48-h 193 ±11 253 ±11 
K+ replete, hypoxia 48-h 207 ±3 234 ±12 
K+ replete, hypoxia 10-d 279 ±19 314 ±6 

 [K+] mM [K+] mM 
K+ replete, normoxia 20-h 114 ±2 83 ±3 
K+ replete, normoxia 48-h 109 ±1 64 ±2 
K+ limited, normoxia 48-h 113 ±2 101 ±1 
K+ replete, hypoxia 48-h 55 ±2 28 ±1 
K+ replete, hypoxia 10-d 21 ±2 16±0.4 

 ([Na+]+[K+]) mM/Ratio ([Na+]+[K+]) mM/Ratio 
K+ replete, normoxia 20-h 256 ±12 (1.25:1) 260 ±11 (2.12:1) 
K+ replete, normoxia 48-h 324 ±17 (1.97:1) 310 ±15 (3.83:1) 
K+ limited, normoxia 48-h 307 ±23 (1.71:1) 355 ±12 (2.50:1) 
K+ replete, hypoxia 48-h 262 ±4 (3.76:1) 263 ±13 (8.36:1) 
K+ replete, hypoxia 10-d 300 ±21 (13.95:1) 330 ±6 (20.93:1) 

Summary data from the experiments in this study looking at changes in total internal sodium 
and potassium under both hypoxia and normoxia with replete (~7 mM) potassium availability 
and also compared to normoxia with limited potassium availability (~0.22 mM) in HdeB with 
11 mM glucose as the sole carbon and energy source. Data presented are expressed as the 
mean ± SD.   
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Internal potassium concentrations ranged from ~15-115 mM, and sodium ranged from ~140-
315 mM. The sodium to potassium ratio ranged from 1.25:1 to 13.95:1 in wild-type, while in 
the ΔtrkA mutant, the ratio ranged from 2.12:1 to 20.93:1. Despite these differences between 
the strains, the total internal monovalent cation pool (Na+ + K+) remained relatively constant. 
These data signify that sodium was being used to compensate for potassium-limitation and 
the lack of uptake capacity in the ΔtrkA mutant. 

Examination of multi-drug suseptibility in the ΔtrkA mutant of M. smegmatis 
demonstrates an increased sensitivity to the novel amiloride derivative HM2-16F. Previous 
characterisation of the ΔtrkA mutant demonstrated increased susceptibility to the hydrophilic 
drugs isoniazid and kanamycin, while in contrast conveying increased resistance to the 
hydrophobic drugs rifampicin and novobiocin (Castaneda-Garcia et al., 2011). These changes 
in multidrug susceptibility were hypothesised to be due to changes in the membrane potential 
and cation gradients (ΔΨ and ΔpH) from reduced intracellular potassium in the absence of 
TrkA (Castaneda-Garcia et al., 2011). To build on these previous experimental observations 
by Castannneda-Garcia at al., the ΔtrkA mutant and the wild-type were subjected to MIC 
and MBC assays against a panel of compounds that facilitate membrane permeability and 
interfere with energetics.  

Test compounds used to examine multi-drug susceptibility of the ΔtrkA mutant 
included; the protonophore/oxidative-phosphorylation inhibitor CCCP (carbonyl cyanide m-
chlorophenyl hydrazone), the F1F0-ATP synthase inhibitor and H+/K+ ionophore bedaquiline 
(Hards et al., 2018; Hards et al., 2015), clofazimine which has been implicated in disrupting 
K+ homeostasis (Cholo et al., 2006), the hexamethyl amiloride (HMA) derivative BB2-50F 
and the amiloride derivative HM2-16F (Figure A.1). Amiloride targets epithelial sodium 
channels (ENaCs) through protonation at physiological pH of an acyl-guanidine group 
(arginine-mimetic), which interacts with sodium binding sites (Schild et al., 1997). The 
assessment of MIC and MBC values for bedaquiline, BB2-50F and HM2-16F demonstrated 
lower MIC values against the ΔtrkA mutant compared to wild-type (Table 3.4). The MIC of 
HM2-16F was 4-fold lower in the ΔtrkA mutant. However, when the presence of metabolic 
activity was tested by addition of the indicator dye (resazurin) and MBC values was assessed 
by plating on solid media, only HM2-16F was more bactericidal in the ΔtrkA mutant (Table 
3.4). 

The effects of exposure to the F1F0 ATP aynthase inhibitor bedaquiline on cation 
homeostasis in batch culture of M. smegmatis wild-type and the ΔtrkA mutant. The previous 
examination of the effect of challenging M. smegmatis wild-type with the F1F0 ATP synthase 
inhibitor bedaquiline 2 mg/L (~3.6 µM) demonstrated rapid killing from ~3-5 days post-
exposure on the defined medium (HdeB glycerol) compared to rich medium (LB) and 
transcriptional profile changes. 
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Table 3.4. M. smegmatis wild-type and ΔtrkA mutant MIC and MBC 
 wild-type ΔtrkA mutant 

Compound MIC resazurin *plated MIC resazurin *plated 
CCCP 16 µM 32 µM 32 µM 16 µM 32 µM 32 µM 
bedaquiline 2 nM 2 nM 2 nM 1 nM 2 nM 2 nM 
BB2-50F 16 µM 2 µM 16 µM 2 µM 2 µM 16 µM 
HM2-16F 32 µM 16 µM 32 µM 4 µM 8 µM 16 µM 
clofazimine 8 µM 16 µM 16 µM 16 µM 16 µM 16 µM 
 

*MBC was measured both by plating 5 µL of culture onto solid LB medium and 
examining for growth after 24-h and by supplementing the micro-titre cultures with the 
respiration/oxidation indicator resazurin at a final concentration of 0.02% w/v resealing them 
and examining changes in indicator colour after 3-h incubation at 200 RPM and 37 °C.  

Data presented are the result of three independent experiments performed in three 
biological replicates and technical duplicates. BB2-50F HM2-16F, bedaquiline and 
clofazimine were prepared in DMSO, CCCP in 50% methanol. There were six uninoculated 
negative control wells per plate, three standard medium positive controls and inoculated three 
vehicle-control wells containing media with 10% (final conentration) DMSO. 
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During exposure to bedaquiline, growth slows as ΔpH is collapsed, while leaving membrane 
potential intact (Hards et al., 2015). Based upon this data and the previous characterisation of 
the ΔtrkA mutant (Castaneda-Garcia et al., 2011), it was hypothesised that ΔtrkA might 
respond differently to bedaquiline exposure and that differences in cation homeostasis could 
be captured using ICP-MS. Upon examination of the acute effects on M. smegmatis from the 
addition of 2 µM bedaquiline in normoxic batch culture, both strains demonstrated growth 
restriction based on optical density, the ΔtrkA mutant reached a lower optical density 
compared to wild-type (Figure 3.5.A). There was a statistically significant 2-3 log lower 
CFU/mL seen for the ΔtrkA mutant in untreated and treated cultures (Figure 3.6.B). 
However, wild-type cultures reached 1-log higher CFU upon bedaquiline exposure compared 
to the control, representing a difference in response to bedaquiline compared to the ΔtrkA 
mutant (Figure 3.6.B). At the end of the experiment (20-h post-inoculation), the ΔtrkA 
mutant and wild-type had similar dry-mass yield, untreated (~80 mg/L) and treated (~0.20 
mg/L) with bedaquiline (Figure 3.6.C). In the untreated cultures a reduction in internal 
potassium and an increase in sodium concentrations was observed in the ΔtrkA mutant 
(Figure 3.6.D). There were no other cation profile changes observed compared to the 
untreated wild-type (Figure 3.6.D/E). 

Both strains exposed to bedaquiline demonstrated significant increases (2-fold or 
higher) in sodium, calcium, iron, manganese, nickel, copper and zinc concentrations (Table 
3.5/Figure 3.6.E). In the wild-type, potassium concentrations did not change significantly 
(114 ± 2 to 107 ± 5 mM), while in the ΔtrkA mutant they increased significantly (83 ± 3 to 
126 ± 8. mM) with bedaquiline addition (Table 3.5/Figure 3.6.E). Likewise, in the wild-type, 
magnesium concentrations dropped (20.5 ± 0.4 to 15 ± 0.2 mM), but in the ΔtrkA mutant, 
they increased significantly (19.6 ± 0.5 to 28 ± 2 mM) in response to bedaquiline exposure 
(Table 3.5/Figure 3.6.E). Copper concentrations in the wild-type increased from 36 ± 2.4 
mM to 198 ± 24 mM (6-fold) compared to 43.6 ± 4.1 mM to 113 ± 14 mM (3 fold) in ΔtrkA, 
indicating that accumulation of copper was significantly impaired in the ΔtrkA background 
(Table 3.5/Figure 3.6.E). 

HM2-16F is a more effective inhibitor of ΔtrkA growth than BB2-50F. Challenge of 
the ΔtrkA mutant and wild-type with 20 µM BB2-50F (~1 x MIC) in HdeB glucose 
normoxic cultures inoculated atOD600of 0.05 for ~20-h inhibited both strains (Figure 3.7.A), 
resulting in growth being restricted to an OD600of 0.15.  
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Figure 3.6. The effect of bedaquiline exposure on cation homeostasis in M. smegmatis wild-
type and the ΔtrkA mutant. A) M. smegmatis cultures were grown for 20-h in normoxic batch 
culture in HdeB with 11 mM glucose as the sole carbon and energy source. Each culture was 
inoculated at a starting OD600of 0.025 with or without 2 µM (1.1 mg/L) bedaquiline (~1000 x 
MIC), then endpoint optical density (OD600) of the cultures was measured. B) the viability 
counts from the same cultures in CFU/mL were also assessed using serial dilution in fresh 
medium and spot plating. C) dry-mass data from the same cultures in mg of protein per mL 
of culture. D) intracellular cation profiles of the wild-type and the ΔtrkA mutant without 
bedaquiline exposure were calculated by ICP-MS analysis. E) the intracellular cation 
concentrations in the wild-type and the ΔtrkA mutant with bedaquiline addition relative to 
the controls (from D) were calculated and presented as fold changes on a log2 scale. Statistical 
significance was calculated between wild-type and the mutant, changes 2-fold or higher in 
response to bedaquiline exposure for one or both strains being regarded as significant. Data 
presented are the mean of three biological replicates ± SD and statistical significance was 
examined using T-tests and discovery determined using the two-stage linear step-up 
procedure of Benjamini, Krieger and Yekutieli, with False Discovery Rate (FDR) = 1%. Each 
row was analysed individually, without assuming a consistent SD. * P≤0.001. 
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Figure 3.6 (Legend on the previous page) 
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Table 3.5. Summary of the effects of bedaquiline exposure on cation homeostasis in M. 
smegmatis wild-type and the ΔtrkA mutant (from Figure 3.6) 
 Wild-type ΔtrkA mutant 
 Untreated Treated Untreated Treated 
Na (mM) 143 ± 4 310 ± 48 177 ± 8 442 ± 11 
Mg (mM) 20.46 ± 0.4  14.95 ± 0.22  19.59 ± 0.45  27.97 ± 2.3  
K (mM) 114 ± 2 107 ± 5 83 ± 3 126 ± 8 
Ca (µM) 278 ± 16 1120 ± 166 347 ± 21 1260 ± 218 
Mn (µM) 172 ± 3.39  498 ± 108 185 ± 4 585 ± 148 
Fe (µM) 1775 ± 43 6060 ± 1024 1930 ± 31 6850 ± 1450 
Co (µM) 15 ± 0.2 12.4 ± 0.4 17.1 ± 0.2 20.9 ± 1.8 
Ni (µM) 0.61 ± 0.02  5.01 ± 1.27  0.68 ± 0.03  3.52 ± 0.3  
Cu (µM) 36. ± 2.4 198 ± 24 43.6 ± 4.1 113 ± 14 
Zn (µM) 404 ± 2.60 788 ± 124 439 ± 35 959 ± 179 

 
These data were taken from figure 3.6.D and E, normoxic exponential cultures (~20-h post-
inoculation) grown in HdeB 11 mM glucose as the sole carbon and energy source from a 
starting OD600 of 0.025. Untreated cultures had no additive and treated cultures were exposed 
to 2 µM (1.1 mg/L) bedaquiline at inoculation. Cultures were harvested and prepared for 
ICP-MS analysis. Data presented are the mean of three biological replicates ± SD. 
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Figure 3.7. Assessment of growth inhibition in M. smegmatis wild-type and the ΔtrkA mutant 
exposed to the anti-tubercular compounds CCCP, bedaquiline, BB2-50F and HM2-16F. A) 
Wild-type and the ΔtrkA mutant grown in universals containing 5 mL HdeB with 11 mM 
glucose as the sole carbon and energy source. Cultures were inoculated at an OD600 of 0.05 
and grown for 20-h with 200 RPM agitation and with addition of 4% final concentration 
DMSO (untreated/vehicle control), 200 µM CCCP exposure, 5 µM bedaquiline exposure, 40 
µM HM2-16F exposure (1 x wild-type MIC, see Table 3.4, page 95), 20 µM BB2-50F 
exposure (1 x wild-type MIC, see Table 3.1) and 20 µM BB2-50F with 0.5 M sodium or 
potassium. B) Comparison of wild-type and the ΔtrkA mutant grown in universals containing 
5 mL HdeB with 15 mM succinate as the sole carbon and energy source. Cultures were 
inoculated at an OD600 of 0.05 and grown for 20-h with 200 RPM agitation, with and 
without 20 µM BB2-50F exposure. Data presented are the mean of three biological replicates 
± SD and statistical significance was examined using t-tests and discovery determined using 
the two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with False 
Discovery Rate (FDR) = 1%. Each row was analysed individually, without assuming a 
consistent SD. * P≤0.001 
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While, 40 µM HM2-16F exposure restricted the ΔtrkA mutant growth to OD600of 
0.18 and wild-type growth reached OD600 of 1.2, demonstrating an increased sensitivity of the 
ΔtrkA mutant to HM2-16F compared to wild-type (Figure 3.7.A), as was also seen in the 
MIC data (Table 3.4). exposure to 200 µM CCCP was inhibitory to both strains, limiting 
growth an OD600 of 0.17 and 5 µM bedaquiline was also inhibitory to both strains, inhibiting 
growth by >50%; wild-type OD600 was 1.0 and the ΔtrkA mutant OD600 was 1.5 compared to 
an OD600~3.5 in the controls. (Figure 3.7.A). 

Previous research has demonstrated the rescue of growth inhibition in the ΔtrkA 
mutant by addition of external potassium to the growth medium (Castaneda-Garcia et al., 
2011). Hypothetically, the addition of sodium or potassium to the medium would antagonise 
or synergise with BB2-50F, the exposure of the wild-type and the ΔtrkA mutant with 20 µM 
BB2-50F and 0.5 M KCl or NaCl resulted in wild-type growth reaching an OD600 of 2.18 
and 2.55 respectively (Figure 3.7.A). In the ΔtrkA mutant, the addition of 0.5 M potassium or 
sodium with BB2-50F exposure resulted in an OD600 of 1.11 and 1.48 respectively, 
demonstrating that sodium and potassium were antagonistic to BB2-50F, with sodium being 
a more effective antagonist (Figure 3.7.A). Sodium addition reduced BB2-50F inhibition of 
the ΔtrkA mutant by ~41% and of the wild-type by ~72%, while potassium addition reduced 
BB2-50F inhibition of the ΔtrkA mutant by ~31% and of wild-type by ~61%, demonstrating 
rescue. The effect of BB2-50F on the ΔtrkA mutant and wild-type was also examined on an 
alternative carbon and energy source (15 mM succinate) (Figure 3.7.B).On succinate, the 
wild-type grew to an OD600 of 0.5 in the presence of 20 µM BB2-50F, compared to the 
control, which grew to an OD600 of 2.6.BB2-50F inhibition of the ΔtrkA mutant on succinate 
was the same as on glucose, with OD600 <0.25 (Figure 3.7.B). 

The effect of BB2-50F exposure on cation homeostasis of Mycobacterium tuberculosis. 
While the hexamethylene amiloride derivative BB2-50F had a significant impact on the 
growth of the saprophytic M. smegmatis wild-type and the ΔtrkA mutant (Figure 3.7.A), the 
effects that BB2-50F would have on the intracellular pathogen M. tuberculosis were of interest, 
and the next aim became to assess cation homeostasis in M. tuberculosis cultures with BB2-
50F exposure. Testing the effects of BB2-50F on M. tuberculosis was done using the 
attenuated (pantothenate auxotrophic) strain mc2 6230. These experiments in M. tuberculosis 
were designed in collaboration with James Cheung and samples were collected and prepared 
in Class two biological safety cabinets for ICP-MS by James Cheung. Cultures were grown 
up and resuspended in fresh medium at OD600 0.5 and exposed to either 0.25 x or 0.1 x MIC 
of BB2-50F, (based on the MIC of BB2-50F in M. tuberculosis mc2 6230 of 16 µM) for 6- or 
24-h simulating short-term and long-term exposure and then sampled for ICP-MS analysis. 
Both of the exposure concentrations of BB2-50F had similar effects on the intracellular cation 
profiles of mc2 6230 after 6-h exposure (Figure 3.8).  
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Figure 3.8. The effect of BB2-50F exposure for 6-h on cation homeostasis in M. tuberculosis. 
Cultures were grown to OD600 0.5-1.0 and normalised to OD600 0.5 in fresh medium 
containing either DMSO (vehicle control) or DMSO with 0.25 x MIC (4 µM) or 0.10 x 
MIC (1.6 µM) BB2-50F and exposed for 6-h before being harvested and prepared for ICP-
MS analysis. A), intracellular concentrations (mM) of Na and K. B), intracellular 
concentrations (µM) of Ca, Mn and Zn. C), intracellular concentrations (µM) of Mg and Fe. 
D), intracellular concentrations (µM) of Co, Ni and Cu. Data presented are the mean of 
three biological replicates ± SD and statistical significance was examined using t-tests and 
discovery determined using the two-stage linear step-up procedure of Benjamini, Krieger and 
Yekutieli, with False Discovery Rate (FDR) = 1%. Each row was analysed individually, 
without assuming a consistent SD. * P≤0.001. These experiments in M. tuberculosis were 
designed in collaboration with James Cheung and samples were collected and prepared in 
Class two biological safety cabinets for ICP-MS by James Cheung. 
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The intracellular sodium concentrations increased in both exposed cultures by ~2-fold from 
12.5 mM to >50 mM. Intracellular potassium concentrations were lower with BB2-50F 
exposure, but statistically, these changes were non-significant (Figure 3.8.A). Manganese 
concentrations decreased by 2-orders of magnitude (~20 µM to <0.2 µM) (Figure 3.8.B), iron 
(234 µM to <15 µM) (Figure 3.8.C) and cobalt (~500 nM to <10 µM) concentrations 
decreased by 1-order of magnitude, and zinc (31 µM to <7.5 µM) (Figure 3.8.B), magnesium 
(581 µM to <215 µM) (Figure 3.8.C) and copper (7.6 µM to <1.5 µM) (Figure 3.8.D) 
concentrations were also affected. In contrast to the short term exposure of only 6-h the data 
from the 24-h long-term exposure indicated that cation homeostasis had recovered or adapted 
to the changes observed at 6-h exposure to BB2-50F (Figure 3.9). Specifically, only iron 
concentrations were reduced and calculated as statistically significant after 24-h, decreasing 
from 18 µM in control data to <12 µM in both of the exposed test conditions (Figure 3.9.C). 
Compared to the significantly altered concentrations of sodium, magnesium, manganese, 
iron, cobalt, copper and zinc observed after 6-h of BB2-50F exposure described above (Figure 
3.8).  
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Figure 3.9. The effect of BB2-50F exposure for 24-h on cation homeostasis in M. 
tuberculosis. Cultures were grown to OD600 0.5-1.0 and normalised to OD600 0.5 in fresh 
medium containing either DMSO (vehicle control) or DMSO with 0.25 x MIC (4 µM) or 
0.10 x MIC (1.6 µM) BB2-50F and exposed for 24-h before being harvested and prepared for 
ICP-MS analysis. A), intracellular concentrations (mM) of Na and K. B), intracellular 
concentrations (µM) of Ca, Mn and Zn in µM. C), intracellular concentrations (µM) of Mg 
and Fe. D), intracellular concentrations (µM) of Co, Ni and Cu. Data presented are the mean 
of three biological replicates ± SD and statistical significance was examined using t-tests and 
discovery determined using the two-stage linear step-up procedure of Benjamini, Krieger and 
Yekutieli, with False Discovery Rate (FDR) = 1%. Each row was analysed individually, 
without assuming a consistent SD. * P≤0.001. These experiments in M. tuberculosis were 
designed in collaboration with James Cheung and samples were collected and prepared in 
Class two biological safety cabinets for ICP-MS by James Cheung.   
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Discussion 
This work has examined aspects of both the Trk and the Kdp systems involved in 

potassium homeostasis in M. smegmatis and the effects of several compounds that have 
proposed impacts on potassium energetics and cation homeostasis in mycobacteria. The ΔtrkA 
mutant has altered intracellular potassium and sodium homeostasis, which resulted in 
impaired survival in hypoxic culture conditions and impaired revival of populations exposed to 
extended hypoxia. The ΔtrkA mutant demonstrated changes in sensitivity to several amiloride 
derivative compounds that have been repurposed for their anti-tuberculosis activity. The 
intracellular cation homeostasis responses are different in the ΔtrkA mutant compared to wild-
type grown in the presence of the the ATP-synthesis inhibitor bedaquiline. These findings 
build on the importance of potassium homeostasis to mycobacterial physiology and cellular 
homeostasis while providing the groundwork for further examination of the effects that 
disrupting intracellular potassium homeostasis can have on growth and persistence. The 
discussion aims to consolidate the findings of the present study reported in this thesis based in 
M. smegmatis, and its relevance compared to other model species used to study potassium 
homeostasis and pH homeostasis. This discussion will also postulate further links between 
regulation of potassium homeostasis, pH, osmolarity, membrane potential, amino acid 
metabolism and stress responses in mycobacteria concerning other model species. 

The ΔtrkA mutant has been previously characterised, which demonstrated several 
physiological outcomes of the ΔtrkA mutation in Middlebrook 7H10 and 7H9 defined 
medium (Castaneda-Garcia et al., 2011). It was demonstrated that ΔtrkA had a reduced 
growth rate (0.77 ± 0.02) compared to wild-type (1.0) that could be rescued by external KCl 
addition, membrane hyper-polarisation, increased susceptibility to pH stress and changes in 
sensitivities to a range of antibiotics. It was observed that the ΔtrkA mutant was more sensitive 
to isoniazid, nigericin and kanamycin; while becoming resistant to hydrophobic compounds 
like rifampicin (Castaneda-Garcia et al., 2011). This current work has focused primarily on 
adaptation to hypoxia, long-term survival and endpoint growth of wild-type and the ΔtrkA 
mutant and not on growth kinetics as they have previously been established (Castaneda-
Garcia et al., 2011). The present examination of the molecular cation inventory of the wild-
type and the ΔtrkA mutant revealed reduced intracellular potassium concentrations (~10-50%) 
and elevated sodium concentrations (~10-30%) in the ΔtrkA mutant under a range of 
conditions. Hypothetically, the loss of the ΔtrkA strains capacity to accumulate potassium had 
modified the capacity of ΔtrkA to respond to changes in external pH. This phenotype has 
been previously demonstrated by the inhibition of the ΔtrkA mutant growth in a low pH 



 

 104 

environment and rescue of this phenotype by addition of high external potassium (Castaneda-
Garcia et al., 2011). However, neither the current study nor previous work has explicitly 
looked into the change in intracellular pH in response to low external pH in mycobacterial 
species lacking TrkA, which needs to be addressed in future. 

The previous examination of ΔtrkA in Middlebrook 7H9 + OADC medium 
demonstrated that the ΔtrkA mutant had impaired growth relative to wild-type (Castaneda-
Garcia et al., 2011). This phenotypic observation was also reported in the present study for 
growth on the minimal defined medium HdeB, which was unsurprising given the similar 
trace element composition and potassium content of these two growth media (Table A.4, 
appendices page 127). Analysis of the cation profiles of the ΔtrkA mutant and wild-type under 
multiple growth conditions demonstrated a consistent reduction in intracellular potassium 
concentrations (~10-50%) and elevated sodium concentrations (~10-30%). The same 
phenomenon has been reported in ΔtrkA and Δkup strains of E. coli (Epstein, 2003). Based on 
these observations and other reports, mechanisms responding to potassium-limitation result 
in both the direct and indirect accumulation of sodium. The sodium proton antiporter NhaA 
can be used for the electro-neutral exchange of protons for sodium contributing to the ΔpH 
component of the proton motive force (PMF) essential for growth and ATP homeostasis 
(Batista et al., 2011, 2012; Quinn et al., 2012; Rao et al., 2008). Energy-driven uptake of 
osmotic solutes, such as choline glycine–betaine to maintain cellular turgor brings in sodium 
as the cognate cation or utilises sodium-driven membrane potential (Wood, 2006). 
Accumulation of sodium and solutes by potassium-limited bacteria (including ΔtrkA mutants) 
requires gene expression, additional energy and metabolite consumption to enact. High-
energy expenditure and increased metabolic flux will elicit consequences for growth rate and 
other aspects of physiology; a conclusion that was also reached by previous research on ΔtrkA 
(Castaneda-Garcia et al., 2011).  

In the present study, the reduction of external potassium availability by substitution of 
the potassium orthophosphates in HdeB medium for the equivalent sodium orthophosphates 
provided the culture medium with less than 0.250 mM available potassium (potassium-
limited) verified by ICP-MS analysis (Table A.4, appendices page 127). Similar methods of 
generating potassium-limited medium have been reported (Salina et al., 2014). Compared to 
the potassium replete HdeB medium containing ~ 7 mM potassium (Table A4), sub-
millimolar external potassium availability resulted in induction of a secondary potassium 
uptake system, as TrkA potassium-affinity is estimated to be >1mM in E. coli and other 
species (Epstein, 2003). RT-qPCR was used to validate in wild-type that the high-affinity 
kdp potassium uptake system was induced at sub-millimolar (0.22 mM) external potassium, 
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with a ~82 to 160-fold induction of kdpD and kdpA expression respectively, and an 
approximately ~2-fold increase in trkA expression was also observed. However, no change in 
expression was observed for two genes that were identified by BLASTp analysis and in the 
literature as containing homology to domains of TrkA (Msmeg_1945 and Msmeg_3665). 
From this, it was concluded that in the wild-type when TrkA was no longer able to 
adequately respond to external potassium limitation even with increased trkA gene expression, 
the high-affinity ATP-driven KdpFABC complex was expressed. ICP-MS analysis of wild-
type and the ΔtrkA mutant potassium-limited cultures identified that Kdp complex expression 
resulted in increased intracellular potassium in the ΔtrkA mutant. Intracellular sodium 
concentrations remained elevated under these conditions, which indicated that KdpFABC-
mediated uptake of potassium was independent of the intracellular sodium gradient present 
and that the counter-ion for K+ was not Na+. 

In M. tuberculosis the knockout of trk-equivalent genes (ceoB and ceoC) expression 
defaults to kdp expression in late log phase growth on Middlebrook 7H9 medium + OADC 
and 0.5% glycerol (Cholo et al., 2015). When the population density likely had depleted 
external potassium availability, essential metabolites had been utilised to fuel growth, and the 
external pH raised as a result of excreted secondary metabolites (Cholo et al., 2015). CeoB of 
M. tuberculosis has 74.89% identity to TrkA of M. smegmatis. Likewise, CeoC of M. 
tuberculosis has 82.03% identity to TrkB (Msmeg_2769) of M. smegmatis. In the present 
study, the expression of M. smegmatis trkA and two trk-domain containing genes alongside 
the kdp operon and kdp gene knockdown using CRISPR/dCas9 was examined based on the 
hypothesis that they may play a role in potassium uptake. However, closer in-silico 
examination of these trk-domain containing proteins (Msmeg_3665 and Msmeg_1945) and 
their relationship to TrkA led to some interesting observations. Firstly, that Msmeg_3665 is a 
putative ortholog of the regulatory protein YhaT of Bacillus subtilis, and YhaT regulates the 
activity of YhaU and YhaS, a putative membrane bound K+/H+ (cation/proton) antiporter 
(CPA2) family expressed in response to high salt and alkali stress and capable of inducing 
cytoplasmic acidification via potassium efflux (Fujisawa et al., 2004). A search of the M. 
smegmatis wild-type genome identified the neighbouring gene Msemg_3664 as a CPA2/Kef 
family protein, which is upregulated in response to slow growth in a chemostat model (Berney 
and Cook, 2010). Secondly, Msmeg_1945 shares 9.3% identity and 29.3% similarity with M. 
smegmatis TrkA and has an M. tuberculosis ortholog (Rv3200c) and is also homologous to Kef 
family proteins associated with potassium efflux in several species (Epstein, 2003; Ferguson et 
al., 1995). From these observations, it was concluded that these proteins could be labelled as 
putative potassium efflux systems that are constitutively expressed and the study of their exact 
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function represents a future directive of this work. Such a hypothesis would account for their 
unchanged expression profiles in response to external potassium limitation and kdpD 
knockdown in M. smegmatis wild-type. 

Continuation of work using a CRISPR/Cas system to target kdpD in M. smegmatis 
would benefit from the adaptation of the model to look at the knockdown of trkA and the trk-
related genes discussed above, Msmeg_1945 and Msmeg_3665. Having used the S. pyogenes 
dCas9 system published in (Singh et al., 2016), it is clear that there are some caveats in this 
two plasmid model. As mentioned earlier (chapter 3 page 86), the use of two different 
antibiotics to maintain the vectors proved troublesome, because a secondary aim of this work 
was to implement the knockdown of the kdp operon in the ΔtrkA mutant background. This 
aim proved unachievable, as it was only possible to establish and maintain the sgRNA vectors 
using hygromycin B in ΔtrkA, but not to also establish the integrative vector pRH2502 
encoding the dcas9 cassette in the ΔtrkA background using kanamycin. The probable factor 
that prevented the establishment of the pRH2502 vector in ΔtrkA is that the loss of TrkA 
function has been shown to induce kanamycin sensitivity (Castaneda-Garcia et al., 2011). 
The conclusion from attempting to maintain both CRISPR/Cas vectors in the ΔtrkA mutant 
was that use of kanamycin, or the combination of kanamycin and hygromycin B was too toxic 
for ΔtrkA. Reduced concentrations of each antibiotic were used in multiple sequential and 
dual-transformations, both by heat-shock and electroporation, but with no success. Other 
single vector CRISPR/Cas systems are available and have been tested explicitly in 
mycobacteria and compared to the S. pyogenes dCas9. The top candidate for use was the 
Streptococcus thermophilus dCas9 system that achieved more efficient knockdown with less off-
target effects and proteo-toxicity from protein inclusion bodies and has been applied in both 
M. smegmatis wild-type and M. tuberculosis H37Rv strains (McNeil and Cook, 2019; Rock et 
al., 2017). Utilising other CRISPR/Cas systems such as the one above would provide a means 
to circumvent the issue with kanamycin use in the ΔtrkA mutant. Because of these issues 
establishing the CRISPR/Cas knockdown system in ΔtrkA, this work was limited to looking 
at the knockdown of kdpD in wild-type, which was highly successful and validated by RT-
qPCR.  

When the ΔtrkA mutant was exposed long-term to hypoxic conditions in rich 
medium, beyond 10-d post-inoculation, it had reduced survival rates, i.e. increased loss of cell 
viability. Furthermore, when the same cultures were atmospherically re-equilibrated and 
exited hypoxia, the ΔtrkA mutant population did not revive as well as the wild-type within 48-
h. These data pointed to a reduced tolerance of hypoxia-associated stresses along with 
potentially a more rapid transition to senescence/cell death by the ΔtrkA mutant and reduced 
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capacity to respond to resuscitation signals. The ΔtrkA mutant had 3-log lower CFU/mL on 
minimal media compared to rich media, while there was no significant difference in the wild-
type in these media. The exact reason for the observed 3-orders of magnitude reduction in 
viable cell counts in M. smegmatis ΔtrkA compared to wild-type has not been examined in 
detail. In consideration of this topic, the LB medium had higher sodium content (~97 mM) 
than HdeB (~48 mM) as well as a significantly higher calcium content (322 µM compared to 
13 µM). The anions present in LB and HdeB would have also been different. From these 
observations and the close relationship of potassium homeostasis with osmotic homeostasis, 
the hypothesis was that the ΔtrkA mutant experienced more osmotic stress in the minimal 
medium than the wild-type. The constituents of LB medium appear to be more favourable 
for M. smegmatis to maintain osmotic homeostasis resulting in a reduced phenotype in LB. 

When grown in normoxia on potassium-limited minimal media, the ΔtrkA mutant 
had increased intracellular potassium concentrations similar to wild-type concentrations. This 
phenotype was predicted to be a product of kdp operon expression and energy-driven 
KdpFABC potassium accumulation, but intracellular sodium levels remained elevated, and 
the viability of the ΔtrkA mutant did not increase. The deletion of trkA has more impact on 
M. smegmatis physiology than just participating in the accumulation of potassium. 
Additionally, when the wild-type and the ΔtrkA mutant were subjected to extended hypoxic 
and potassium-replete, the ΔtrkA mutant still lost viability at a higher rate than wild-type. 
From this observation, there are two possible conclusions, either the kdp operon expression 
was not induced, or that despite the expression of the KdpFABC complex to scavenge 
external potassium and maintain homeostasis, energy consumption in the ΔtrkA mutant was 
higher than wild-type and this induced non-culturable states or cell death at an increased rate. 
These results show that potassium uptake by the KdpFABC complex is not a redundancy 
mechanism to replace the function of TrkA in M. smegmatis under hypoxia or normoxia. This 
result also implies that TrkA plays a role in M. smegmatis physiology beyond potassium 
uptake, a point that has been previously postulated (Castaneda-Garcia et al., 2011).  

In M. tuberculosis, H37Rv, extended limitation of external potassium availability 
triggers the transition to a non-culturable (on solid medium) but a viable state. External 
potassium supplementation and supernatant from actively growing cells prompted metabolic 
revival and returned to a culturable state (Salina et al., 2014). This work was performed in 
Sautons medium, which has approximately 6 mM potassium based on ICP-MS analysis 
(Table A.7 and A.8, appendices pages 133 and 134). The authors modified the Sautons to 
replace potassium salts with sodium salts to generate potassium deficient-medium (Salina et 
al., 2014). Non-culturable state cells had a distinct shrunken, spherical morphology, were 



 

 108 

more tolerant of cell wall-targeting antimicrobials, but were still sensitive to rifampicin. A 
suite of 2146 genes was involved in significant changes to the transcriptional profiles of 
populations transitioning to and from the non-culturable state. Genes that were significantly 
upregulated in response to revival, by addition of external potassium included; 
gluconeogenesis pathway enzymes, the pentose phosphate pathway, the TCA cycle, the 
glyoxylate shunt, fatty acid/mycolic acid biosynthesis and NADH dehydrogenase. These 
genes were all inversely down-regulated in the non-culturable state compared to log phase 
growth in potassium-rich medium (Salina et al., 2014). It has not been clarified how 
potassium availability results in the triggering of the entrance to a non-culturable state, or 
what specific protein/protein complex is acting as the sensor to transduce the direct and 
indirect signals from intracellular potassium availability into a transcriptional response in M. 
smegmatis or M. tuberculosis (Salina et al., 2014) . 

Several studies have looked at TrkA, KtrA and KdpD responses to intracellular 
stimuli under a range of conditions, with the aims of elucidating the roles of potassium in 
bacterial physiology across multiple bacterial phyla. In M. smegmatis TrkA point mutations 
confered rifampicin sensitivity and altered multi-drug suseptibility and membrane potential 
(Castaneda-Garcia et al., 2011). In M. tuberculosis deletion of the trkAB homologous sytem 
ceoBC resuted in increased growth due to the induction of a secondary high affinity 
transporter (later shown to be kdpFABC) and increased uptake of potassium (Cholo et al., 
2006). In E. coli KdpD was shown to respond to Na+ and NH4+ cations, but not directly to 
turgor pressure of the cells (Epstein, 2016). Ktr uptake systems in Staphylococcal species were 
required for growth on low potassium media potassium media and like TrkA the loss of KtrA 
resulted in osmotic dysregulation, changes to multi-drug suseptibility, hyperpolarised 
membrane potentials and increased lag phases in growth (Gries et al., 2013). 
 As alluded to in the introduction to this chapter (page 75), the role of potassium in pH 
homeostasis and as a second messenger in bacteria appears to be linked in multiple gram-
positive species to another second messenger c-di-AMP, which is produced by di-adenylate 
cyclases (DACs). This is a topic that was recently highlighted and reviewed in B. subtilis, 
where the expression of the potassium importer genes kimA and ktrAB were negatively 
regulated by the c-di-AMP responsive ydaO-riboswitch and accumulation of c-di-AMP 
binding to the regulator KtrC (Commichau et al., 2015; Gundlach et al., 2018; Gundlach et 
al., 2015a; Gundlach et al., 2017a; Gundlach et al., 2017b; Gundlach et al., 2015b; Gundlach 
et al., 2016). 

The closest ortholog to KimA of B. subtilis that can be found in M. smegmatis wild-
type is Msmeg_0446, annotated as a K+/putrescine/arginine importer with ~30% identity to 
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KimA. To date, Msmeg_0446 has not been characterised and could be a novel member of the 
potassium homeostasis network in M. smegmatis. Additionally, of interest for future study in 
M. smegmatis is Msmeg_0467, homologous to argO/lysE of E. coli and B. subtilis (32% 
identity) by BLASTp analysis. Available microarray data on M. smegmatis wild-type and 
mutant strains grown in chemostat continuous cultures or hypoxic serum vials demonstrated 
that Msmeg_0467 was upregulated under conditions of slow growth (>4x) hypoxia (>13x), on 
cholesterol (>28x) and in a proline metabolism regulatory mutant ΔpruC (>2x) (Berney and 
Cook, 2010; Berney et al., 2012). Hypothetically, Msmeg_0467 might function as an 
exchange channel for potassium and osmotic solutes and, therefore, is a candidate for future 
exploration of potassium homeostasis and stress responses of M. smegmatis. These 
observations and previous findings surrounding the association of potassium homeostasis, c-
di-AMP and amino acid metabolism in Gram-positive bacteria, remain unexplored 
biochemically as a collective network in M. smegmatis and provide the opportunity to build on 
a new niche of study linked to the suite of research available on metabolism and energy 
generation in M. smegmatis (Aung et al., 2015; Berney and Cook, 2010; Berney et al., 2014a; 
Berney et al., 2014b; Berney et al., 2012; Cook et al., 2014; Greening et al., 2015a; Greening 
et al., 2014; Hards et al., 2018; Hards et al., 2015; Milligan et al., 2007; Pecsi et al., 2014; 
Rao et al., 2001; Tran and Cook, 2005; Tran et al., 2005). 

ICP-MS analysis of wild-type and the ΔtrkA mutant of M. smegmatis, when exposed 
to bedaquiline in HdeB using glucose as the carbon source, revealed that changes in the cation 
profiles of these cultures were different. The ΔtrkA mutant accumulated significantly higher 
concentrations of magnesium and potassium, an effect not observed in wild-type. Copper was 
accumulated significantly more in wild-type compared to the ΔtrkA mutant when exposed to 
bedaquiline. Examining previous reports of microarray data for significant gene expression 
changes relating to magnesium, copper, or potassium in M. smegmatis wild-type exposure 
(Hards et al., 2015), highlighted several genes of interest. Firstly, a magnesium chelatase 
(Msmeg_5512) was upregulated with a mean fold change of 2.12 over 15-120 minutes post 
bedaquiline exposure, suggesting magnesium limitation may be occurring, or that intracellular 
magnesium requires stabilisation or sequestration due to the effects of bedaquiline exposure.  

However, there were no changes in the magnesium uptake transporters corA or mgtE, 
yet these proteins may be expressed constitutively and their uptake kinetics regulated post-
translationally, which would be non-observable in microarray data. Disruption of magnesium 
homeostasis can be bactericidal in actively growing mycobacteria (Goodsmith et al., 2015; 
Lopez Quezada et al., 2019; Park et al., 2019) and greater than 100 µM magnesium is 
required for growth of both M. tuberculosis and M. smegmatis on low pH (<6.5) Sautons 
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medium (Piddington et al., 2000). This modified Sautons medium used 28 mM K2SO4 in 
place of MgSO4 (Piddington et al., 2000), resulting in a high-potassium medium that would 
potentially have influenced kdp operon expression and altered pH susceptibility. Sautons 
medium has ~18 mM sodium (Table A.8, appendices page 134). Comparatively, the HdeB 
medium used for the present study has ~50 mM sodium, ~600 µM magnesium and ~7 mM 
potassium (Table A.5, appendices page 128), suggesting that the bedaquiline exposed cultures 
in the present work and previous reports were not limited for external magnesium availability 
(Hards et al., 2015). From these data, bedaquiline may be altering intracellular magnesium 
homeostasis, which makes it a point of interest for further examination as to whether low-
magnesium availability is synergistic with the bactericidal effects of bedaquiline in 
mycobacteria. 

Another hypothesis is that by limiting intracellular magnesium availability during the 
loss of ΔpH and cytoplasmic acidification from bedaquiline exposure, M. smegmatis wild-type 
can down-regulate its ribosomal complexes and conserve metabolites and energy rapidly. 
Bedaquiline microarray data showed that 50-ribosomal family proteins were sharply down-
regulated (<0.25x) upon exposure to bedaquiline (Hards et al., 2015), and the observation that 
the ΔtrkA mutant accumulates more magnesium and potassium suggests that either the 
putative shutdown signal is not being appropriately transduced or is being overridden by the 
phenotypic effects of the deletion of trkA. Similarly, in M. tuberculosis H37Rv potassium 
depleted non-culturable populations, there were 34-ribosomal family proteins down-
regulated, that were subsequently up-regulated upon restoration of potassium to the medium 
(Salina et al., 2014). In B. subtilis, deficiency in the L34 ribosomal protein reduces the 
stability of the 70S ribosomal complex, a phenotype that is rescued by increased magnesium 
uptake through mgtE up-regulation or deletion of the magnesium efflux gene yhdP (Akanuma 
et al., 2014; Nierhaus, 2014). The M. smegmatis L34 ribosomal protein (Msmeg_6946) is one 
of the significantly down-regulated genes in response to bedaquiline (Hards et al., 2015), 
suggesting downregulation of protein synthesis. Two putative magnesium chelatase genes 
(Rv0958 and Rv2580c) were strongly upregulated (2.97x and 1.98x, respectively) in non-
culturable populations of M. tuberculosis H37Rv, and their expression decreased as cells 
resuscitated over the 192-h examined, returning to log phase growth expression levels (Salina 
et al., 2014). The magnesium chelatase gene RV0958 is a homolog of Msmeg_5512, with 
86% identity shared between the two proteins using BLASTp analysis. The copper resistance 
operon csoR/ctpV was upregulated >10x in the microarray of M. tuberculosis H37Rv, as are two 
other P-type ATPases ctpG and ctpC (see chapter 2 page 28) (Salina et al., 2014). However, no 
characterised copper responsive genes were differentially expressed in M. smegmatis wild-type 
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exposed to bedaquiline (Hards et al., 2015). The intercellular niche of M. tuberculosis H37Rv 
requires copper tolerance for responding to host defences (Ward et al., 2010; Ward et al., 
2008), something that is not required by M. smegmatis. 

The effects of the antitubercular drug bedaquiline on M. smegmatis have been studied 
at in this work, alongside the amiloride derivative HM2-16F and the HMA derivative BB2-
50F, and the effects of BB2-50F on the cation homeostasis of M. tuberculosis. In M. smegmatis 
the deletion of trkA and MIC exposure with these novel compounds in HdeB glucose 
indicated that the ΔtrkA mutant was more susceptible to HM2-16F, with a MIC 3-fold lower 
(4 µM) than wild-type (32 µM). This effect was further demonstrated in endpoint growth of 
the ΔtrkA mutant and wild-type, where the growth of the ΔtrkA mutant was reduced to <15% 
of wild-type when exposed to 40 µM HM2-16F (1.2 x MIC for wild-type). BB2-50F 
treatment of the ΔtrkA mutant had a more bacteriostatic effect, with a 3-fold reduction in 
MIC (2 µM) compared to wild-type (16 µM), but 16 µM BB2-50F was still required for 
bactericidal activity in both strains when plated on solid medium. Externally provided sodium 
and potassium demonstrated no synergy with BB2-50F, and partially rescued the ΔtrkA 
mutant and wild-type from inhibition by BB2-50F, with an effect that was 2-fold more 
significant in the wild-type. Growth on the non-fermentable carbon source succinate 
increased the growth of the wild-type, but not the ΔtrkA mutant under the same conditions. 
However, media containing 15 mM succinate as the carbon source used di-sodium succinate 
and was adjusted to pH 7.0 using NaOH, therefore, the medium in this experiment was 
expected to have had >50 mM additional sodium present. Hence this means that the 
increased growth observed in this experiment cannot be attributed to succinate, but is more 
likely due to the addition of external sodium. The addition of external sodium and potassium 
was not trialled for bedaquiline, CCCP, HM2-16F or the negative controls in these 
experiments and will require addressing in future work.  

Externally available arginine can be utilised to compensate for the limitation of 
external potassium in B. subtilis by intracellular accumulation for the maintenance of osmotic 
homeostasis and to balance the negative charges on DNA molecules (Gundlach et al., 2017a). 
Therefore, it is plausible that intracellular accumulation of the arginine mimetic BB2-50F in 
M. smegmatis cultures was interfering with arginine metabolic pathways, internal pH, 
osmolarity or potassium homeostasis. If interference with metabolism through competitive 
binding or inhibition were occurring, there would be changes in expression of enzymes 
associated with arginine, proline and glutamine metabolism and the TCA cycle, as a result of 
metabolic flux to circumvent the affected pathway. Alternatively, BB2-50F accumulation may 
have been inducing water uptake and increasing the turgor of the cells, forcing mechano-
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sensitive channels to open triggering potassium efflux to prevent cellular lysis. The supply of 
external sodium and potassium rescuing BB2-50F stress suggests that increased tonicity of the 
medium may be decreasing the turgor pressure in the cells or creating a beneficial inward salt 
gradient. A recent report examining the expression of the high-affinity kdp potassium uptake 
system in E. coli lacking the Kup uptake system, demonstrated that addition of NH4+ to the 
growth medium as the nitrogen source inhibited TrkA uptake of potassium, but not 
KdpFABC uptake of potassium. The expression of kdp expression was upregulated either by 
increasing the tonicity or the ionic strength of the medium (Epstein, 2016). The use of 
glutamine as the nitrogen source reduced the expression of kdp in potassium-limited cultures. 
This suggests that replacing the NH4+ with glutamine was either reducing osmotic stresses 
and the requirement for intracellular potassium uptake, or that TrkA activity was sufficient in 
the lower tonicity medium (Epstein, 2016).  

The addition of sodium and potassium to the growth medium in the present study was 
achieved using NaCl and KCl. No other cations were tested, and no anions were tested, other 
than chloride. The minimal media used in these experiments (HdeB); contained 15 mM 
(NH4)2SO4 as the nitrogen source, which potentially resulted in high tonicity, would be 
increased further by the addition of the 500 mM NaCl or KCl. From this data, the reduction 
of BB2-50F inhibition of the wild-type and the ΔtrkA mutant by external sodium and 
potassium led to the hypothesis that BB2-50F was inducing osmotic stress, either directly or 
indirectly, by causing osmotic down shock and influx of water into the cells. The addition of 
external sodium or potassium was antagonistic and caused osmotic upshock. Therefore it was 
hypothesised that the deletion of trkA was limiting the capacity of M. smegmatis to respond to 
the osmotic stress of BB2-50F. These findings are in line with those previously made on the 
ΔtrkA mutant, where 200 mM external KCl was restorative of growth (Castaneda-Garcia et 
al., 2011). There is scope in the future to look at BB2-50F growth inhibition in M. smegmatis 
using growth medium containing cations other than Na+ and K+, with other anions like PO43- 
and SO42-, buffering agents and metabolites or treatment at other pHs and tonicities. Testing 
these hypotheses will enable clarification of the specific stress BB2-50F treatment induces.  

The short-term exposure (6-hrs) of M. tuberculosis to either 4 µM (0.25 x MIC) or 1.6 
µM (0.1 x MIC) BB2-50F resulted in significant intracellular decreases of transition metals 
and magnesium alongside increases in intracellular sodium content compared to the controls. 
Following 24-h exposure to BB2-50F, the only statistically significant change was a ~30% 
reduction in the intracellular iron concentrations compared to the control from 18 µM to 
10/12 µM respectively for the two treatments. Examination of the data from the BB2-50F 
exposure of M. tuberculosis (Figure 3.8/3.9) compared to the BB2-50F exposure of M. 
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smegmatis wild-type, and the ΔtrkA mutant (Figure 3.7) indicated that BB2-50F was causing 
osmotic or pH stress, seen in the antagonism of BB2-50F by addition of high external sodium 
and potassium. The exposure of the M. smegmatis cultures was using low inoculum density 
(OD600 = 0.05) and an exposure concentration higher than the wild-type MIC to look at 
endpoint growth. Compared to the BB2-50F exposure of M. tuberculosis, which used a larger 
(10 x) inoculum (OD600 = 0.5) and looked at the effects outside of growth kinetics by 
normalising the optical density of the sample collected for ICP-MS analysis.  

The hypothesis from these results was that at 6-h exposure M. tuberculosis was in the 
early stages of adaptation and generation of an osmotic shock and metabolic response to the 
effects of BB2-50F. Whereas, at 24-h exposure, the response to BB2-50F was more 
stabilised, and the cellular homeostasis mechanisms had taken effect to restore equilibrium. 
Amiloride and its derivatives can accumulate in intracellular spaces (Kleyman and Cragoe Jr, 
1988). Therefore, swelling of BB2-50F exposed cells from changes to osmolarity would have 
resulted in dilution of the intracellular constituents and any effects BB2-50F had on 
metabolic flux would have affected cellular energy generation and the maintenance of 
intracellular ion gradients. At the latter exposure time-point of 24-h, the continued reduction 
in intracellular iron concentration suggested that iron toxicity was occurring through radical 
species generation, or altered metabolic pathways were being utilised in M. tuberculosis and 
were using co-factor metals other than iron. At 6-h exposure, the intracellular sodium 
concentrations were ~5 x higher than the control, which indicated the occurrence of sodium 
influx as a result of BB2-50F stress. Although it was unclear whether this sodium 
accumulation was directly caused by BB2-50F altering membrane permeability or indirectly as 
M. tuberculosis adapted to the exposure with BB2-50F. Future investigation of the effects of 
BB2-50F on cation homeostasis in M. smegmatis and M. tuberculosis will require a carefully 
devised approach and translation of the research completed in LB and HdeB medium for M. 
smegmatis being replicated in M. tuberculosis compatible medium, to allow for a more accurate 
comparison of the two species with limited variables.   
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Chapter 4: Summary and outlook of the thesis 
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Defining the molecular cation inventory of M. smegmatis. This study reports the 
intracellular cation profiles of M. smegmatis, providing a robust platform for future research on 
the role of cation homeostasis in mycobacterial physiology. From the work and discussion 
within this study, there are several future perspectives available to be examined. Firstly, the 
adaptation and use of CRISPR/Cas interference, to target the expression of ctpF and ctpE, 
along with the preparation of inverted membrane vesicles (IMVs) from these knockdown 
strains to elucidate the precise roles and potential interplay between these two P-type 
ATPases. CtpF was not responsible for the transport of 63Ni in whole-cell assays; further 
transport experiments are required with 45Ca or a more suitable isotope either in whole-cells 
or IMVs. Additionally, expanding the examination of cation homeostasis in M. smegmatis to 
include transporters or storage proteins that are behind the observed changes in abundance of 
cations under hypoxia such as copper and iron. This work found no functional link between 
CtpF and Hyd3, yet there is scope for future work on the deletion of ctpF and examination 
Hyd3 biological activity. 

This thesis has evaluated the intracellular cation profiles of M. smegmatis in response 
to different growth conditions and environmental stresses. These data demonstrate substantial 
flexibility in M. smegmatis, to compensate both for the depletion of available cations and to 
exposure with excess heavy metals in the environment. This adaptability is clearly present in 
the related species M. tuberculosis, which has a more diverse repertoire of transporters in its 
genome including six more P-type ATPases than M. smegmatis. The ability to maintain 
proper ratios of cations within the cell is paramount for metabolism and persistence in a range 
of environments, from nutrient and trace element scarce to nutrient-rich and even conditions 
where excesses such as heavy metals can threaten to overload cellular homeostasis mechanisms 
and become toxic. The relative abundance and observed shifts in total intracellular cation 
levels between normoxic and hypoxic cultures are aligned with previous studies and discussed 
in the context of M. smegmatis physiology. 

Analysis of the role of potassium transport in mycobacterial physiology. The loss of 
TrkA function has pleiotropic effects on M. smegmatis physiology and appears to be closely 
related to pH homeostasis, osmoregulation and central metabolism. This work has collated 
and presented the current knowledge base on potassium homeostasis in M. smegmatis along 
with comparative data and discussion on aspects of potassium homeostasis in M. tuberculosis. 
The key uptake pathways for potassium in both species utilise the low-affinity trkAB/ceoBC 
systems and the high-affinity kdpFABCDE system, while the full extent of potassium 
homeostasis regulation remains to be fully characterised, especially regarding potassium efflux, 
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to further characterise the effects of disrupting potassium energetics, alongside the 
identification and characterisation of novel members of the potassium energetics and 
homeostasis network in mycobacteria. The impacts on intracellular cation homeostasis of the 
antitubercular drugs bedaquiline and the amiloride derivatives HM2-16F and BB2-50F have 
been characterised in M. smegmatis and M. tuberculosis (for BB2-50F).  

From these findings and previous reports, several hypotheses have been made on the 
relationships between the core physiological processes and a model has been presented of 
future perspectives to be tested. The loss of TrkA activity has previously been proposed to 
result in los of intracellular potassium (Castaneda-Garcia et al., 2011), which has been clearly 
demonstrated in this thesis using ICP-MS analysis. This work has both proposed and 
demonstrated a negative effect on growth and persistence under hypoxic conditons in the 
ΔtrkA mutant of M. smegmatis. Also, several putative potassium transporters have been 
identified by in silico analysis for future examination, these were Msmeg_0446 and 
Msmeg_0467). From the discussion and analyses of current results and based on previous 
reports of relationships between potassium and pH homeostasis in M. smegamtis (Castaneda-
Garcia et al., 2011), metalbolism, cell signaling and the second messenger c-di-AMP in B. 
subtilis (Gundlach et al., 2017a; Gundlach et al., 2016) this work proposes some hypotheses 
for future exmination that are novel to mycobacterial physiology.  

Firstly, that the recently described c-di-AMP systems present in M.tuberculosis and M. 
smegmatis (Manikandan et al., 2014; Tang et al., 2015; Yang et al., 2014; Zhang et al., 2013) 
are able to inflence potassium homeostais and pH homeostasis through binding to known 
potassium uptake regulators TrkA and KdpD. A hypothesis that can be examined using basic 
gene knockout techniques and gene expression analyses coupled with ICP-MS. This 
hypothesis can also be examined using flurometric techniques to look at changes to internal 
pH and membrane potential. One crucial experiment will be the examination of changes to 
intracellular pH in mycobacterial species lacking trkA and the kdp-operon genes Secondly, 
this work hypothesises that changes to potassium homeostasis and subsequent effects on pH 
homeostasis will intiate metabolic changes that can be examined using both the flurometiric 
analyses mentioned above and with metabolomic analysis to identify changes in central 
metabolism, predictably in arginine, glutamine, proline, glutamate and a-ketogluterate.  

Disruption of potassium homeostasis has been shown to alter multi-drug suseptibity 
in M. smegmatis (Castaneda-Garcia et al., 2011). This work has also demonstrated this effect 
in the ΔtrkA mutant looking at bedaquiline and amiloride derivative compunds. Based on the 
bedaquiline exposure data from this work and the examination of the microarray datasets 
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from a previous report on the effects of bedaquline in M. smegmatis (Hards et al., 2015), this 
thesis has also proposed that potassium homeostasis is utilised to sense and respond to 
changes in cellular respiration through membrane potential. Therefore, potassium 
homeostasis is reflective of the energetic state of the cell. An idea that is supported by the 
relationship of potassium availability and resuscitation/dormancy in M. tuberculosis (Salina et 
al., 2014). Depletion of potassium availability resulted in transition to a viable but non-
culturable state (Salina et al., 2014), and gene regulation changes were shown to include 
changes to protein synthesis machinery and putative magnesium homeostasis agents (Salina et 
al., 2014). This thesis has demonstrated that magnesium and potassium are the most 
abundant intracellular cations in both M. smegmatis and M. tuberculosis alongside sodium. 
Another hypothesis is that magnesium availability/homeostais is used by mycobacteria to 
signal for cellualr changes either in tandem with or as a result of potassium homeostasis. 

In summary, this thesis has presented a broad examination of potassium and cation 
homeostasis in M. smegmatis. This work has provided a significant insight and contributions 
to the mycobacterial physiology and has generated novel hypotheses from its discussion for 
future research. Figure 4.1 presents the current knowledge on potassium homeostasis in M. 
smegmatis and M. tuberculosis and a summary of this discussion. Future examination of this 
model will require a multidisciplinary approach to study the gene expression, protein-protein 
interactions and metabolomic changes across multiple pathways under a range of conditions 
to elucidate the broader role of potassium homeostasis in controlling mycobacterial physiology 
and cellular homeostasis.  
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Figure 4.1. Energetics of potassium homeostasis in mycobacteria. This model represents the 
known and hypothetical components of potassium homeostasis in M. smegmatis. From the 
low-affinity (Trk) to the high-affinity (Kdp) potassium uptake pathways, potassium can also 
be passively assimilated under favourable external concentrations or exported through 
pathways, which are currently uncharacterised in M. smegmatis. Potassium homeostasis 
contributes to membrane potential, osmolarity/turgor and pH homeostasis. Under potassium-
limitation, metabolites are utilised to regulate osmolarity and the disruption of the metabolic 
pathways responsible for their production results in intracellular stress responses. Changes in 
intracellular potassium concentrations are utilised to respond to and signal these intracellular 
stresses, resulting in changes to central carbon and metabolite flux, respiration and energy 
generation. Potassium homeostasis and intracellular signalling by the dynamics of the second 
messenger c-di-AMP appear to be linked and capable of regulating the physiology of M. 
smegmatis, but c-di-AMP is not well studied in mycobacteria. Alterations in pH, osmolarity 
and potassium homeostasis lead to changes in metabolite and ATP flux and can lead to c-di-
AMP production and downstream effects. The disruption of these response pathways 
through targeting key points leads to depletion of cellular resources and senescence or death.   
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Table A.1. Media composition of Hartmanns de Bont (HdeB) with 11 mm glucose, for the 
cultivation of Mycobacterium smegmatis. 

Compound  g/L Concentration 
(NH4)2SO4 2 15.14 mM 
10% tyloxapol 5 mL 0.05% (v/v) 
Na2HPO4 2.99 21.06 mM 
KH2PO4* 1.08 7.94 mM 
EDTA 0.0001 0.269 µM 
MgCl2.6H2O 0.0001 490 nM 
CaCl2 0.00001 90 nM 
Na2MoO4.2H2O 0.0000022 9 nM 
CoCl2.6H2O 0.000004 17 nM 
MnCl2.4H2O 0.0000122 23 nM 
ZnSO4.7H2O 0.00002 70 nM 
FeSO4.7H2O 0.0005 1.799 µM 
CuSO4.5H2O 0.00002 80 nM 

 
*KH2PO4 was replaced with 1.096 g/L NaH2PO4 in modified HdeB for potassium-limitation 
experiments and ~7 mM KCL was added for potassium-replete experiments. Low potassium 
medium was confirmed by ICP-MS analysis (Table A.4). 
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Table A.2. Candidate dCas9 protospacer screening for the kdpFABCDE operon of M. 
smegmatis. Selected using the protospacer-adjacent motif (PAM) “5’-CCN” from the non-
coding strand and screened against the wild-type chromosome using BLASTn to identify 
potential off-target sites using BLASTn. 
Target 
gene 

Candidate sgRNA protospacer sequence BLASTn Results: (No. 
mismatches and No. of hits) 

Outcome 

kdpF 5’ GTGATCGAAAACGTCGTCGG 4 mismatchesx3, 5x55 Rejected 
kdpF 5’ CGCGGTGCTCATCGCCGTGT Too few mismatches Rejected 
kdpF 5’ TGTTCATCGGCGCCGCACTG Too few mismatches Rejected 
kdpF 5’ CACTGCTCTTCCCGGAGAGG 5 mismatches x 5 Selected 
kdpF 5’ GGAGAGGTTCTAGTGTCCCC 5 mismatches x 1 Selected 
kdpD 5’ CGAAGCGCGGCGAGCTGCGC  4 mismatches x 9 Rejected 
kdpD 5’ GGGTGCCGCGCCCGGCGTGG Too few mismatches Rejected 
kdpD 5’ GGCGTGGGAAAGACGTACGC  5 mismatches x 2 Selected 
kdpD 5’ GCTCGACCGCGGGACCGACC Too few mismatches Rejected 
kdpD 5’ CAGAGCTCCTCGCCGGCATC Too few mismatches Rejected 
kdpD 5’ CGCCGGCATCGAGGTCATTC 4 mismatches x13 Rejected 
kdpD 5’ GCATCGAGGTCATTCCGCCG 5 mismatches x 19 Rejected 
kdpD 5’ CCGCGGTACATCGAGTACCG 4 mismatches x 2 Rejected 
kdpD 5’ CGGCGGCCGGTTCCCCGAGC Too few mismatches Rejected 
kdpE 5’ ATCAAGACCCGCGTGTTGGT 4 mismatches x 2 Rejected 
kdpE 5’ GCGTGTTGGTGATCGACGAC Too few mismatches Rejected 
kdpE 5’ CAGATCTTGCGGGCCCTGCG 4 mismatches x 3 Rejected 
kdpE 5’ GTCGGTACGAGGCTACGAGG 4 mismatches x 3 Rejected 
kdpE 5’ CGGCAAGCGGCGCCGAGGCG Too few mismatches Rejected 
kdpE 5’ AGGCGTTGCACAGCGCCGCC 4 mismatches x 11 Rejected 
kdpE 5’ CCGACCCGACGTCATCGTGC Too few mismatches Rejected 
kdpE 5’ ACATGTCCGGGATCGAGGTG 4 mismatches x 4 Rejected 
kdpD 5’ GTTCCCCGAGCTGGATGTGC Too few mismatches Rejected 
kdpD 5’ GAGCTGGATGTGCCCGCGGT  Too few mismatches Rejected 
kdpD 5’ CGGTGCTGGACCGCAAACCG Too few mismatches Rejected 
kdpD 5’ CAAACCGCAGGTGGTGCTGG Too few mismatches Rejected 
kdpD 5’ CAGGTGGTGCTGGTCGACGA Too few mismatches Rejected 
kdpD 5’ ACACCCCCGGCAGCAAGAAC Too few mismatches Rejected 
kdpD 5’ GCAGCAAGAACGCGAAACGC Too few mismatches Rejected 
kdpD 5’ GGATCACCGTGATCTCGACG Too few mismatches Rejected 
kdpD 5’ TGATCTCGACGGTGAACGTG Too few mismatches Rejected 
kdpD 5’ CGACAGCCTCAACGACGTCG Too few mismatches Rejected 
kdpD 5’ CAACGACGTCGTCGCGGCGA Too few mismatches Rejected 
kdpD 5’ GCATCGAACAGCAGGAGACG Too few mismatches Rejected 
kdpD 5’ ACGAGGTGGTGCGTTCGGCC Too few mismatches Rejected 
kdpD 5’ ACCAGATCGAACTGGTCGAC Too few mismatches Rejected 
kdpD 5’ GAGGCGTTGCGGCGCCGGCT Too few mismatches Rejected 
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Table A.2 (continued)   
Target 
gene 

Candidate sgRNA protospacer sequence BLASTn Results Outcome 

kdpD 5’ GCTGTCTCACGGCAACGTGT 5 mismatch x 13 Selected 
kdpD 5’ AGCGGATCGACGCCGCGCTG Too few mismatches Rejected 
kdpD 5’ GCGAACGTGTCGTCGTCGCG Too few mismatches Rejected 
kdpD 5’ CGCTGTCGAACTACTTCCGG Too few mismatches Rejected 
kdpD 5’ GCGGGGAAACCTCACGGCGC Too few mismatches Rejected 
kdpD 5’ ATCAGGTCGACGCGGCGCTG Too few mismatches Rejected 
kdpD 5’ AGTACCGGGCCGACAACAAG 5 mismatch x 9 Rejected 
kdpD 5’ ACAACAAGATCACCGCGTTG Too few mismatches Rejected 
kdpD 5’ CGTTGTGGGAAACCCGCGAA 5 mismatch x 11 Rejected 
kdpD 5’ CGCGTTCCGCATCGCGTCGA Too few mismatches Rejected 
kdpD 5’ CATCGCGTCGAAGTCCAGCG Too few mismatches Rejected 
kdpD 5’ AACTCATGGTGGTCCATGTG 5 mismatches x 3 Selected 
kdpD 5’ TGTGGTTCATGGCGACGGAC 5 mismatches x 23 Rejected 
kdpD 5’ CGGCGCCACGGTGCACACCG Too few mismatches Rejected 
kdpD 5’ CGGTGCACACCGTCGTCGGT Too few mismatches Rejected 
kdpD 5’ TCGTCGGTGATGACGTGCCC Too few mismatches Rejected 
kdpD 5’ ACTGCGCTGTTGGACTTCGC Too few mismatches Rejected 
kdpD 5’ CCCAGTTGGTGCTCGGCACA 5 mismatches x 12  Selected 
kdpD 5’ GTTGGTGCTCGGCACATCCC Too few mismatches Rejected 
kdpD 5’ TCGGTCGCGGTGGGCGCGGA 5 mismatch x 5 Rejected 
kdpD 5’ TCGTGCAGCAGTCCCAAAAG Too few mismatches Rejected 
kdpD 5’ AAAGATCGATGTCCACATGG Too few mismatches Rejected 
kdpD 5’ CATGGTGACCCACGAAGCCG Too few mismatches Rejected 
kdpD 5’ CGAAGCCGCCAAACGCGGAT Too few mismatches Rejected 
kdpD 5’ CCAAACGCGGATTCCGTTGG 5 mismatches x 9 Rejected 
kdpD 5’ AACGCGGATTCCGTTGGTCC 5 mismatches x 9 Rejected 
kdpD 5’ CGACCTCACCACGGCAGAGG Too few mismatches Rejected 
kdpD 5’ CGTGGGCCGCAGCGCTGATG Too few mismatches Rejected 
kdpD 5’ CAGCGCTGATGGTGCCATCC Too few mismatches Rejected 
kdpD 5’ TCCCTGATCTGCGCGTTCTC Too few mismatches Rejected 
kdpD 5’ GATCTGCGCGTTCTCGGTCG Too few mismatches Rejected 
kdpD 5’ ACTCGGCGGTGTCGCTCCCG Too few mismatches Rejected 
kdpD 5’ CGGTACATCGAGTACCGCGG Too few mismatches Rejected 
kdpD 5’ CGAGCTGGATGTGCCCGCGG Too few mismatches Rejected 
kdpD 5’ GCGGTGCTGGACCGCAAACC Too few mismatches Rejected 
kdpD 5’ CCGGCAGCAAGAACGCGAAA Too few mismatches Rejected 
kdpE TGCGCATCAACCTGTCGGTA Too few mismatches Rejected 
kdpE ACCCGACGTCATCGTGCTCG Too few mismatches Rejected 
kdpE CGGTGATCGTGCTCTCGGCG Too few mismatches Rejected 
kdpE TCGATGCCGGGGCCGACGAC Too few mismatches Rejected 
kdpE AACCCTTTGGCATGGACGAG Too few mismatches Rejected 
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Table A.2 (continued)   
Target 
gene 

Candidate sgRNA protospacer sequence BLASTn Results Outcome 

kdpE GAGACCGATCAACCGGTCAT 5 mismatches x 8  Selected 
kdpE GGCCCGCTTACGCGCGGCCG Too few mismatches Rejected 
kdpE CGCGTCGCGCCGCGGTGCCC Too few mismatches Rejected 
kdpE AGACCGATCAACCGGTCATC Too few mismatches Rejected 
kdpE CATCGTTCACCGTTGATCTC 5 mismatches x 3  Selected 
kdpE TTGATCTCGCCGCGAAGAAG 5 mismatches x 2 Selected 
kdpE CGAAGAAGGTGATCAAGAAC Too few mismatches Rejected 
kdpE ACCACCGACCCGACGTCATC Too few mismatches Rejected 
kdpE GGATCGAGGTGCTGCACGG Too few mismatches Rejected 
kdpE ACAAGGTCGAGGCCCTCGAT Too few mismatches Rejected 
kdpE GGGCCGACGACTATGTCACC Too few mismatches Rejected 
kdpE TTGGCATGGACGAGTTCCTG Too few mismatches Rejected 
kdpE GCGCATCAACCTGTCGGTAC Too few mismatches Rejected 
kdpE GACGTCATCGTGCTCGATCT Too few mismatches Rejected 
kdpE CTTACGCGCGGCCGCGCGTC Too few mismatches Rejected 
kdpE GTGATCGTGCTCTCGGCGCG Too few mismatches Rejected 
kdpE CGATGCCGGGGCCGACGACT Too few mismatches Rejected 
kdpE TTTGGCATGGACGAGTTCCT Too few mismatches Rejected 
kdpE GCTTACGCGCGGCCGCGCGT Too few mismatches Rejected 
kdpE CGGTGCCCGAGACCGATCAA Too few mismatches Rejected 
kdpE ATCAACCGGTCATCGAGACCA Too few mismatches Rejected 
kdpE GTCATCGAGACCACATCGTT Too few mismatches Rejected 
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Table A.3. P-type ATPases from the phylogenetic tree in Figure 2.1, with references 
providing evidence for specific biological activity. 

Species Gene Name Accession Number Reference 

Ms (Mycobacterium 
smegmatis) 

ctpF YP_888215.1 
(Ayala-Torres et al., 2015; 

Pulido et al., 2014) 
ctpA, YP_889265.1 (Chan et al., 2010) 

ctpC YP_890280.1 
(Padilla-Benavides et al., 

2013) 
ctpD YP_889645.1 (Raimunda et al., 2012) 
ctpE YP_889634.1 (Gupta et al., 2017) 

kdpB YP_889870.1 
(Ali et al., 2017; Greie, 

2011) 

Mt (Mycobacterium 
tuberculosis) 

ctpF NP_216513.1 
(Ayala-Torres et al., 2015; 

Pulido et al., 2014) 
ctpA, NP_214606.1 (Leon-Torres et al., 2015) 
ctpB NP_214617.1 (Darwin, 2015). 

ctpC NP_217787.1 
(Padilla-Benavides et al., 

2013) 

ctpD NP_215985.1 
(Raimunda et al., 2014; 
Raimunda et al., 2012) 

ctpE NP_215423.1 (Gupta et al., 2017) 
ctpG NP_216508.1 (Ward et al., 2010) 
ctpH NP_214939.1 (Chan et al., 2010) 
ctpI NP_214621.1 (Chan et al., 2010) 

ctpJ NP_218260.1 
(Raimunda et al., 2012; 
Zielazinski et al., 2012) 

ctpV NP_215484.3 (Ward et al., 2010) 

kdpB NP_215546.1 
(Ali et al., 2017; Greie, 

2011) 
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Table A.3. (continued)    
Species Gene Name Accession Number Reference 

Lm (Listeria 
monoycytogenes) 

lmca1 
pfeT (frvA) 

NP_464367.1 
NP_464168.1 

(Dyla et al., 2017; Faxen et 
al., 2011; Pi et al., 2016) 

Tt (Thermus 
thermophilus HB8) 

pacL YP_144407.1 
(Schurig-Briccio and 

Gennis, 2012) 
Lp (Legionaella 

pneumophila 
copA YP_095057.1 (Gourdon et al., 2011) 

Cg (Corynebacterium 
glutamicum) 

zra WP_003860207.1 (Teramoto et al., 2012) 

Ef (Enterococcus faecalis) zntA NP_815121.1 (Abrantes et al., 2014) 
Sp (Streptococcus 

pyogenes) 
pmtA NP_269519.1 (VanderWal et al., 2017) 

Ec (Escherichia coli) 
kdpB 
zntA 

NP_415225.1 
NP_417926.1 

(Bramkamp and Altendorf, 
2004; Rensing et al., 1997) 

Pa (Pseudomonas 
aeruginosa) 

cueA NP_252609.1 (Schwan et al., 2005) 

Oc (Oryctolagus 
cuniculus) 

SERCA1A NP_001082787.1 (Norimatsu et al., 2017) 

Hs (Homo sapiens) pmr1 XP_005247411.1 (Smaardijk et al., 2018) 

Bs (Bacillus subtilis 168) 
yloB 

pfeT (zosA) 
NP_389448.1 
NP_389268.1 

(Raeymaekers et al., 2002) 
(Guan et al., 2015) 

Dr (Deinococcus 
radiodurans) 

copA NP_296173.1 (Zhao et al., 2014) 

Aa (Aquifex aeolicus) ctrA3 NP_213767.1 (Chintalapati et al., 2008) 
Sc (Saccharomyces 

cerevisiae) 
pmr1 NP_011348.1 (Szigeti et al., 2005) 

At (Agrobacterium 
tumefaciens) 

zntA NP_353865.2 (Chaoprasid et al., 2015) 
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Figure A.1. Structure of amiloride and derivatives. A) the chemical structure of amiloride 
with the arginine mimetic group (acyl-guanidine) highlighted and atoms of the pyrazine ring 
numbered 1 to 6. B) the chemical structure of HM2-16F with the 6,2-benzofuran in red. C) 
the chemical structure of 5-hexamethylene amiloride (HMA), the 5-hexamethylene ring is in 
blue. D) the structure of the HMA derivative BB2-50F with the 6,2 benzofuran in red. 

A B

C

1
2
3

4
5
6

D

1
2
3

4
5
61

2

45

6 3

7



 

 127 

Table A.4. ICP-MS determined values for cation concentrations in the culture media used in 
this study. 

 
7H9, 10% 

OADC and 11 
mM Glucose 

HdeB, 11 mM 
Glucose K+ 

Modified HdeB 
11 mM Glucose  

LB(1) 

Na (mM) 40.36 48.29 61.18 97.93 ± 4.86 
Mg (mM) 0.20 0.60 0.61 0.23 ± 0.03 
K (mM) 13.29(2) 8.58 0.22 6.98 ± 0.52 
Ca (µM) 225.58 13.69 12.92 322.74 ± 153.93 
Mn (µM) 0.03 7.33 7.95 0.23 ± 0.02 
Fe (µM) 151.70 17.48 21.18 6.84 ± 0.19 
Co (µM) 0.02 2.12 2.10 0.22 ± 0.02 
Ni (µM) 0.05 0.02 0.02 0.25 ± 0.2 
Cu (µM) 4.26 1.24 1.22 0.39 ± 0.08 
Zn (µM) 3.71 14.46 14.76 15.05 ± 0.41 

 
Data for Middlebrook 7H9 + OADC and 11 mM glucose, LB with 0.05% tyloxapol 
detergent and Hartmanns de Bont medium with 0.05% tyloxapol detergent (HdeB). Data 
presented are the average result of technical duplicate assays on uninoculated medium. 
 

(1)LB ICP-MS data presented as the mean ± SD of four biological replicates. 
(2) The Previously reported potassium concentration of uninoculated 7H9 + OADC in a 
previous study is 13.3±0.05 (Cholo et al., 2015). 
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Table A5. The predicted cation concentrations in uninoculated LB medium, compared to 
ICP-MS determined values. 

Cation g/L Predicted Concentration Determined by ICP-MS 
Na 5.025 86.6 mM 97.93 ± 4.86 mM 
Ca 0.003 (1)80 µM 322.74 ± 153.93 µM 
Fe 0.001 9 µM 6.84 ± 0.19 µM 
Mg 0.006 234 µM 234.19 ± 31.98 µM 
K 0.192 4.92 mM 6.98 ± 0.52 mM 

 
Predicted concentrations are based on technical data sheets of bacto-tryptone, yeast extract 
(Difco) and the 5 g/L of NaCl used to prepare LB medium. ICP-MS data presented as the 
mean ± SD of four biological replicates of the uninoculated medium from Table A.3. 
 

(1) It is unclear as to why the predicted Ca concentration was so different from the actual 
quantified values in LB. LB medium has no specifically added calcium. Batch to batch 
variation in the yeast extract and bacto-tryptone used is the most likely source of 
increased calcium, as the glassware was de-mineralised using EDTA, hydrochloric 
acid and deionised/milli-Q water.  
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Table A.6. Media composition of 7H9, 10% OADC and 11 mM glucose for the cultivation 
of Mycobacterium tuberculosis mc2 6230 

Compound g/L Final concentration 
(NH4)2SO4 0.5 3.78 mM 

Sodium citrate  1 3.875 mM 
NaCl  0.85 14.55 mM 

Na2HPO4 2.5 17.61 mM 
KH2PO4 1 7.35 mM 
MgSO4 0.05 415 µM 
CaCl2 0.0005 4.51 µM 
ZnSO4 0.001 6.19 µM 
CuSO4 0.001 6.25 µM 

Ferric ammonium citrate 0.04 153 µM 
L-Glutamic acid 0.5 3.40 mM 

Pyridoxine 0.001 5.92 µM 
Biotin 0.005 20.47 µM 

BSA fraction V 5 0.005% (w/v) 
D-Glucose 2 1.124 mM 

Catalase 45.8 (µL) 4.58 x 10-5 % (v/v) 
Oleic Acid 80 (µL) 8.00 x 10-5 % (v/v) 

11 mM Glucose N/A 11 mM 
 
Data presented are from technical data sheets of Middlebrook 7H9 broth base (Middlebrook 
and Cohn, 1958).  
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Figure A.2. Design of CRISPR/Cas sgRNA protospaces in the kdpF gene of M. smegmatis. 
From Figure 3.4 (see chapter 3 page 87), the region of the M. smegmatis wild-type chromosome 
that contains kdpF (Msmeg_5391), The KdpE response regulator binding site* has been 
indicated alongside the promoter transcription start site RBS and translation start site of kdpF 
through to the overlapping stop codon of kdpF and the kdpA start site. Of the five PAM sites 
present, two preceded protospacers that met the selection criteria of having five or more base-
pairing mismatches with off-target protospacer sites in the wild-type chromosome. The 
resulting sgRNAs (kdpF+61 and kdpF+74) were cloned using complementary oligonucleotide 
pairs that were annealed, and Golden-Gate cloned using a BbsI restriction site into pRH2521 
generating pRX61 and pRX62. 
*The KdpE binding motif and associated transcription elements have been previously 
identified in (Ali et al., 2017) including the +1 translational position of the divergently 
expressed gene Msmeg_5389, which is also shown.  

    ← Msmeg_5389 
ATGAGCTTCGTCGAGTGGGTCACCCCTCGAACATCCATCAACCGAGCCATG
ACGACGAGTGTCCTGGCGGAGTCTTGGCCGCTGCTGTACAAACCTTGACG
CCGCACTGACAGTCCGTCGGGAACCGCCTGTGCGCCGGCTTCGAACAAAC

         KdpE Binding Motif *    -35
GGTGTCAAATACGGCCGCCGCACCGTAAAGAAACCATCAAGGCCGCGTTC

     -10    Transcription Start →
GCGGTCCTGAACTGGGCAGATCCTTGATCAGCCCGTCGAGATCCGGCGGG
CGTAAAAGGAGACAACATGTCCGTGTTGGTCTACCTGGCGCTGACGGTGGC

              RBS      kdpF Start → +1
GATCTTCGCGCTGCTCGGCCTGGTGCAGAGGCTGGTCGATCGCCAGTGATC
GAAAACGTCGTCGGGCTGATCCTCGCGGTGCTCATCGCCGTGTTCATCGGC

            kdpF Stop / kdpA Start
GCCGCACTGCTCTTCCCGGAGAGGTTCTAGTGTCCCC

sgRNA kdpF +61 sgRNA kdpF +74
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Figure A.3. Design of CRISPR/Cas sgRNA protospacers in the kdpD gene of M. smegmatis. 
From Figure 3.4 (see chapter 3 page 87), the region of the M. smegmatis wild-type chromosome 
that contains kdpD (Msmeg_5395)annotated with the start and stop codons. From +1 to 
position +1273 of the gene was screened to locate at least four usable protospacers. Of the 
sixty PAM sites examined, four preceded protospacers that met the selection criteria of having 
five or more base-pairing mismatches with off-target protospacer sites in the wild-type 
chromosome. The resulting sgRNAs (kdpD+63, kdpD+536, kdpD+805 and kdpD+973.) were 
cloned using complementary oligonucleotide pairs that were annealed, and Golden-Gate 
cloned using a BbsI restriction site into pRH2521 generating pRX63, pRX64, pRX65 and 
pRX66. 

+1 kdpD Start → 
GTGACTACGCGGGCGTCGAACGCCTCGAAGCGCGGCGAGCTGCGCATCTACCTGGGTGC
CGCGCCCGGCGTGGGAAAGACGTACGCGATGCTCGGGGAGGCGCACCGCCGGCTCGAC

CGCGGGACCGACCTGGTGGCCGCTGTCGTCGAGACCCACGGACGCAAGAACACCGCAG
AGCTCCTCGCCGGCATCGAGGTCATTCCGCCGCGGTACATCGAGTACCGCGGCGGCCGGT
TCCCCGAGCTGGATGTGCCCGCGGTGCTGGACCGCAAACCGCAGGTGGTGCTGGTCGAC
GAACTCGCGCACACCAACACCCCCGGCAGCAAGAACGCGAAACGCTGGCAAGACGTCGAC
GAGTTGCTCAACGCCGGGATCACCGTGATCTCGACGGTGAACGTGCAGCACCTCGACAGC
CTCAACGACGTCGTCGCGGCGATCACCGGCATCGAACAGCAGGAGACGGTACCCGACGAG
GTGGTGCGTTCGGCCGACCAGATCGAACTGGTCGACATCACCCCGGAGGCGTTGCGGCGC
CGGCTGTCTCACGGCAACGTGTATGCACCCGAGCGGATCGACGCCGCGCTGTCGAACTAC

TTCCGGCGGGGAAACCTCACGGCGCTGCGGGAATTGGCACTGCTGTGGCTGGCCGATCAG
GTCGACGCGGCGCTGGCCAAGTACCGGGCCGACAACAAGATCACCGCGTTGTGGGAAACC
CGCGAACGTGTCGTCGTCGCGGTCACCGGCGGAACGGAGTCGGAAACGTTGGTGCGCCGC 
GCGTTCCGCATCGCGTCGAAGTCCAGCGCCGAACTCATGGTGGTCCATGTGGTTCATGGCGA

CGGACTCACGGGCATCTCGGCTGCCCAGATGGGCAAAGTGCGTGAACTCGCGGTGAGCCTC
GGCGCCACGGTGCACACCGTCGTCGGTGATGACGTGCCCACTGCGCTGTTGGACTTCGCGC
GTGACATCAACGCCACCCAGTTGGTGCTCGGCACATCCCGTCGGTCGCGGTGGGCGCGGAT

GTTCGACGAGGGCATCGG - (N1476) - GGCATGACC
         → +1 kdpE Start / kdpD Stop 

sgRNA kdpD +63

sgRNA kdpD +536

sgRNA kdpD +805

sgRNA kdpD +973
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Figure A.4. Design of CRISPR/Cas sgRNA protospacers in the kdpE gene of M. smegmatis. 
From Figure 3.4 (see chapter 3 page 87), the region of the M. smegmatis wild-type chromosome 
that contains kdpE (Msmeg_5396) annotated with start and stop codons. Of the thirtyfive 
PAM sites examined, three preceded protospacers that met the selection criteria of having five 
or more base-pairing mismatches with off-target protospacer sites in the wild-type 
chromosome. The resulting sgRNAs (kdpE+381, kdpE+409 and kdpE+421.) were cloned 
using complementary oligonucleotide pairs that were annealed, and Golden-Gate cloned 
using a BbsI restriction site into pRH2521 generating pRX67, pRX68 and pRX69. 
  

TCGAGGCCATGGGCGGCACCATCTCGGCGGGAGACACCCCGGGCGGCGGGTTGACCGTCGA

              → +1 kdpE Start / kdpD Stop 
GATCGAACTGGCGGTCCCGGCATGACCGCCCCGATCAAGACCCGCGTGTTGGTGATCGACGA
CGAACCGCAGATCTTGCGGGCCCTGCGCATCAACCTGTCGGTACGAGGCTACGAGGTGCGCA
CCGCGGCAAGCGGCGCCGAGGCGTTGCACAGCGCCGCCGACCACCGACCCGACGTCATCGT
GCTCGATCTCGGGTTGCCCGACATGTCCGGGATCGAGGTGCTGCACGGTCTGCGGGGATGGT
TGAGCGCCCCGGTGATCGTGCTCTCGGCGCGCACCGACTCCTCCGACAAGGTCGAGGCCCT
CGATGCCGGGGCCGACGACTATGTCACCAAACCCTTTGGCATGGACGAGTTCCTGGCCCGCT
TACGCGCGGCCGCGCGTCGCGCCGCGGTGCCCGAGACCGATCAACCGGTCATCGAGACCA

CATCGTTCACCGTTGATCTCGCCGCGAAGAAGGTGATCAAGAACGGCGCCGAGGTGCACCTG

ACGCCCACCGAGTGGGGCATGCTGGAAATGCTGGTGCGCAACCGCGGCAAGCTCGTCGGCC
GCGAGGAACTGCTCCGCGAGGTGTGGGGCCCGGCCTACGCCACCGAGACCCACTATTTACGC
GTCTACCTCGCGCAGCTTCGCCGTAAGCTCGAAGACGACCCCTCGCACCCGGTGCACCTGCT
CACCGAGGCAGGCATGGGTTACCGCTTCGAGGCGTGACGTC
            kdpE Stop

sgRNA kdpE +381

sgRNA kdpE +409 sgRNA kdpE +421
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Table A.7. Media composition for the preparation of Sautons medium with 10% OADC and 
11 mM glucose. 

Compound g/L Final concentration 
trisodium citrate  0.66 3.4 mM 

NaCl  0.85 14.6 mM 
NaH2PO4 0.056 0.39 mM 
K2HPO4 0.177 1.3 mM 

MgSO4.7H2O 0.166 1379 µM 
ZnSO4.7H2O (1% w/v) 2.87 x 10-4 1 µM 

Ferric ammonium citrate 0.167 64 µM 
L-Asparagine 1.33 10.7 mM 

BSA fraction V 5 0.005% (w/v) 
D-Glucose 2 1.12 mM 

Catalase 45.8 (µL) 4.58 x 10-5 % (v/v) 
Oleic Acid 80 (µL) 8.00 x 10-5 % (v/v) 

11 mM Glucose N/A 11 mM 
 
Sautons with 10% OADC and 11 mM glucose was prepared for ICP-MS analysis in 
comparison with and reference against LBT and, 7H9+ OADC and HdeB.   
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Table A.8. The predicted cation concentrations in uninoculated Sautons medium +OADC 
and 11 mM glucose, compared to ICP-MS determined values. 

Cation Predicted Concentration Determined by ICP-MS 
Na  13.9 mM 17.63 mM 
Mg 1379 µM 871.75 µM 
K 2.6 mM 5.96 mM 
Ca 20 µM 12.26 µM 
Mn N/A 0.33 µM 
Fe 64 µM 66.67 µM 
Co N/A 0.02 µM 
Ni N/A 0.09 µM 
Cu N/A 0.12 µM 
Zn 1 µM 1.85 µM 

 
Sautons with 10% OADC and 11 mM glucose was prepared for ICP-MS analysis in 
comparison with and reference against LB and Middlebrook 7H9+ OADC and HdeB Table 
A.4). Media were prepared as described in Table A.7. Data presented are the average of 
technical duplicate samples of a single preparation. 
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