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Abstract 

Part I 

Cell division in bacteria is tightly regulated by a multiprotein complex called the divisome. 

Proteins in the divisome couple cell division and growth, ensuring that a single copy of the 

chromosome is present in each resulting daughter cell, and preventing more than one instance 

of division from occurring at any one time. This thesis concerns a combination of biophysical 

and biochemical techniques used to study the cell division proteins DivIVA, Stk1 and GpsB 

from Staphylococcus aureus. A model of the solution molecular envelope of DivIVA is derived 

by small-angle X-ray scattering and compared to a previously proposed model of the protein 

from Bacillus subtilis. The molecular mechanisms of DivIVA oligomerization are probed 

through use of size-exclusion chromatography coupled multi-angle light scattering on various 

truncations of the protein. The structure of the N-terminal domain of S. aureus GpsB is solved 

and used to rationalise the interaction between GpsB and PBP4. Attempts are made to 

determine an interaction network between the cell division proteins and members of the 

peptidoglycan and wall-teichoic acid synthesis machinery by several biochemical and 

biophysical assays. 

Part II 

Biofilms are communities of sessile bacteria that form on a wide variety of natural and man- 

made surfaces, sometimes at a detriment to human health. Bacteria in biofilms are held together 

by a viscous extracellular matrix consisting of polysaccharides, lipids, proteins, and 

extracellular DNA (eDNA). Species of Bacillus are known to secrete two structurally similar 

endonucleases, Nuclease A and B (NucA & NucB), into their environment as a means of taking 

up eDNA either to enhance their genetic diversity, or for metabolic purposes, respectively. As 

a mechanism of protection from self-induced genome degradation, NucA is co-expressed with 

a proposed inhibitor, Nin. A combination of biophysical/chemical techniques are used to probe 

the interaction between NucA/B and Nin from Bacillus subtilis. In vitro studies show that 

NucA and NucB bind to Nin and that Nin inhibits their endonuclease activity. The affinity of 

the interactions between NucA or NucB and Nin are probed and found to be sub-nanomolar. 

The structures of NucA/NucB in complex with Nin are solved by X-ray crystallography, 

revealing the mechanism of inhibition by Nin, and allowing for the calculated dismantling of 

the complexes by site-directed mutagenesis. 

  



 ii 

 

  



 iii 

Acknowledgements 

Thanks firstly to Rick for letting me convince you I was worth taking on as a PhD student. It 

immediately became obvious in my first interactions with you that I’d stumbled across a down to earth, 

straight-talking, reasonable mentor; I’m glad to say I wasn’t wrong in my predictions of you. Thanks 

for being so patient with me not only in the lab, but over my drawn-out writing over this last year and 

a half. The beer snobbery chats aren’t over, I’m sure. 

Thanks to all the past members of the Lewis lab: Arnaud, Vince, Rob, Lorraine, Sema, and Zoe for the 

constant support either in work or play, sometimes both. 

Thanks to Tim for taking over as my official supervisor after Rick’s departure from the university. Your 

understanding over the last year has been a major factor in getting this document over the line. 

Thanks to the members of the SWON alliance, particularly Kasia and Victoria from the Foster group, 

for the fun and productive collaborations with DivIVA/GpsB/PBPs. 

Thanks to Heath and Hannah for their collaborations on the Nuc/Nin project, making 10–15 point 

mutants I’m sure wasn’t the most fun exercise in the world but thankfully it lead to something! 

Thanks to Jamie and Henrik for guiding me through my small foray into the world of hardcore 

microbiology and microscopy, I hope I wasn’t too much of a burden. Thanks, Henrik, for all your in-

depth discussions about DivIVA. 

Thanks to Claire in NICR and Simon in Sheffield for the mass spec data, and for being so patient with 

my lack of understanding of mass spec. 

Thanks to all the Tuesday night-misbehavers and shenanigan-enablers: Orla, Alan, Amy, Tim, Nico, 

Dan. I miss you all dearly, but I can’t say my liver does. 

Thanks to my loving and supportive family, my mother, my father, and my sister Alex for your constant 

support and provision of respite throughout not only this chapter of my life, but all that preceded it. 

In lieu of having an “in spite of…” section to this pre-amble, thanks to Rich for ensuring I was often 

reminded about life outside of this PhD, perhaps at a detriment to its progress at times. 

Thanks to Christie for pushing me through the last few stages of this process and putting your own life 

aside sporadically in support of getting this over the line. I love you, darling.  



 iv 

 

  



 v 

 

 

 

 

 

 

 

 

 

”I should not like to leave an impression that all structural problems can be settled by X-ray 

analysis, or that all crystal structures are easy to solve. I seem to have spent much more of my 

life not solving structures than solving them.” 

Dorothy Hodgkin, 1964 

 

  



 vi 

  



 vii 

 
Table of contents 
Abstract…………………………………………………………………………………… i 

Acknowledgements………………………………………………………………………. ii 

Table of contents…………………………………………………………………………. vii 

List of figures…………………………………………………………………………….. xiii 

List of tables……………………………………………………………………………… xvii 

Abbreviations…………………………………………………………………………….. xix 

 

Part I.  
Biophysical and biochemical characterisation of cell division proteins from Staphylococcus 

aureus……………………...………………………..…………………………………………….. 1 

Chapter 1. 
Introduction: Cell division in bacteria………..………..……………………………………….. 3 

1.1. An overview of the bacterial cell envelope……….……..………………………………. 5 

1.2. An overview of bacterial cell division…………………………………………………... 6 

1.3. The Gram-negative cell envelope….……………………………………………………. 9 

1.4. The Gram-positive cell envelope………………………………………………………... 10 

1.4.1.  Teichoic acids………..…………………………………………….……………….. 10 

1.4.2.  Teichoic acid synthesis……………………………………………………………... 12 

1.4.2.1. WTAs……………………………………………………………………. 12 

1.4.2.2. LTAs…………………………………………………………………….. 14 

1.5. Synthesis of peptidoglycan………………………………………………………………. 15 

1.5.1.  Intracellular pathway……………………………………………………………….. 15 

1.5.2.  Flipping lipid II across the plasma membrane……………………………………... 16 

1.5.3.  Extracellular Pathway……………………………………………………………… 17 

1.5.4.  Differences in PG between Gram-negative and Gram-positive bacteria…………... 18 

1.6. Coordination of cell wall synthesis with cell division…………………………………... 19 

1.6.1.  The divisome……………………………………………………………………….. 19 

1.6.2.  FtsZ………………………………………………………………………………… 20 

1.7. Z-ring placement regulation…………………………………………………………….. 21 

1.7.1.  The Min system…………………………………………………………………..... 21 

1.7.2.  Nucleoid occlusion………………………………………………………………… 23 

1.7.3.  FtsZ-associated proteins…………………………………………………………… 25 

1.7.3.1. ZapA…………………………………………………………………….. 25 



 viii 

1.7.3.2. FtsA…………………………………………………………………….. 27 

1.7.3.3. ZipA……………………………………………………………………. 28 

1.8. Regulators of cell division and PG remodelling………………………………………... 28 

1.8.1.  DivIB/DivIC/FtsL…………………………………………………………………. 28 

1.8.2.  DivIVA……………………………………………………………………………. 30 

1.8.3.  GpsB………………………………………………………………………………. 31 

1.8.4.  EzrA……………………………………………………………………………….. 33 

1.9. Eukaryotic-like Ser/Thr protein kinases and divisome components……………………. 33 

1.10.  Antibiotics targeting cell division/PG synthesis machinery…………………………….. 34 

1.11.  Aims of this study……………………………………………………………………….. 35 

 

Chapter 2.  
Materials and Methods………………………………………………………………………….. 36 

2.1. Materials…………………………………………………………………………..…….. 38 

2.1.1.  Growth media……………………………………………………………………… 38 

2.1.2.  General chemicals………………………………………………………………….. 39 

2.1.3.  Buffer preparation………………………………………………………………….. 39 

2.2. Molecular biology……………………………………………………………………….. 39 

2.2.1.  Strains and plasmids……………………………………………………………….. 39 

2.2.2.  E. coli competent cell preparation…………………………………………………. 40 

2.2.3.  Transformation of E. coli competent cells…………………………………………. 41 

2.2.4.  Purification of plasmids from E. coli………………………………………………. 41 

2.2.5.  Polymerase chain reaction…………………………………………………………. 41 

2.2.6.  Restriction endonuclease-based cloning…………………………………………… 42 

2.2.7.  Restriction-free cloning strategy for N-terminal DivIVA truncations…………….. 43 

2.2.8.  In-Fusion™ cloning of DivIVA into pMV01……………………………………… 44 

2.2.9.  Site-directed mutagenesis………………………………………………………….. 44 

2.2.10. Generation of MBP-fusions to SaDivIVA……………………………………….. 45 

2.2.11. Preparation of glycerol stocks for E. coli strains………………………………… 45 

2.2.12. Transformation of B. subtilis…………………………………………………….. 45 

2.3. Protein purification………………………………………………………………………. 47 

2.3.1.  Expression…………………………………………………………………………. 47 

2.3.2.  Preparation of cell-free extracts for soluble proteins……………………………… 47 

2.3.3.  Immobilised metal affinity chromatography………………………………………. 48 

2.3.4.  Cleavage of recombinant tags……………………………………………………… 48 

2.3.5.  Ion-exchange chromatography……………………………………………………... 49 



 ix 

2.3.6.  Preparative size-exclusion chromatography………………………………………... 49 

2.3.7.  Sodium dodecyl sulphate-polyacrylamide gel electrophoresis…………………….. 50 

2.3.8.  Determination of protein concentration by absorbance at 280 nm (A280)………….. 50 

2.3.9.  Determination of protein concentration by bicinchoninic acid assay……………… 50 

2.3.10. Generation of liposomes…………………………………………………………. 51 

2.4. Characterisation of protein samples……………………………………………………… 52 

2.4.1.  Native polyacrylamide gel electrophoresis…………………………………………. 52 

2.4.2.  Circular dichroism………………………………………………………………….. 52 

2.4.3.  Analytical size-exclusion chromatography………………………………………… 52 

2.4.4.  Size-exclusion chromatography-coupled multi angle light scattering……………… 52 

2.4.5.  Size-exclusion chromatography-coupled small angle X-ray scattering……………. 53 

2.4.6.  One-dimensional processing of SAXS data………………………………………… 53 

2.4.7.  Dummy atom modelling……………………………………………………………. 53 

2.4.8.  Lysine methylation of SaDivIVA1-120………………………………………………. 54 

2.4.9.  Crystallisation screening and data collection………………………………………. 54 

2.4.10. Structure solution and refinement………………………………………………... 54 

2.5. Biochemical techniques…………………………………………………………………... 55 

2.5.1.  Isothermal titration calorimetry…………………………………………………….. 55 

2.5.2.  Surface plasmon resonance………………………………………………………… 55 

2.5.3.  Microscale thermophoresis………………………………………………………… 55 

2.5.4.  Fluorescence polarisation…………………………………………………………... 56 

2.5.5.  Phosphorylation reactions………………………………………………………….. 56 

2.6. Microscopy………………………………………………………………………………. 56 

2.6.1.  Fluorescence microscopy experiments…………………………………………….. 56 

2.6.2.  Negative-stain electron microscopy………………………………………………... 57 

 

Chapter 3.  
Characterisation of S. aureus DivIVA by integrative structural and biochemical 

methods……………………………………………………………………………………………. 58 

3.1. Background and aims…..…………………………………………………………..…….. 60 

3.2. Expression and purification of SaDivIVA constructs……………………………………. 60 

3.3. Secondary structure analysis of SaDivIVAFL…………………………………………….. 61 

3.4. Solution characteristics and molecular envelope of full-length SaDivIVA……………… 62 

3.5. Probing the oligomerisation model of SaDivIVA biophysically………………………… 68 

3.5.1.  C-terminal truncations of SaDivIVA……………………………………………….. 68 

3.5.2.  N-terminal truncations of SaDivIVA………………………………………………. 75 



 x 

3.5.3.  Internal deletions in the linker region of SaDivIVA……………………………….. 79 

3.5.4.  Secondary structure analysis of SaDivIVA truncation mutants……………………. 83 

3.5.5.  MBP-fusions of SaDivIVA…………………………………………………………. 84 

3.6. Negative-stain electron microscopy of SaDivIVAFL……………………………………... 88 

3.7. Crystal structure of SaDivIVA1-57………………………………………………………… 89 

3.8. Crystallisation and structure determination of SaDivIVA1-120……………………………. 90 

3.9. Attempts to crystallise other SaDivIVA constructs………………………………............. 93 

3.10.  Rigid-body modelling of SaDivIVA…………………………………………………….. 94 

3.11.  Testing the interactions of SaDivIVA with cell wall synthesis proteins………………… 96 

3.11.1. Fluorescence polarisation………………………………………………………… 96 

3.11.2. Microscale thermophoresis……………………………………………………….. 96 

3.11.3. Surface plasmon resonance……………………………………………………….. 97 

3.12.  Protein-liposome interaction studies by surface plasmon resonance…………………….. 98 

3.13.  SaDivIVA binding to model membranes in vivo………………………………………… 98 

3.14.  Localisation studies of SaDivIVA in S. aureus………………………………………….. 101 

3.15.  Discussion………………………………………………………………………………... 102 

3.15.1. SaDivIVA forms a ‘head-on’ arrangement of parallel dimers in solution………... 102 

3.15.2. SaDivIVA does not interact with PBP1, PBP4, SA0908, or SA2103 in vitro…… 104 

3.15.3. The interaction of SaDivIVA with cell membranes………………………………. 105 

3.15.4. A structural mechanism of SaDivIVA membrane binding……………………….. 106 

 

Chapter 4.  

The interactions of the cell division proteins GpsB, PBP4, and Stk1 from S. aureus………… 108 

4.1. Background and aims……………………………………………………………………... 110 

4.2. The structure of SaGpsB and its interaction with SaPBP4……………………………….. 111 

4.2.1.  Expression and purification of SaGpsB constructs…………………………………. 113 

4.2.2.  The crystal structure of SaGpsB1-64…………………………………………………. 111 

4.2.3.  Validating the SaGpsB:SaPBP4 interaction model biochemically…………………. 121 

4.3. Probing phosphorylation of SaGpsB and SaDivIVA in vitro…………………………….. 124 

4.3.1.  Purification of Stk1…………………………………………………………………. 124 

4.3.2.  Phosphorylation of SaDivIVA and SaGpsB by Stk11-291…………………………… 126 

4.3.3.  Peptide-mass fingerprinting analysis……………………………………………….. 133 

4.4. Discussion………………………………………………………………………………… 135 

 

 

 



 xi 

Part II. 
Structural and mutational studies on biofilm proteins from Bacillus subtilis………………… 138 

Chapter 5.  

Introduction to biofilms and endonucleases…………………………………………………….. 140 

5.1. An overview of biofilms………………………………………………………………..... 142 

5.2. The extracellular matrix………………………………………………………………….. 143 

5.2.1.  Secreted proteins…………………………………………………………………… 144 

5.2.2.  Polysaccharides…………………………………………………………………….. 145 

5.2.3.  Extracellular DNA…………………………………………………………………. 145 

5.2.4.  Lipids………………………………………………………………………………. 146 

5.3. The biofilm lifecycle……………………………………………………………………... 146 

5.4. Communication within biofilms………………………………………………………….. 148 

5.5. Antibiotics and biofilms………………………………………………………………….. 150 

5.6. The B. subtilis biofilm……………………………………………………………………. 153 

5.7. Biofilm removal in clinical and industrial settings………………………………………. 154 

5.8. An overview of nucleases………………………………………………………………… 155 

5.9. His-Me finger endonucleases…………………………………………………………….. 156 

5.10.  Nuclease-inhibitor interactions…………………………………………………………... 156 

5.11.  NucA and NucB…………………………………………………………………………. 159 

5.12.  Nin……………………………………………………………………………………….. 162 

5.13.  Aims of this study………………………………………………………………………... 164 

 

Chapter 6.  
The molecular basis of the Nin-mediated inhibition of NucA and NucB endonuclease 

activity……………………………………………………………………………………………... 166 

6.1. Background and aims……………………………………………………………….......... 168 

6.2. Recombinant expression and purification of NucA, NucB, and Nin in E. coli………….. 168 

6.3. Interactions studies of NucA/B with Nin………………………………………………… 173 

6.3.1.  Nuclease inhibition assays…………………………………………………………. 173 

6.3.2.  Surface plasmon resonance studies of NucA/B against Nin……………………….. 174 

6.3.3.  Isothermal titration calorimetry of NucA and NucB with Nin…………………….. 175 

6.4. The crystal structure of NucA and NucB in complex with Nin…………………………. 176 

6.5. Structure-guided dismantling of the NucA/B:Nin complex by site-directed mutagenesis. 185 

6.6. Discussion………………………………………………………………………………... 194 

 

References………………………………………………………………………………… 196 



 xii 

Appendices………………………………………………………………………………... 232 
Appendix I. Data published in Eswara et al., 2018……………………………………………... 232 

Appendix II. List of primers used in this study…………………………………………………. 233 

Appendix III. Papers arising from this work…………………………………………………… 235 

 

  



 xiii 

List of figures 
Chapter 1. 
Figure 1.1: The general structure of peptidoglycan (PG)…………………………………. 6 

Figure 1.2: Examples of bacterial cell division in rod-shaped bacteria…………………… 7 

Figure 1.3: Examples of bacterial cell division in coccoid bacteria………………………. 8 

Figure 1.4: Comparison of the cell envelopes of Gram-negative and Gram-positive 

bacteria…………………………………………………………………………………….. 9 

Figure 1.5: The general structure of wall teichoic acid and lipoteichoic acid…………….. 11 

Figure 1.6: A structural overview of WTA construction in B. subtilis and S. aureus…….. 13 

Figure 1.7: A structural overview of Lipid II construction……………………………….. 16 

Figure 1.8: Polymerisation of the PG matrix in the extracellular/periplasmic space……… 18 

Figure 1.9: Structural model of the divisome……………………………………………… 20 

Figure 1.10: The Min system in E. coli and B. subtilis……………………………………. 23 

Figure 1.11: General mechanism of nucleoid occlusion…………………………………... 25 

Figure 1.12: Proposed mechanism of FtsZ filament cross-linking by ZapA……………… 26 

Figure 1.13: Model of FtsZ tethering to the membrane by FtsA………………………….. 26 

Figure 1.14: Model of FtsQ binding to FtsB and FtsL……………………………………. 29 

Figure 1.15: Structure of DivIVA from B. subtilis………………………………………... 30 

Figure 1.16: Localisation of DivIVA in B. subtilis and S. aureus………………………… 31 

Figure 1.17: Domain organisation of GpsB……………………………………………….. 32 

 

Chapter 2. 
Figure 2.1: A representative example of a restriction digest screen for the presence of  

correct inserts……………………………………………………………………………… 43 

Figure 2.2: A representative agarose gel of an SDM reaction…………………………….. 44 

Figure 2.3: Method of construction of pMAT-11-SaDivIVAFL-MBP……………………. 46 

Figure 2.4: A representative chromatogram from an IMAC purification step……………. 48 

Figure 2.5: A representative example of cleavage & reverse-IMAC……………………... 49 

Figure 2.6: A representative BCA standard curve……………………………………….... 51 

 

Chapter 3. 
Figure 3.1: Representative purification of SaDivIVAFL…………………………………… 61 

Figure 3.2: CD spectrum of SaDivIVAFL………………………………………………….. 62 



 xiv 

Figure 3.3: SEC-MALS analysis of SaDivIVAFL…………………………………………. 63 

Figure 3.4: SAXS analysis of SaDivIVAFL………………………………………………... 65 

Figure 3.5: Determination of the two cross-sectional radii for SaDivIVAFL…………….... 66 

Figure 3.6: The molecular envelope of SaDivIVAFL……………………………………… 68 

Figure 3.7: Sequence alignment of SaDivIVA against BsDivIVA………………………... 69 

Figure 3.8: SEC-MALS analysis of SaDivIVA1-187, SaDivIVA1-165, and SaDivIVA1-120… 70 

Figure 3.9: SAXS analysis of SaDivIVA1-120……………………………………………… 72 

Figure 3.10: Determination of the cross-sectional radius of SaDivIVA1-120………………. 73 

Figure 3.11: The molecular envelope of SaDivIVA1-120…………………………………... 74 

Figure 3.12: SEC-MALS analysis of SaDivIVA54-205…………………………………….. 75 

Figure 3.13: SAXS analysis of SaDivIVA54-205…………………………………………… 77 

Figure 3.14: The molecular envelope of SaDivIVA54-205…………………………………. 78 

Figure 3.15: SEC-MALS analysis of SaDivIVAΔ57-120…………………………………… 80 

Figure 3.16: SAXS analysis of SaDivIVAΔ57-120………………………………………….. 81 

Figure 3.17: The molecular envelope of SaDivIVAΔ57-120………………………………… 83 

Figure 3.18: CD analysis of SaDivIVA truncations………………………………………. 84 

Figure 3.19: SEC-MALS analysis of MBP-SaDivIVA…………………………………… 85 

Figure 3.20: SAXS analysis of MBP-SaDivIVA………………………………………….. 86 

Figure 3.21: Comparison of the P(r) distributions of MBP-SaDivIVAFL and SaDivIVAFL. 87 

Figure 3.22: Negative-stain EM of SaDivIVAFL………………………………………….. 88 

Figure 3.23: Crystal structure of the N-terminus of SaDivIVA…………………………… 90 

Figure 3.24: Crystal structure of SaDivIVA1-120…………………………………………... 92 

Figure 3.25: Crystal packing of SaDivIVA1-120…………………………………………… 93 

Figure 3.26: Rigid-body modelling of SaDivIVA………………………………………… 95 

Figure 3.27: Interaction studies of SaDivIVA against members of the cell division 

machinery………………………………………………………………………………….. 97 

Figure 3.28: Interaction studies between SaDivIVA and liposomes……………………… 98 

Figure 3.29: Localisation of SaDivIVA-msfGFP in E. coli cells…………………………. 99 

Figure 3.30: Localisation of SaDivIVA-msfGFP in B. subtilis cells……………………… 100 

Figure 3.31: Localisation of SaDivIVA-mEGFP in S. aureus…………………………….. 102 

Figure 3.32: Model of tetramerisation of SaDivIVA likely represented by the SAXS data 

for MBP-SaDivIVA………………………………………………………………………... 104 

 

 



 xv 

Chapter 4. 
Figure 4.1: Representative purification of SaGpsBFL……………………………………... 112 

Figure 4.2: Representative final purification step of SaGpsB1-64…………………………. 113 

Figure 4.3: The crystal structure of SaGpsB1-64…………………………………………… 116 

Figure 4.4: Interaction between symmetry mates in GpsB………………………………... 116 

Figure 4.5: Leu35 is buried in the structure of SaGpsB1-64……………………………….. 118 

Figure 4.6: Superimposition of the peptide-bound structure of SpGpsB:SpPBP2a with 

SaGpsB1-64…………………………………………………………………………………. 119 

Figure 4.7: An in silico model of an SaGpsB:SaPBP4 complex and positions of proposed key 

residues in the binding pocket of SaGpsB…………………………………………………. 120 

Figure 4.8: Effect of mutations to the putative binding pocket of SaGpsB on binding between 

SaGpsB and SaPBP4………………………………………………………………………. 122 

Figure 4.9: Superposition of Asp33, Asp37, and Asp38 from SaGpsB with their respective 

Asps in SpGpsB……………………………………………………………………………. 123 

Figure 4.10: Potential sites of phosphorylation on SaGpsB1-64 and SaDivIVA………….... 124 

Figure 4.11: Purification of Stk11-291………………………………………………………. 125 

Figure 4.12: Native-PAGE of SaGpsBFL and SaDivIVAFL phosphorylation by Stk11-291… 127 

Figure 4.13: Native-PAGE analysis of SaGpsB1-64 in the presence/absence of Stk11-291…. 128 

Figure 4.14: MS analysis of SaDivIVAFL before and after incubation with Stk11-291…….. 129 

Figure 4.15: MS analysis of SaGpsBFL before and after incubation with Stk11-291……….. 131 

Figure 4.16: MS analysis of SaGpsB1-64 before and after incubation with Stk11-291………. 132 

Figure 4.17: Peptide mass fingerprinting of SaGpsBFL following phosphorylation by  

Stk11-291…………………………………………………………………………………….. 134 

 

Chapter 5. 
Figure 5.1: Examples of biofilms………………………………………………………….. 142 

Figure 5.2: General components of the extracellular matrix………………………………. 143 

Figure 5.3: Stages of the biofilm lifecycle………………………………………………… 147 

Figure 5.4: General mechanism for gene regulation by quorum sensing in Gram-negative and 

Gram-positive bacteria…………………………………………………………………….. 150 

Figure 5.5: Mechanism of generation of persister cells in biofilms………………………. 152 

Figure 5.6: Molecular features of the B. subtilis biofilm…………………………………. 153 

Figure 5.7: The importance of surface charge for DNA-recognition by nucleases………... 155 



 xvi 

Figure 5.8: ββα motifs present in a selection of His-Me endonucleases…………………... 156 

Figure 5.9: Mechanism of inhibition of Barnase by Barstar………………………………. 157 

Figure 5.10: Inhibition of Colicin E7 by the immunity protein Im7………………………. 159 

Figure 5.11: The model of B. licheniformis NucB DNA binding…………………………. 161 

Figure 5.12: Binding of NuiA to NucA in Anabaena is characterised by a metal-ion 

bridge……………………………………………………………………………………… 163 

 

Chapter 6. 
Figure 6.1: Strategy for construction of an expression vector for the endonucleases NucA and 

NucB……………………………………………………………………………………….. 170 

Figure 6.2: Representative polishing of BsNucA by gel filtration chromatography………. 171 

Figure 6.3: Representative polishing of BsNin by gel filtration chromatography…………. 172 

Figure 6.4: Circular dichroism of NucA and NucB compared against the structure of BlNucB 

(PDB code 5OMT)…………………………………………………………………………  173 

Figure 6.5: Nuclease interference assay of NucA/B with Nin…………………………….. 174 

Figure 6.6: Surface plasmon resonance studies of NucA and NucB with Nin……………. 175 

Figure 6.7: Isothermal titration calorimetry studies of NucA and NucB with Nin………… 176 

Figure 6.8: The structure and topology of Nin…………………………………………….. 177 

Figure 6.9: Crystallisation of NucA and NucB with Nin………………………………….. 178 

Figure 6.10: The crystal structures of NucA and NucB in complex with Nin…………….. 179 

Figure 6.11: Superposition of all solved structure of NucB, NucA, and Nin……………… 181 

Figure 6.12: Superposition of active site residues in all solved structures of NucA/B……. 182 

Figure 6.13: Mechanism of inhibition of nuclease activity by Nin………………………... 184 

Figure 6.14: Conservation of interfacial residues between NucA and Nin………………... 185 

Figure 6.15: The selection of residues chosen for mutation in Nin……………………….. 186 

Figure 6.16: Charge-flipping mutations made to Nin……………………………………… 189 

Figure 6.17: Effect of charge-flipping mutations to Nin on the NucA/B:Nin interaction…. 191 

Figure 6.18: Effect of the triple mutant of Nin on binding to NucA/B……………………. 192 

Figure 6.19: Nuclease activity assays performed on Nin mutants…………………………. 192 

Figure 6.20: Comparison of the CD spectra of Nin mutants with wild-type Nin………….. 193 

Figure 6.21: A potential mechanism for cation exit in NucB……………………………… 195 

  



 xvii 

List of tables 
Table 2.1: Composition of growth media used in this study……………………………… 38 

Table 2.2: Working concentrations of antibiotics used in this study……………………... 38 

Table 2.3: List of E. coli strains used in this study……………………………………….. 39 

Table 2.4: List of parental plasmid vectors used in this study……………………………. 40 

Table 2.5: A representative PCR reaction………………………………………………… 42 

Table 2.6: Cycling parameters for a representative PCR reaction………………………... 42 

Table 2.7: Composition of media used for transformation of B. subtilis…………………. 47 

Table 2.8: Standard recipe for SDS-PAGE gels used in this study……………………….. 50 

 

Table 3.1: A summary of the structural parameters calculated from the SAXS data 

collected for SaDivIVAFL………………………………………………………………… 64 

Table 3.2: Parameters and statistics for the generation of the dummy-atom model of 

SaDivIVAFL………………………………………………………………………………. 67 

Table 3.3: Structural parameters calculated from the SAXS data for SaDivIVA1-120……. 71 

Table 3.4: Parameters and statistics for the dummy atom modelling of SaDivIVA1-120…. 74 

Table 3.5: Structural parameters calculated for SaDivIVA54-205 calculated from the 

SAXS data………………………………………………………………………………… 76 

Table 3.6: Parameters and statistics for the dummy atom modelling of SaDivIVA54-205… 78 

Table 3.7: Structural parameters calculated for SaDivIVAΔ57-120 from the SAXS data….. 80 

Table 3.8: Parameters and statistics for the dummy atom modelling of SaDivIVAΔ57-120.. 82 

Table 3.9: Structural parameters calculated for MBP-SaDivIVA from the SAXS data….. 87 

Table 3.10: Data collection and refinement statistics for SaDivIVA1-120…………………. 91 

 

Table 4.1: Data collection and refinement statistics for SaGpsB1-64………………………. 114 

Table 4.2: RMSD calculations between SaGpsB1-64 ad GpsB homologues/paralogues…... 115 

 

Table 6.1 Data collection and refinement statistics for NucA:Nin and NucB:Nin………… 179 

Table 6.2: KD values measured between Nin mutants and NucA or NucB by ITC……….. 188 

  



 xviii 

 

  



 xix 

Abbreviations 
Å Ångstrom 

A280 Absorbance at 280 nm 

ABC ATP-binding cassette  

AHL Acyl-homoserine lactones 

AIP Auto-inducing peptides 

ATP Adenosine triphosphate 

BCA bicinchoninic acid 

Bp Base pairs 

Bs Bacillus subtilis 

BSA Bovine serum albumin 

Bl Bacillus licheniformis 

C55 undecaprenyl  

CD Circular dichroism 

CDP cytidine-5'-diphosphate 

cm Centimetre 

Da Dalton 

Dmax Maximum particle dimension 

DNA Deoxyribonucleic acid 

eDNA Extracellular DNA 

gDNA Genomic DNA 

dNTP Deoxynucleotide 

dH20 Distilled water 

DTT Dithiothreitol 

ε Extinction coefficient 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

EM Electron microscopy 

EPS Exopolymeric substance 

IEX Ion-exchange chromatography 

FP Fluorescence polarisation 

FT Flow-through 

eSTK Eukaryotic-like Ser/Thr protein kinase 



 xx 

GFP Green fluorescence protein 

Glc2-DAG  gentiobiosyl-diacylglycerol  

GlcNAc N-acetylglucosamine 

Gro-P 1,3-L-α-glycerol-phosphate 

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

His6 Hexahistidine 

His-Me Histidine-metal 

IM Inner membrane 

IMAC Immobilised metal-ion affinity chromatography 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

ITC Isothermal titration calorimetry 

Kb Kilobase 

KCl Potassium chloride 

KD Dissociation constant 

kDa Kilodalton 

LB Lysogeny broth 

LCP LytR-CpsA-Psr 

LPS Lipopolysaccharide 

LTA Lipoteichoic acid 

ManNAc N-acetylmannosamine 

MBP Maltose-binding protein 

meso‐A2pm  meso‐diaminopimelic acid 

MPD 2-Methyl-2,4-pentanediol 

MR Molecular replacement 

mEGFP Monomeric enhanced GFP 

msfGFP Monomeric superfolder GFP 

MST Microscale thermophoresis 

MurNAc N-acetylmuramic acid 

MW Molecular weight 

MWapp Apparent molecular weight 

NA Nutrient agar 

NaCl Sodium chloride 

NaOH Sodium hydroxide 



 xxi 

NBS Noc-binding sequences 

NDM New‐Delhi metallo‐β‐lactamases 

NiCl2 Nickel chloride 

NSD Normalised spatial discrepancy 

NTA Nitrilotriacetic acid 

OD600 Optical density at 600 nm 

OM Outer membrane 

OMP Outer membrane protein 

oriC Origin of replication 

PAGE Polyacrylamide gel electrophoresis 

PASTA Penicillin-binding protein and serine/threonine kinase associated 

domain 

PBP Penicillin binding protein 

PCR Polymerase chain reaction 

PDB Protein data bank 

PDB code/ID Protein data bank accession number 

PEG Polyethylene glycol 

PEP Phosphoenolpyruvate 

Pfu Pyrococcus furiosus 

PG Peptidoglycan 

P(r) Distance distribution 

Rbo-P  1,5-D-ribitol-phosphate  

RMSD Root mean square deviation 

RNA Ribonucleic acid 

Rpm Revolutions per minute 

Rc Cross-sectional radius of gyration 

Rg Radius of gyration 

Sa Staphylococcus aureus 

SAXS Small-angle X-ray scattering 

SEC-SAXS Size exclusion chromatography-coupled small angle x-ray scattering 

SBS SlmA-binding sequences 

SDS Sodium dodecyl sulphate 

SDM Site-directed mutagenesis 



 xxii 

SEC-MALS Size exclusion chromatography-coupled multi angle light scattering 

Sp Streptococcus pneumoniae 

SPR Surface plasmon resonance 

TA Teichoic acid 

TB Terrific broth 

ter Replication terminus 

TEM Transmission electron microscopy 

TEV Tobacco etch virus 

Tris Tris(hydroxymethyl)aminomethane 

Tm Melting temperature 

UDP Uridine diphosphate 

UV Ultra-violet 

WTA Wall teichoic acid 

χ2  

 

Chi-squared 

  

Standard three- and single- letter amino acid abbreviations are used throughout this thesis 



 1 

 

 

 

 

 

 

 

Part I. 
Biophysical and biochemical 

characterisation of cell division proteins 
from Staphylococcus aureus 

  



 2 

 
  



 3 

 

 

 

 

Chapter 1. 

Introduction: Cell division in bacteria 

  



 4 

  



 5 

1.1 An overview of the bacterial cell envelope 

Bacteria can be broadly classified into two groups, Gram-negative and Gram-positive, based on their 

response to the Gram stain (Bartholomew & Mittwer, 1952). Gram-negative cell envelopes consist of 

both an inner and an outer membrane (IM and OM, respectively), which encapsulate a relatively thin 

peptidoglycan (PG) layer a few nanometres (nm) thick (Nikaido, 2009). By contrast, Gram-positive 

bacteria have only a single membrane surrounded by a much thicker PG layer, ranging from 30 to 100 

nm in thickness (Silhavy et al., 2010). It is this thick, external layer of PG in Gram-positive bacteria 

that allows for the retention of the Gram stain. A complication to the Gram-negative/positive 

nomenclature lies in certain species of bacteria classified as acid-fast, these are Gram-positive bacteria 

which stain weakly with the Gram stain (Bloch, 1953). Commonly studied bacteria within this 

classification are Mycobacterium species, such as Mycobacterium tuberculosis and Mycobacterium 

bovis, as well as some species of Nocardia, such as Nocardia farcinica. The cell walls of acid-fast 

bacteria are decorated with glycolipids in addition to peptidoglycan, it is these glycolipids present in 

the cell wall that form the molecular basis of the resistance of these species to Gram staining (Reynolds 

et al., 2009). It stands to reason that the Gram nomenclature for bacterial cells has remained an important 

classification since its development by Hans Christian Gram in 1884, as it provides important 

information about the gross structure of bacterial cell walls. The PG layer is a defining feature of 

bacteria, distinguishing them from archaea or eukaryotes. The tensile strength of PG allows bacteria to 

thrive in a variety of environments, indeed, targeting the proteins responsible for PG renewal in bacteria 

has been central to mankind’s fight against infectious diseases (Lobanovska & Pilla, 2017). Whilst some 

chemical moieties in PG differ between species of bacteria, the general structure of PG comprises 

repeating disaccharides of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), cross-

linked between MurNAcs via short (four or five residue) peptide stems, to form a lattice-like 

arrangement (Vollmer et al., 2008a). The fifth, terminal D‐alanine is normally lost during PG 

maturation. Some variations on this basic theme include additional short (one to five residue) peptide 

linkers between the peptide stems, which normally (but not exclusively) are cross‐linked between the 

amino group from the sidechain of residue 3 and the carboxyl group of D‐alanine at position 4 (a three 

to four cross‐link). The direct cross‐links typically also involve residues 3 and 4 (Figure 1.1).  

Differences in the structure and regulation of PG and its synthesis are responsible for variations in cell 

integrity and morphology (Vollmer et al., 2008a; Turner et al., 2014), highlighting the importance of 

the PG layer to bacteria. The synthesis of PG is a complex multienzyme process initiated in the 

cytoplasm and subsequently linked to the inner (and outer) leaflet of the cell membrane. PG synthesis 

has been studied relatively extensively, particularly in the rod‐shaped model organisms Escherichia 

coli and Bacillus subtilis, which are representatives of the Gram‐negative and Gram‐positive groups, 

respectively. Consequently, the anabolism of PG is fairly well understood (Lovering et al., 2012). The 



 6 

coupling of PG hydrolysis and re-synthesis during cell division is essential for the cell to avoid an 

untimely death, however, the study of this synergy is a field that remains in its infancy. 

 

1.2 An overview of bacterial cell division 

In the majority of cases, bacteria undertake a process of binary fission through which two identical 

daughter cells are produced from a parental cell, which involves the establishment of a site of division, 

elongation (in some cases), chromosome replication and segregation, generation and closure of a 

septum, and finally separation of the two cells at the septum. Cell division is thus an exceptionally 

complicated cycle of events requiring a multitude of spatial and temporal backstops for it to be 

undertaken successfully. While the fundamental events in this process are conserved across the entire 

bacterial kingdom, species‐specific nuances are observed, often related to the structure of the cell 

envelope, variations in morphology, or the identity and nature of some of the regulators. Defining mid‐

cell is a critical step of division and is undertaken differently depending on the bacterial species. In rod‐

MurNAc

L-Ala

D-Glu/D-isoGln

meso-A2pm/L-Lys 

D-Ala

D-Ala

GlcNAc

[Peptide 
linker]

Repeating disaccharide 

Glycan 
chain

Peptide 
stem

Figure 1.1: The general structure of peptidoglycan (PG). The general structure of the PG matrix is shown as a
cartoon in which sugar moieties are represented as hexagons and the amino acids that comprise the peptide stems are
shown as circles, each moiety is coloured independently. The cartoon represents the majority of Gram-negative/Gram-
positive peptide stems, respectively. Variability in the presence of the D-Ala residues in mature PG at positions 4
(which is sometimes lost) and 5 (which is always lost) of the peptide stem is represented by a cross-hatched fill and a
dashed outline with a gradient fill, respectively. The most common peptide linker in PG is formed between positions 3
and 4 of the peptide stem (as shown here). The chemical structure of the peptide cross-link varies, and may be
composed of a direct link between residues in the peptide stem, or may be comprised of a peptide link, such as the
penta-glycine linker present typically in S. aureus.
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shaped bacteria, such as B. subtilis and E. coli, the mid‐cell is defined at the mid‐point of the longest 

edge of the cell, where the septum forms in a ring across the shortest width of the cell (Figure 1.2).  

 

In spherical bacteria (cocci), such as the staphylococci, mid‐cell is defined at the point at which there is 

the longest diameter of cross section of the spherical cell, and the septum forms around the 

circumference of the cell in a ring (Egan & Vollmer, 2013; Lutkenhaus, 1998; Turner et al., 2010) 

(Figure 1.2), and subsequent division planes are placed orthogonally to the previous because the PG 

“pie‐crust” rings are important topological markers of past sites of division in Staphylococcus aureus 

(Turner et al., 2010). In ovococci, like the Gram-positive Streptococcus pneumoniae and Gram-negative 

Neisseria gonorrhoeae, both cell length and diameter considerations are important for determining mid‐

cell (Garcia et al., 2016) (Figure 1.3).  

The location of septum formation is a good example of the level of control involved throughout; in 

many rod‐shaped bacteria (such as E. coli) its position rarely varies in location beyond a few percent, 

resulting in progeny that rarely vary in volume outside of this margin (~4%) (Männik et al., 

2012). Placement of the septum is aided by the Min and nucleoid occlusion systems, which both act as 

inhibitors of the septal ring progenitor protein, FtsZ (Rowlett & Margolin, 2013; Adams et al., 2014; 

Rowlett & Margolin, 2015; Wu & Errington, 2012). Some bacteria that lack the Min system, such 

as Mycobacterium tuberculosis, seem to utilize a different, albeit less‐efficient system for determining 

Figure 1.2: Examples of bacterial cell division in rod-shaped bacteria. Models of the rod-shaped model
bacteria E. coli and B. subtilis are shown in black, with sites of new PG synthesis shown in red. E. coli and B.
subtilis both divide by establishing septa at midcell, however, E. coli divides and generates new septal PG at the
same time, whereas B. subtilis forms a complete septa prior to division. These modes of division are typical of
their respective designation as Gram-negative or Gram-positive bacteria.

E. coli B. subtilis

Time
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mid‐cell as cell division of this species results in daughter cells of different sizes (Rowlett & Margolin, 

2013). Septum formation and constriction of the cell into two daughter cells are common themes 

between both Gram‐negative and Gram‐positive bacteria, however, Gram‐positive bacteria form a 

complete septum across the mid‐cell before division occurs, whereas a Gram‐negative bacterium 

divides while developing its septum simultaneously (Egan & Vollmer, 2013) (Figures 1.2 & 

1.3). Whether cell elongation occurs during/prior to this process is also species specific and is not 

necessarily predictable by morphology and/or cell wall composition alone. 

 

 

 

Figure 1.3: Examples of bacterial cell division in coccoid bacteria. The Gram-positive S. aureus and S.
pneumoniae, and the Gram-negative N. gonorrhoeae are shown in black, sites of new PG synthesis shown in
red. S. aureus and S. pneumoniae divide similarly to B. subtilis in that they both form complete septa prior to
division, typical of Gram-positive bacteria. Typical of Gram-negative bacteria, N. gonorrhoeae forms its septum
and divides simultaneously. In the case of S. aureus, successive divisions occur over orthogonal planes, an
example of this is shown.

S. aureus

Time

S. pneumoniae N. gonorrhoeae



 9 

1.3 The Gram-negative cell envelope 

The OM of Gram-negative bacteria is an asymmetrical bilayer (Figure 1.4) consisting of phospholipids 

and lipopolysaccharides (LPS), which assemble into the inner and outer leaflets of the membrane, 

respectively (Nikaido, 2009; Silhavy et al., 2010).  

 

Broadly speaking, the OM serves as a protective layer for Gram-negative bacteria, functioning as a 

semi-permeable barrier to the periplasm (Ruiz et al., 2006), and as an added layer of protection from 

environmental turgor (Silhavy et al., 2010). The OM accommodates a variety of outer membrane 

proteins (OMPs), which consist of porins, proteases, lipases, transporters and various receptors 

embedded into the OM (Rollauer et al., 2015). Unsurprisingly given their nomenclature, porins and 

LPS OM

PG

IM

PG

LTA

WTA

Figure 1.4: Comparison of the cell envelopes of Gram-negative (left) and Gram-positive (right) bacteria.
The cell envelope of Gram-negative bacteria comprises an inner (IM) and outer membrane (OM) decorated with
lipopolysaccharide (LPS), sandwiching a relatively thin layer of peptidoglycan (PG). By contrast, the cell
envelope of Gram-positive bacteria is composed of a single cell membrane surrounded by a much thicker PG
layer complemented with lipoteichoic acid (LTA) and wall teichoic acid (WTA). Cross-links between peptide
stems are shown as three to four cross-links for the sake of simplicity. Not shown are the multitude of proteins
that sit in the inner and OM of Gram-negative bacteria, nor those that reside in the membrane or the PG of
Gram-positive bacteria. The components of PG are displayed using the same scheme as in Figure 1, with the
nascent PG chain containing D-Ala at positions 4 and 5. The mature PG is represented without the D-Ala at
position 5 and occasionally also without the D-Ala at position 4 to represent the natural variability of the peptide
stem in the mature PG mesh.
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transporters are responsible for the diffusion/transport of small molecules into the periplasm, 

respectively (Achouak, 2001), and are responsible for the semi-permeable nature of the OM. Several 

members of the porin family of OMPs have been amenable to structural study by crystallography 

(Cowan et al., 1995; Weiss & Schulz, 1992; Glenwright et al., 2017) and the resulting structural models 

have had essential roles in the elucidation of molecular mechanisms of transport, highlighting the 

complexity of the OM. Just as with the other components of the envelope, the OM also requires 

remodelling during cell division. A more complete picture of the OM and its constituents is key to 

understanding how OM remodelling is regulated on a molecular level (Egan, 2018; Gray et al., 2015), 

however, this is outside of the scope of this thesis to address. 

1.4 The Gram-positive cell envelope 

1.4.1 Teichoic acids 

As mentioned above, Gram-positive bacteria compensate for the lack of the protective/stabilising 

presence of the OM with a thicker layer of PG (Silhavy et al., 2010; Fischer & Tomasz, 2014). As well 

as the obvious difference in thickness, the PG layer of Gram-positive bacteria is distinguished from 

Gram-negative bacteria by its decoration with anionic glycopolymers called teichoic acids (TAs) 

(Brown et al., 2013; Percy & Gründling, 2014). TAs constitute 30-60% of the Gram-positive cell wall 

and are known to be important for cell integrity. TAs may act as a functional substitute for the OMPs 

present in Gram-negative bacteria as they are also capable of affecting permeability and integrity, and 

are responsible for host-pathogen interactions (Wanner et al., 2017). It follows that TAs are a virulence 

factor for Gram-positive pathogens and for this reason are of interest for study, as their synthesis 

pathways are also a potential target for future antibiotics (Swoboda et al., 2010; Farha et al., 2013). 

Mutations to TA biosynthesis pathways result in growth defects and aberrations in cell morphology in 

Gram-positive bacteria. There are two types of TA; wall teichoic acids (WTAs), which are covalently 

attached to the PG, and lipoteichoic acids (LTAs), which are attached to the cytoplasmic membrane and 

extend deep into the wall (Figure 1.4) (Formstone et al., 2008; Rausch et al., 2019). The TA chemical 

structure, as with PG, also varies from species to species and between strains of the same species. 

WTAs are attached to PG through a phosphodiester bond between a well-conserved β-1→4 linked N-

acetylmannosamine/N-acetylglucosamine (ManNAc/GlcNAc) disaccharide linkage unit and the 

MurNAc residues of the glycan chain of PG (Swoboda et al., 2010). Attached to the ManNAc residues 

of the disaccharide linkage unit are either one or two 1,3-L-α-glycerol-phosphate (Gro-P) units, which 

themselves are attached to long chains of glycerol- or ribitol-phosphate repeats. In the majority of 

WTAs studied, the repeating chain consists of either Gro-P or 1,5-D-ribitol-phosphate (Rbo-P) repeats 

(Swoboda et al., 2010; Brown et al., 2013). The repeating chains attached to the Gro-P moiety of TAs 

are their main source of diversity and can differ even between different strains of the same species, for 

instance, Bacillus subtilis strain 168 has glycerol TA, while strain W23 has ribitol TA (Brown et al., 
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2010). The polyGro-P/Rbo-P chains of WTAs are embellished with saccharides and D-alanine esters, 

the latter of which is a mechanism through which Gram-positive bacteria regulate surface charge 

(Malanovic & Lohner, 2016) (Figure 1.5). The diversity found in the polyGro-P/Rbo-P region of WTAs 

is thought to be a result of adaptations of Gram-positive bacteria to their specific environmental niches 

(Brown et al., 2013). 

 

In LTAs, a lipid anchors the TA to the cell membrane and the lipid anchor is an example of a species-

specific variable region in the molecule. In the majority of Firmicutes, including S. aureus, B. subtilis, 

and L. monocytogenes, the glycolipid anchor is made up of gentiobiosyl-diacylglycerol (Glc2-DAG), 

with repeating units of Gro-P attached to C6 of the terminal non-reducing Glc of Glc2-DAG. This 

polyGro-P-Glc2-DAG structure of LTAs is designated type I LTA (Figure 1.5). The more complex, 

lesser-studied forms of LTA are designated types II-V, a nomenclature that is likely to expand as more 

forms of LTA are discovered (Siegel et al., 2016; Percy & Gründling, 2014; Schneewind & Missiakas, 

2014a). The study of LTA types II-V is a relatively new avenue of research, but it is outside of the scope 

of this thesis to discuss the nuances of their structural diversity, however, the general structure of all 

LTAs is that of an alditol-phosphate polymer attached to the membrane by a glycolipid anchor. The 

Figure 1.5: The general structure of the wall teichoic acid (WTA) and lipoteichoic acid (LTA). An example
of the typical makeup of WTA is shown as a cartoon in which sugar moieties are displayed as hexagons and any
non-sugar constituents as circles. The LTA structure shown here represents type I LTAs, the most common and
well-studied type of LTA to-date. The identities of the repeating units/linkage units for WTA represent those of
the best-studied WTAs. Despite being chemically identical, the GroP moiety in the linkage unit is coloured
differently than the repeating units in order to highlight the repeating units as a region of diversity.
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polyGro-P chains of type I LTAs, analogous to WTAs, are also D-alanylated and glycosylated (Percy 

& Gründling, 2014) (Figure 1.5). 

1.4.2 Teichoic acid synthesis 

1.4.2.1 WTAs 

The enzymes responsible for the construction of WTA are designated Tar or Tag enzymes dependent 

on the identity of the repeating polymer present in the specific species of bacteria from which the 

enzyme is located. For example, in S. aureus, the repeating polymer in WTA is Rbo-P, therefore, the 

enzymes involved in WTA synthesis are designated Tar, for teichoic acid ribitol. In B. subtilis, where 

the WTA is rich in Gro-P repeats, the WTA synthesis enzymes are designated Tag, for teichoic acid 

glycerol (Swoboda et al., 2010). Despite the difference in nomenclature between the two groups, the 

initial reactions of WTA synthesis are chemically identical. The first devoted step of WTA synthesis 

involves the transfer of GlcNAc from UDP-GlcNAc onto to an undecaprenyl (C55) phosphate lipid 

carrier in the inner leaflet of the plasma membrane. This is catalysed by Tar/TagO, which catalyses the 

transfer of GlcNAc from UDP-GlcNAc onto the C55, forming GlcNAc-pyrophosphate-C55 (Karamata et 

al., 2002). Following attachment of GlcNAc onto the lipid moiety, Tar/TagA catalyses the attachment 

of ManNAc from UDP-ManNAc onto C4 of the GlcNAc, forming the β-1→4 linked disaccharide 

(D’Elia et al., 2009). Tar/TagB catalyses the addition of the Gro-P linkage unit onto C4 of the ManNAc 

residue of the growing chain from cytidine-5'-diphosphate (CDP)-glycerol (Bhavsar et al., 2005). In 

those bacteria with polyGro-P polymer chains, such as the legacy B. subtilis strain 168, the next enzyme 

in the WTA synthesis pathway is TagF, which catalyses the sequential transfer of ~35 Gro-P units to 

the growing polymer chain (Schertzer & Brown, 2003; Sewell et al., 2009) (Figure 1.6a). 

The CDP-glycerol utilised by Tar/TagB and Tar/TagF is generated by Tar/TagD, a cytidylyltransferase 

which activates Gro-P by the addition of CDP to Gro-P. Comparative enzymology studies on TarD and 

TagD from S. aureus and TagD from B. subtilis revealed differences in the enzyme activities and in the 

mechanisms of action between the two enzymes, however, TarD was able to complement a TagD 

mutation in B. subtilis (Badurina et al., 2003). TarF plays a divergent role in WTA synthesis in bacteria 

with polyRbo-P polymers, such as S. aureus, in these bacteria it is responsible for the addition of a 

single Gro-P unit to the Gro-P-ManNAc-GlcNAc-pyrophosphate-C55 moiety generated by TarB. The 

polymerisation of Rbo-P units into polyRbo-P is instead catalysed by the enzyme TarL in S. aureus 

(Brown et al., 2010) (Figure 1.6b). CDP-Rbo-P is generated by a pair of enzymes, TarJ and TarI, which 

catalyse the production of Rbo-P from ribulose-5-phosphate, and its subsequent activation into CDP-

Rbo-P, respectively (Baur et al., 2009). Following their production, the polyGro-P/Rbo-P chains are 

decorated with either glucose or GlcNAc sugars depending on the species or strain of bacteria in 

question (Swoboda et al., 2010). Study of TA glycosylation and its significance is still ongoing. In S. 

aureus, TarM catalyses the addition of GlcNAc to the polyRbo-P chain (Xia et al., 2010) whereas  TarQ 
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is responsible for the attachment of 𝛼-glucose to the polyGro-P chain in B. subtilis 168 (Swoboda et al., 

2010). 

 

Following its synthesis and glycosylation, WTA is then transported to the outside of the cell and 

attached to PG. The WTA precursor is transported outside of the cell by an ATP-binding cassette (ABC) 

transporter made up of Tar/TagG and TarH/TagH. Tar/TagG recognises the TA polymer and utilises 

Figure 1.6: A structural overview of WTA construction in B. subtilis (A) and S. aureus (B). Of the membrane-
associated WTA synthesis steps shown in this figure, currently only the structures of TarA (from T. italicus) and TagF
(from S. epidermidis) are known (Kattke et al., 2019; Lovering et al., 2010). For the members of the WTA synthesis
pathway for which there is no experimentally determined structural information, closest structural homologues from the
PDB are rendered in their place and coloured grey. Here, E. coli MraY represents TagO (Chung et al., 2013), S.
epidermidis TagF represents TagB and TarL (Lovering et al., 2010), and the ABC transporter MacB from A.
baumannii represents TarGH (Okada et al., 2017).
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the energy generated by its ATPase domain to incite a conformational change in its associated 

transporter, Tar/TagH, which consequently flips the TA across the membrane (Lazarevic & Karamata, 

1995) (Figure 1.6).  

Once on the outer leaflet of the cell membrane, WTA is covalently attached to PG by a LytR-CpsA-Psr 

(LCP) family of enzymes (Gale et al., 2017; Kawai et al., 2011), which have been most extensively 

studied in B. subtilis. Genetic analyses have implicated TagT, TagU and TagV from B. subtilis in WTA 

attachment to PG, however, the mechanisms of action for these enzymes has not yet been elucidated 

(Brown et al., 2013). Homologues of TagT, TagU and TagV from S. aureus have been identified, 

designated LcpA (gene name msrR), LcpB (SA0908) and LcpC (SA2103). Deletions in all three LCP 

enzymes in S. aureus does not inhibit the production of WTA precursors, but prevents their attachment 

to PG (Chan et al., 2014; Dengler et al., 2012). Although some of the seemingly important components 

of the WTA attachment process are now known, there is obviously a great deal more work to be done 

to fully understand how WTA is attached to PG in different Gram-positive bacteria. Addition of D-

alanine esters to the polyRbo-P/polyGro-P chain takes place following export of the WTA outside of 

the cell, however, whether D-alanylation occurs before or after attachment to PG is not currently known. 

Four enzymes encoded by the dltABCD operon are known to be responsible for attachment of D-alanine 

to WTA, and deletion of the operon results in a loss of D-alanine from WTA and LTA. DltA catalyses 

the intracellular attachment of D-alanine to a cofactor present in DltC, before DltC transfers the D-

alanine across the membrane via the membrane proteins DltB and DltD by a currently unknown 

mechanism (Brown et al., 2013). 

1.4.2.2 LTAs 

Despite the similarities in structure and components between WTAs and LTAs, their synthesis pathways 

are quite different. Synthesis of type I LTA is initiated on the cytoplasmic leaflet of the cell membrane 

by YpfP, which catalyses the formation of Glc2-DAG from UDP-Glc2 and DAG (Kiriukhin et al., 2001). 

Unlike the WTA synthesis pathway, in which the polymer is produced in the cytoplasm and then 

flipped, Glc2-DAG is flipped to the outer leaflet of the cell membrane at this stage by the flippase LtaA 

in S. aureus, and an unidentified flippase in B. subtilis (Gründling & Schneewind, 2007; Percy & 

Gründling, 2014). In S. aureus, the polyGro-P chain is synthesised by the integral membrane protein 

LtaS, which sequentially adds Gro-P to the growing chain of LTA by recycling Gro-P from the 

phosphatidylglycerol present in the plasma membrane (Percy & Gründling, 2014). Although D-

alanylation is thought to be performed by the same DltABCD proteins as for WTA (Percy & Gründling, 

2014), the mechanism of glycosylation is different. The initial stages of glycosylation occur in the 

cytoplasm, where a glycosyltransferase, GtlA, transfers the sugar moiety to be attached to the LTA to 

a C55-phosphate carrier lipid on the cytoplasmic face of the membrane. The resultant sugar-phosphate-
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C55 lipid is then flipped to the outside face of the membrane, where a second glycosyltransferase 

transfers the relevant sugar from the sugar-phosphate-C55 to the LTA (Percy et al., 2016). 

1.5 Synthesis of peptidoglycan 

1.5.1 Intracellular pathway 

The cytosolic reactions of PG synthesis are undertaken chiefly by a family of ligases designated “Mur” 

(MurA, MurB, etc.); these enzymes are involved in the production of the PG precursor, Lipid II, in the 

inner leaflet of the IM (El Zoeiby et al., 2002). The first step in the cytosolic pathway of PG synthesis 

is undertaken by MurA, which catalyses the production of uridine diphosphate (UDP)-GlcNAc‐

enolpyruvate from phosphoenolpyruvate (PEP), and UDP‐GlcNAc (Brown et al., 1995). The 

production of UDP‐GlcNAc‐enolpyruvate is followed by its reduction into UDP‐MurNAc, catalysed by 

MurB (Sylvester et al., 2001). Extension of UDP‐MurNAc by sequential addition of the residues present 

in the stem peptide is taken on by the enzymes MurC‐F to produce Park's nucleotide. In Gram‐negative 

bacteria, Park's nucleotide comprises UDP‐MurNAc, L‐alanine (L‐Ala), D‐glutamine (D‐Gln), meso‐

diaminopimelic acid (meso‐A2pm), D‐alanine (D‐Ala), D‐Ala. Park's nucleotide is attached to 

undecaprenyl (C55) diphosphate by MraY, resulting in a lipid PG precursor referred to as Lipid I 

(VanNieuwenhze et al., 2001). The final cytoplasmic enzymatic step involves the formation of the β‐

1→ 4 glycosidic bond of MurNAc with GlcNAc via a glycosyltransferase (MurG) to produce Lipid II 

(de Kruijff et al., 2008), which is then flipped to the outside of the membrane of the cell by a flippase 

(Ruiz, 2016) (Figure 1.7).  

The structure of each of the Mur enzymes from at least one species of bacteria have now been solved 

(El Zoeiby et al., 2002), a process that started with the structure of MurA in 1996 (Skarzynski et al., 

1996). The structure of MurA was solved in complex with both its substrate UDP‐GlcNAc and the 

antibiotic Fosfomycin, revealing both the mechanism of action (Eschenburg et al., 2003) and the mode 

of inhibition of MurA. High resolution structures are now available for the remainder of the Mur 

enzymes, lending the entire cytoplasmic pathway of the process to rational drug design (El Zoeiby et 

al., 2002; Hrast et al., 2014). 
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1.5.2 Flipping lipid II across the plasma membrane 

The identity of the flippase responsible for the transfer of lipid II across the cell membrane has been a 

subject of some debate for almost a decade. Three major candidates for the flippase were initially 

proposed, FtsW, RodA, and MurJ (Mohammadi et al., 2011; Sham et al., 2014; Sieger et al., 2013). All 

three proteins are integral membrane proteins, with 10 (FtsW/RodA) and 14 (MurJ) predicted 

transmembrane domains. All three proteins are highly conserved and essential (Boyle et al., 1997) for 

growth in both Gram-positive and Gram-negative bacteria, which would suggest that they do not play 

redundant roles in the cell. The first studies that appeared to observe FtsW as the lipid II flippase were 

in vitro experiments in which the ability of E. coli FtsW to flip fluorescently-labelled lipid II was 

measured using model membranes/liposomes (Mohammadi et al., 2011). These initial experiments 

suggested that FtsW was indeed capable of flipping lipid II whereas, under the same conditions, MurJ 

was not (Mohammadi et al., 2011). Follow-up experiments worked to identify the region of the protein 
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Figure 1.7: A structural overview of Lipid II construction. The structure of every enzyme involved in the
cytoplasmic pathway of Lipid II synthesis has now been determined by X-ray crystallographic techniques. Here,
the structures of every enzyme involved in Lipid II synthesis are displayed alongside the reaction(s) they are
responsible for catalysing on either face of the cell membrane (IM). For the sake of consistency, the structures
shown here are those derived from E. coli (Bertrand et al., 1997; Chung et al., 2013; Deva et al., 2006; Gordon
et al., 2001; Ha et al., 2000; Jackson et al., 2009; Lees et al., 1996; Yan et al., 2000; Zheng et al., 2018).
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responsible for the flippase activity by removing transmembrane domains of FtsW and performing the 

same fluorescence-based flipping assays, with concomitant microscopy experiments on E. coli cells 

harbouring the same FtsW mutants (Mohammadi et al., 2014). The in vitro and in vivo experiments 

performed in this study suggested that FtsW likely acted through a pore-like mechanism (Mohammadi 

et al., 2014). At around the same time as these experiments, MurJ was proposed through a 

bioinformatics approach coupled with in vivo genetic analyses as an alternative lipid II flippase in E. 

coli (Ruiz, 2008). Intracellular PG precursors accumulated in E. coli harbouring MurJ mutations (Inoue 

et al., 2008), suggesting an inability of these strains to flip lipid II. More recent work now suggests that 

both FtsW and RodA function as PG polymerases (Taguchi et al., 2019; Meeske et al., 2016; Emami et 

al., 2017), swaying the flippase argument towards MurJ as the lipid II flippase. Aided by recent 

advancements in membrane protein crystallographic techniques (Caffrey, 2011; Landau & Rosenbusch, 

1996), the crystal structure of MurJ from the extremophile Thermosipho africanus was solved in an 

inward conformation, allowing for the generation of an alternative access model of lipid II flipping 

based on a combination of in silico docking and in vivo experiments (Kuk et al., 2017). Subsequently, 

the structure of MurJ in several different conformations was solved, allowing for modelling of the 

mechanism of lipid II flipping (Kuk et al., 2019). The structure of MurJ from E. coli has also since been 

solved, and high-throughput mutagenesis performed, leading to the identification of sites for potential 

inhibitor development (Zheng et al., 2018). 

1.5.3 Extracellular pathway 

Following its transport onto the extracellular/periplasmic face of the cell membrane, Lipid II is 

polymerised by extracellular enzymes. The extracellular members of the peptidoglycan synthesis 

pathway are membrane-associated penicillin-binding proteins (PBPs), named for their affinity for 

penicillin. The PBPs are responsible for the polymerisation of the growing glycan chain, and/or by 

linking the peptide chains extruding from the glycan backbone; these are glycosyltransferase and 

transpeptidase activities, respectively (Egan et al., 2015). Some PBPs also have carboxypeptidase 

activity, these are responsible for the trimming of the peptide stem as a mechanism of regulating the 

number of cross-links formed in the cell wall and are responsible for cell shape maintenance in E. coli 

(Peters et al., 2016). PBPs can be separated into two groups, those that solely have transpeptidase 

activity (Class B PBPs), or bifunctional PBPs that possess both activities (Class A PBPs). Some 

examples of bifunctional PBPs include PBP1a, b and c in E. coli; PBP1, 2c and 4 in B. subtilis; and 

PBP1a, 2a and 1b in Streptococcus pneumoniae (Marie et al., 2003, 2010). Glycosyltransferases act 

early in the extracellular pathway to catalyse the polymerisation of the non-lipid region of lipid II into 

the nascent glycan chain (Egan et al., 2015), whilst downstream transpeptidases are responsible for the 

linking of the D-Ala residues of the extruding peptide chain to form the strong and stable peptidoglycan 

mesh (Sauvage et al., 2008) (Figure 1.8). The transpeptidase forms an acyl-enzyme intermediate with 

the D-Ala residue of the acceptor peptide, before being cross-linked to the donor peptide via an amino 
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group, which in Gram-positive organisms is glycine or lysine (Kim et al., 2015; Vollmer et al., 2008). 

Structural studies of PBPs have been performed extensively in several Gram-negative and Gram-

positive species of bacteria and, as a result, the structural basis of their mechanism of action and 

inhibition is well-known. 

 

1.5.4 Differences in PG between Gram‐negative and Gram‐positive bacteria 

As well as the obvious difference in the respective thickness of the PG layer and associated 

macromolecules (TAs/surface proteins) described above, there are further subtle nuances between the 

precise chemical make-up of the PG of Gram-positive and Gram-negative bacteria. Chemical 

differences of the glycan chain between Gram-negative and Gram-positive species include variations 

in modifications such as glycosylation, phosphorylation, and deacetylation (Vollmer, 2008). In contrast 

to the lack of chemical diversity in the glycan chain, differences in the peptide stems of PG between 

Gram-negative and Gram-positive bacteria are far more common (Vollmer, 2008). Most peptide stems 

in the PG of Gram-negative bacteria follows the pattern L-Ala, D-glutamate (D-Glu), meso-A2pm, 

followed by two D-Ala residues. In Gram-positive bacteria, however, the residues present in the stem 

peptide vary at positions two and three, at which D-isoglutamine (D-isoGln) and L-lysine (L-Lys) are 

prevalent, respectively (Vollmer, 2008). In both Gram-positive and Gram-negative bacteria, D-Glu is 

initially added to the growing peptide stem by MurD at position two during construction of the peptide 

stem (Lovering et al., 2012; Vollmer et al., 2008). In those Gram-positive species where D-isoGln is 

Figure 1.8: Polymerisation of the PG matrix in the extracellular/periplasmic space. PBPs are responsible
for the polymerisation of the peptidoglycan matrix from the Lipid II precursors generated by the intracellular
pathway. Here, the glycosyltransferase activity of PBPs is demonstrated by the bifunctional PBP1b from E. coli,
shown in cyan (Sung et al., 2009). The transpeptidase activity of PBPs is demonstrated by PBP2b from S.
pneumoniae, shown in yellow (Contreras-Martel et al., 2009).
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Transglycosylation
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found at position 2, D-Glu is enzymatically modified to D-isoGln by an enzyme complex of MurT/GatD 

(Zapun et al., 2013). The structure of the MurT/GatD complex has been solved recently, revealing the 

mechanism of PG amidation by MurT, and also the mechanism through which GatD produces and 

channels the ammonia required for PG amidation to the MurT active site (Morlot et al., 2018). 

 

1.6 Coordination of cell wall synthesis with cell division 

1.6.1 The divisome 

The collection of ~20–30 proteins responsible for regulating cell division has come to be known as the 

“divisome” (Figure 1.9). Proteins in the divisome ensure that (i) only one round of division occurs at a 

time, with one copy of the chromosome present in each cell; (ii) that cell wall synthesis is undertaken 

appropriately to circumvent lysis during septum formation; (iii) that cell separation occurs through the 

function of cell wall hydrolases (autolysins) (Egan & Vollmer, 2013). Investigation of the divisome has 

chiefly been undertaken in rod‐shaped bacteria, yet there is still a lot to learn about divisome formation 

and organization in these bacteria as well as in other bacteria with different shapes, such as the spherical 

cocci. Some archaea with profound differences in morphology and cell division, such as the 

triangular Haloferax volcanii which divides by a process of ternary fission, also utilize some of the 

same proteins as in bacteria when regulating division (Walsh et al., 2019). The divisome is an attractive 

target for the generation of novel antimicrobials, as disruption of the machinery responsible for 

organizing cell division would ultimately result in a reduction and cessation of propagation. The 

function of the divisome to coordinate chromosome replication and segregation with cytokinesis is 

common to both Gram‐negative and Gram‐positive organisms, but the precise constituents of the 

divisome vary across species (Blaauwen et al., 2017). 
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1.6.2 FtsZ 

The best-studied of the divisome proteins is FtsZ, and arguably it is the central protein to the function 

of the divisome. FtsZ, named after its mutants’ abilities to cause E. coli cells to divide in a filamentous 

fashion at non-permissive temperatures (filamentous temperature sensitive) (Erickson, 1997), is a 

cytosolic protein known to accumulate at the site of division across all bacterial species (Lutkenhaus & 

Addinall, 1997). The discovery of FtsZ set the groundwork for much of the research conducted on the 

divisome in the past ~25 years. The crystal structure of FtsZ provided the first definitive evidence of a 

bacterial cytoskeleton, as FtsZ is a clear structural homologue of tubulin, despite sharing no significant 

amino acid sequence homology (Löwe & Amos, 1998). FtsZ polymerizes into filaments in a GTP‐

dependent manner, rapidly “treadmilling” in an agile and nimble ring‐like structure, dubbed the “Z‐

ring,” adjacent to the cytoplasmic face of the membrane. The Z-ring forms the scaffold onto which all 

proteins assemble that are responsible for modulating the cell envelope during cell division (Figure 1.9). 

Prior to the observation of the treadmilling of FtsZ, the Z‐ring was thought to represent a 

semicontinuous ring at the mid‐cell which constricted during septum formation. Z-ring formation relies 
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FtsZ

FtsA

DivIB

DivIC

EzrA
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DivIVA

Figure 1.9: Structural model of the divisome. A selection of divisome proteins for which atomic structures
have been determined are shown. Where structural data regarding protein-protein interactions are known, this
figure reflects this. Where available, structures have been taken from the model organisms B. subtilis and E.
coli, however, in the cases where there is a lack of structural data from these organisms, the structures with the
greatest degree of sequence homology are shown. FtsZ is coloured alternately in green and splitpea to donate
filament formation (Löwe et al., 1998), FtsA is shown in red (Fujita et al., 2014), an antiparallel EzrA dimer is
coloured in hotpink and lightpink (Cleverley et al., 2014), SepF is shown in sand (Duman et al., 2013), a 2:2
complex of FtsQ/DivIB and FtsB/DivIC is shown in blue and tvgreen, respectively (Kureisaite-Cizience et al.,
2018), a GpsB hexamer is shown in orange (Rismondo et al., 2016), a PBP (here represented by PBP2b from S.
pneumoniae) is shown in yellow (Contreras-Martel et al., 2009). DivIVA is shown in cyan (Oliva et al., 2010).
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on both the formation of FtsZ filaments as well as the bundling of filaments through lateral interactions 

(Lutkenhaus & Addinall, 1997). 

FtsZ consists of an N-terminal globular domain (the tubulin-like domain of FtsZ) and a conserved ‘tail’ 

at the C-terminus, both of which are essential for its function. The tubulin-like N-terminal domain is 

responsible for the polymerisation of FtsZ and is able to polymerise into filaments in vitro in absence 

of the C-terminal tail domain (Jindal & Panda, 2013). In the presence of GTP, FtsZ polymerises in vitro 

spontaneously without a requirement for any initiating proteins. The mechanism of treadmilling is 

thought to occur by FtsZ monomers dissociating from the “back” end (minus end) of the filament, their 

migration to and assembly at the “front” end (plus end) of the filament (Bisson-Filho et al., 2017). In 

vitro, filaments of FtsZ are thought to be comprised of ~40-50 subunits. Bundles of FtsZ filaments form 

in vitro, suggesting that the bundling of FtsZ filaments is an intrinsic property of the protein. The C-

terminal peptide of FtsZ has been implicated as being important for filament bundling (Lan et al., 2008), 

however, this notion conflicts with structural studies of FtsZ by electron cryotomography, which 

suggest that the large spacing observed between filaments in vivo is not consistent with the direct 

interaction of FtsZ filaments (Szwedziak et al., 2014). More work is required to interrogate both the 

mechanism and relevance of lateral interactions between FtsZ filaments in vivo. 

 

1.7 Z-ring placement regulation 

1.7.1 The Min system 

There are several molecular systems that oversee placement of the Z‐ring, the Min system is a well-

studied example of such a system. The Min system functions in an inhibitory manner, preventing 

formation of the Z‐ring away from mid-cell. It follows that deletion of the Min system in rod-shaped 

bacteria such as E. coli results in populations of minicells, revealing the importance of the system for 

control of septal placement (Yu & Margolin, 1999). The Min system has been studied in most 

extensively in the rod-shaped models of Gram-negative and Gram-positive bacteria, E. coli and B. 

subtilis (Figure 1.10). In E. coli, the Min system consists of three proteins, MinC, MinD, and MinE, 

whereas in B. subtilis, the Min system consists of MinC, MinD, MinJ, and DivIVA (Rowlett & 

Margolin, 2013). In both species of bacteria, MinC is responsible for the disruption of FtsZ filament 

formation (Hu et al., 1999), whilst the remaining members of the Min system, MinD and MinE (or 

MinD, MinJ and DivIVA), are responsible for localising MinC such that Z-ring inhibition does not 

occur indiscriminately across the whole cell (Park et al., 2011; Raskin & de Boer, 1999; Renner & 

Weibel, 2012). 

MinC consists of two domains, an N-terminal domain which appears to shorten existing FtsZ filaments 

in vitro, and a C-terminal domain implicated in the inhibition of filament bundling, possibly through 
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the disruption of lateral FtsZ interactions (Hu & Lutkenhaus, 2000). In E. coli, MinD and MinE oscillate 

between the two poles of the cell; MinD is responsible for the carriage of MinC, whereas MinE is 

responsible for the localisation of MinD to the poles. MinD is a ParA-family ATPase which binds to 

membranes in its dimeric, ATP-bound form. MinD dimers interact with the membrane through their C-

terminal amphipathic helices (Lutkenhaus, 2012; Renner & Weibel, 2012). MinE is responsible for 

removing MinD from the membrane, which it does by stimulating the ATPase activity of MinD, 

resulting in both the breakdown of ATP and the MinD dimer (Park et al., 2011). MinE is attracted to 

the membrane as a result of both its interaction with MinD and through its N-terminal amphipathic 

helix. Fluorescently labelled MinE is observed to form a ring-like structure, sometimes referred to as 

the MinE-ring, or E-ring (Fu et al., 2001). In vivo the MinE ring follows MinD from mid-cell to the 

poles, resulting in a unidirectional movement of MinD towards the cell poles as a result of the action of 

MinE. The oscillation of MinCDE between poles in E. coli result in a low-density region of MinCDE 

at mid-cell, encouraging the placement of FtsZ filaments at this position in the cell (Rowlett & 

Margolin, 2013) (Figure 1.10). 

In B. subtilis, MinC performs the same function as in E. coli as an FtsZ filament inhibitor. In contrast 

to the dynamic oscillatory nature of the Min system in E. coli, the Min system in B. subtilis forms a 

static structure at the cell poles (Jamroškovič et al., 2012). B. subtilis lacks MinE and, therefore, requires 

an alternative mechanism for localisation, a role filled by DivIVA and MinJ, which accumulate at the 

cell pole and recruit the MinCD complex (Rowlett & Margolin, 2013) (Figure 1.10). 
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1.7.2 Nucleoid occlusion 

Stringent regulation of septal closure such that the chromosome is not bisected prior to the completion 

of its duplication and segregation is a requirement for producing two genetically identical daughter 

cells; nucleoid occlusion is the mechanism through which bacteria achieve this. As is the case for many 

of the systems discussed in this thesis, nucleoid occlusion mechanisms have been studied best in E. coli 

and B. subtilis, where the proteins SlmA and Noc are responsible for this regulation, respectively 

(Schumacher, 2017). SlmA and Noc are both DNA-binding proteins that bind as dimers to palindromic 

DNA sequences (Noc-binding sequences (NBS), or SlmA-binding sequences (SBS)) on the 

chromosome (Cho et al., 2011; Tonthat et al., 2011). SlmA/Noc bind to many sites on the chromosomal 

DNA of their respective organisms, except for the regions including and surrounding the replication 

terminus (ter) (Adams et al., 2014). 

Figure 1.10: The Min system in E. coli and B. subtilis. In E. coli, the MinD traffics MinC between the cell
poles, followed by the MinE ring. The oscillations of MinCDE between the two poles result in a low-density
region at mid-cell, where Z-ring formation is allowed to occur. In B. subtilis, the Min system is static at the cell
poles. The membrane-binding protein DivIVA recognises the negative curvature of the cell membrane at the
poles and recruits MinJ, which in turn recruits MinC, preventing Z-ring formation at the cell poles and
restricting it to mid-cell.
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SlmA binds to FtsZ in vitro (Cho et al., 2011), however, the mechanism of inhibition of FtsZ 

filamentation by SlmA is not currently defined. Two current models propose that SlmA either disrupts 

Z-ring formation by disrupting lateral interactions between filaments, or that SlmA dimers link together 

filaments with opposite directionalities, preventing any unidirectionality of the Z-ring (Wu & Errington, 

2012). During chromosome replication and segregation, the replisome assembles at the origin of 

replication (oriC) and the chromosomes are replicated and segregated concomitantly. The oriC regions 

of the parental and daughter chromosome move to opposite cell poles and the ter region of the 

chromosome remains at mid-cell until replication is complete. As chromosome segregation and 

replication near completion and ter becomes the only region of the chromosome remaining at mid-cell, 

the concentration of SlmA decreases at mid-cell and inhibition of Z-ring formation is relieved (Figure 

1.11). Intriguingly, no interactions have been determined between Noc and any other currently 

identified divisome protein, leaving the mechanism of septum inhibition by Noc open to further study 

(Adams et al., 2014; Schumacher, 2017). 

In the rod-shaped bacteria described thus far, nucleoid occlusion factors are non-essential (Rowlett & 

Margolin, 2015), suggesting that the actions of other Z-ring placement regulators, such as the Min 

system, are sufficient to regulate septal placement in these bacteria. In many cocci, such as S. aureus, 

the Min system is absent, therefore, there is a greater dependence on nucleoid occlusion for correct 

septal placement. Indeed, deletion of the Noc homologue from S. aureus results in the formation of 

multiple Z-rings and bisection of the chromosome. In the absence of Noc, S. aureus is no longer able 

to divide in orthogonal planes, leading to the hypothesis that the plane of cell division undertaken by S. 

aureus is determined by the plane of chromosome segregation (Veiga et al., 2011). Precisely how the 

previous site of division is recognised on a molecular level is not yet understood and may involve 

nucleoid occlusion factors yet to be discovered. 
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1.7.3 FtsZ-associated proteins 

1.7.3.1 ZapA 

An example of some positive regulators of Z-ring assembly are the FtsZ-associated proteins (Zaps). 

The majority of Zaps (ZapA, ZapB, ZapC, and ZapD) co-localise with FtsZ and stimulate Z-ring 

formation, though ZapE has an inhibitory role similar to MinC (Ortiz et al., 2016). ZapA is a conserved 

Figure 1.11: General mechanism of nucleoid occlusion. The nucleoid occlusion factors SlmA (E. coli)
or Noc (B. subtilis) bind at many sites on the chromosome, apart from the replication termination region
ter. In this figure the density of nucleoid occlusion factors are roughly depicted as a transparent crescent.
As the chromosome is replicated and the parental and daughter oriC migrate to the cell poles, the
inhibition of Z-ring formation is lifted as a result of a low-density region of SlmA/Noc at mid-cell. Whilst
the mechanism of FtsZ inhibition by SlmA appears to be a result of a direct interaction, the mechanism
inhibition of Z-ring formation by Noc has yet to be determined.
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cell division protein in both Gram-positive and Gram-negative bacteria that co-localises with FtsZ. 

ZapA contains a globular N-terminal domain and a coiled coil C-terminal domain (Low et al 2004). 

ZapA forms either dimers or tetramers in solution in a concentration-dependent manner. Tetramers of 

ZapA are made up of a ‘head-on’ arrangement of antiparallel dimers, which interlock at the coiled-coil 

regions at their C-termini (Low et al., 2004) (Figure 1.12). Recent work suggests that ZapA interacts 

with FtsZ via its N-terminal domain, generating a model in which tetramers of ZapA are able to form 

physical cross-links between FtsZ filaments (Roseboom et al., 2018) (Figure 1.12).  

 

The remainder of the Zaps (ZapB-E) are not conserved in all bacteria, and their presence is confined to 

the Gram-negative g-bacteria (Ortiz et al., 2016). Co-sedimentation assays performed on ZapA and Zap 

B from E. coli revealed that ZapB interacts with the C-terminal coiled-coil domain of ZapA, likely 

stabilising the ZapA-FtsZ interaction (Galli & Gerdes, 2012). ZapB also interacts with a DNA-binding 

Figure 1.12: Proposed mechanism of FtsZ filament cross-linking by ZapA. The above model of
ZapA/FtsZ interaction has been proposed in Rosenboom et al., 2018. Here, three tetramers of ZapA are
rendered independently, one in which each ZapA monomer is rendered in a different colour and the four N-
and C- termini labelled; two proximal ZapA tetramers are rendered in greyscale. Two filaments of FtsZ are
shown in which the structure of FtsZ (Löwe et al., 1998) has been rendered and duplicated to reflect filament
formation. ZapA is proposed in Rosenboom et al., 2018 to bind to FtsZ via its N-terminus, the model rendered
here represents a general structural overview of the FtsZ/ZapA interaction, and is not based on precise
structural information regarding the interaction.
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protein involved in chromosome segregation, suggesting that ZapB may play a role in co-ordinating 

chromosome segregation and septum closure (Buss et al., 2017). ZapC and ZapD appear to play similar 

roles as ZapA, directly interacting with and cross-linking FtsZ filaments (Roach et al., 2016; Durand-

Heredia et al., 2011). 

1.7.3.2 FtsA 

A well‐studied protein-protein interaction of FtsZ is with FtsA, a well‐conserved, actin-like ATPase, 

which self‐organizes with FtsZ and tethers it to the membrane (Pichoff & Lutkenhaus, 2005). The FtsA‐

mediated membrane tethering is essential to ensure constriction of the membrane at the septum, as FtsZ 

does not interact with the membrane of its own accord. FtsA has been implicated in the ATP-dependent 

reorganisation of cell membranes, suggesting that FtsA has a more involved role in cell division than 

as a simple membrane tether for FtsZ. FtsA interacts with the cell membrane through a conserved C-

terminal amphipathic helix, which may also be the region through which FtsA modulates membrane 

curvature (Conti et al., 2018). The crystal structure of FtsA and FtsZ in complex revealed that domain 

2B of FtsA interacts with FtsZ in the region at the C-terminus of FtsZ. The same work identified that 

FtsA formed actin-like protofilaments that likely line up on the inside face of the membrane, tethering 

FtsZ filaments (van den Ent, 2000) (Figure 1.13). 

 

 

Figure 1.13: Model of FtsZ tethering to the membrane by FtsA. The above model of membrane
tethering of FtsZ by FtsA has been proposed (van den Ent, 2000). Here an FtsZ filament is shown in
alternating light and dark green subunits (Löwe et al., 1998), and FtsA is shown in red (van den Ent,
2000). The amphipathic helix of FtsA unresolved by X-ray crystallography is modelled as a single
helix with a cartoon interpretation of the unresolved linker.
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1.7.3.3 ZipA 

ZipA works alongside FtsA in Gram‐negative bacteria to tether FtsZ to the membrane, however, no 

such homolog is present in Gram‐positive bacteria; SepF has been proposed to fulfil a similar function 

instead. The combination of the polymerized FtsZ, along with SepF/ZipA and FtsA, forms a structure 

called the proto‐ring. As stated above, ZipA is involved in the regulation of divisome assembly and Z-

ring placement in Gram-negative bacteria (Krupka et al., 2018). ZipA has been studied most extensively 

in E. coli, where it is essential (Hale & de Boer, 1997). ZipA is predominantly cytoplasmic, with a 

single transmembrane helix and a micro-domain in the periplasm. ZipA binds to FtsA and to FtsZ to 

tether both of them to the cell membrane (Pazos et al., 2018). The functional significance of ZipA was 

questioned by the discovery of a gain of function mutant of FtsA, which allowed for the bypassing of 

ZipA (Geissler et al., 2003), however, it has been suggested more recently that ZipA functions by 

protecting FtsZ from degradation by cytoplasmic proteases, a role that cannot be substituted for by FtsA 

(Pazos et al., 2013). The stimulatory or inhibitory effects of ZipA on Z-ring formation and FtsZ bundling 

are currently unknown; contradictory evidence for stimulatory (Chen et al., 2017) and inhibitory (Loose 

& Mitchison, 2014) roles for ZipA have been published. It has also been suggested that ZipA has neither 

a stimulatory nor an inhibitory effect on lateral interactions between FtsZ filaments, and that it simply 

acts as a passive membrane tether for FtsZ (Krupka et al., 2018). More work is clearly required to 

elucidate the functional significance of ZipA for divisome formation in Gram-negative bacteria. 

 

1.8 Regulators of cell division and PG remodelling 

Following the formation of the proto-ring, the ‘late’ division proteins start to assemble to promote 

downstream processes involved in the remodelling of the cell wall. Divisome assembly has perhaps 

been studied most extensively in E. coli; the proteins known to accumulate are FtsN, FtsI, FtsEX, FtsQ, 

FtsL, FtsB, FtsW, FtsK and PBP2B (Söderström & Daley, 2017; Aarsman et al., 2005). However, the 

conservation of many of these components is not necessarily maintained in Gram-positive bacteria, and 

the essentiality of the components is also not strictly conserved (Ortiz et al., 2016; Egan & Vollmer, 

2013; Söderström & Daley, 2017). 

1.8.1 DivIB/DivIC/FtsL 

One example of a widely-conserved and essential subcomponent of the divisome is a trimeric complex 

of DivIB, DivIC and FtsL in Gram-positives (FtsQ, FtsB and FtsL in Gram-negatives, respectively). 

DivIB/FtsQ, DivIC/FtsB and FtsL are transmembrane proteins, each with a single transmembrane helix, 

and form a complex independent of other divisome proteins in E. coli and B. subtilis (Robson & King, 

2006; Buddelmeijer & Beckwith, 2004). In S. aureus DivIB/FtsQ interacts with peptidoglycan through 

its extracellular PASTA domain and is required as a cell division checkpoint (Bottomley et al., 2014). 
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The extracellular portion of DivIB/FtsQ is also known to interact with PBPs, such as PBP2b in B. 

subtilis (Angeles et al., 2019), which may suggest that the DivIB/DivIC/FtsL (FtsQ/FtsB/FtsL) complex 

links the early intracellular stages of cell division with PG remodelling, a predominantly extracellular 

process (Boes et al., 2019). In vitro reconstitutions of the DivIB/DivIC/FtsL complex from S. 

pneumoniae have been performed and the full-length proteins isolated as complexes (Noirclerc-Savoye 

et al., 2013). The earliest structural studies of DivIB were performed on DivIB from Geobacillus 

stearothermophilus, wherein the domain organisation of DivIB was determined: DivIB contains three 

extracellular domains, a, b and g. The structure of the b-domain of G. stearothermophilus DivIB has 

been solved by NMR, revealing a unique fold in this region of the protein (Robson & King, 2005). 

Structures of FtsQ from E. coli and Yersinia enterocolitica were later solved by X-ray crystallography, 

confirming the overall fold of the G. stearothermophilus DivIB structure and expanding on the NMR 

structure (van den Ent et al., 2008).  

 

Based on secondary structure analysis, DivIC and FtsL are predicted to be predominantly a-helical in 

their extracellular/periplasmic domains, with disordered intracellular domains. DivIC and FtsL form a 

complex independently of DivIB, predicted to be made up of a coiled-coil (Condon et al., 2018). Small-

angle X-ray scattering (SAXS) analysis of a complex of DivIB, DivIC and FtsL from S. pneumoniae 

revealed that DivIB caps the coiled coil of DivIC and FtsL during complex formation, and may stabilise 

Figure 1.14: Model of FtsQ binding to FtsB and FtsL. SAXS and X-ray crystallographic studies of
FtsQ and FtsB from E. coli have resulted in a model of their interaction on the inner membrane. The
crystal structure of FtsQ and FtsB is enclosed within a red circle, the SAXS envelopes of the two
observed oligomeric states of the FtsQBL are rendered as a grey transparent molecular envelope.
Adapted from Choi et al., 2018.
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the interaction between DivIC and FtsL (Masson et al., 2009). The structure of E. coli FtsQ in complex 

with a fragment of FtsB has recently been solved independently by two different groups. The structure 

of the FtsQB complex, coupled with SAXS experiments performed on the FtsQBL complex from E. 

coli has resulted in a model of complex formation on the periplasmic face of the intracellular membrane 

(Kureisaite-Ciziene et al., 2018) (Figure 1.14). Based on the essentiality of the interaction between 

FtsQ/DivIB with FtsB/DivIC, and their location of interaction on the outside surface of the cell, the 

structure of the complex should allow for the considered design of antibiotics, without a need to consider 

cell membrane traversal. 

1.8.2 DivIVA 

DivIVA is a member of the Gram-positive divisome with divergent roles in those bacteria that encode 

DivIVA orthologs. One feature common to all DivIVA homologs, however, is an apparent innate ability 

to sense membrane curvature (Lenarcic et al., 2009). The bulk of the published information about 

DivIVA comes from B. subtilis where, among other things, it functions as a topological marker for the 

Min system, a cell division inhibitor. X-ray crystallographic studies of the isolated N- and C-terminal 

domains of DivIVA revealed that it forms tetramers made up of an antiparallel arrangement of parallel 

coiled-coils (Oliva et al., 2010) (Figure 1.15).  

 

This model clashes somewhat with earlier EM studies suggesting that DivIVA forms higher-order 

oligomers, however, these structural studies were performed on mutants of DivIVA purposefully 

designed to alter oligomeric state and may not accurately represent the wild-type protein (Stahlberg et 

al., 2004). The crystal structure of the N-terminal domain of DivIVA also provided some insight into 

how membrane-binding might be possible; a conserved Phe-Arg motif oriented outwards from the 

protein is positioned to form hydrophobic and electrostatic interactions with the membrane, respectively 

Figure 1.15: Structure of DivIVA from B. subtilis. Crystal structures of the N-terminus and C-terminus of
DivIVA from B. subtilis were solved to 1.4 Å and 8 Å resolution, respectively, and the above model of
DivIVA’s structure assembled (Oliva et al., 2010). DivIVA forms an antiparallel “head-on” arrangement of
parallel dimers, much like ZapA. Here DivIVA monomers are coloured separately and the N- and C- termini
of the protein labelled to reflect the antiparallel nature of the protein. The regions of the protein unresolved by
the crystal structures are drawn as a cartoon linker.
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(Oliva et al., 2010). Since DivIVA interacts with several cytoplasmic proteins through its C-terminal 

domain, it may act somewhat promiscuously as a topological marker for several intracellular systems 

(Halbedel & Lewis, 2019). The situation is complicated as a result of DivIVA’s divergent roles; for 

instance, S. aureus lacks MinC/D, and the interactions of DivIVA with divisome components in S. 

aureus have yet to be elucidated fully. Despite this, DivIVA shows similar localisation patterns in S. 

aureus as in B. subtilis (Pinho & Errington, 2004) (Figure 1.16), leaving the question of DivIVA’s 

function in S. aureus open to interpretation. 

 

1.8.3 GpsB 

GpsB, a homolog of DivIVA present in Gram‐positive organisms, is also involved in the coordination 

of PG synthesis at the septum (Cleverley et al., 2019). GpsB and DivIVA share sequence and structural 

homology at their N‐termini, however, this homology between the two proteins decreases significantly 

in their C‐terminal regions. The difference in C‐terminal structure between the two proteins is 

responsible for the differences in oligomeric state between the two proteins. Integrative structural and 

biochemical studies on GpsB from Listeria monocytogenes and B. subtilis revealed that GpsB binds the 

cytoplasmic microdomains of PBPs and forms a hexamer in solution (Figure 1.17), generating a model 

through which GpsB likely coordinates the activities of PBPs (Cleverley et al., 2016; Rismondo et al., 

2016).  

Figure 1.16: Localisation of DivIVA in A) B. subtilis and B) S. aureus. In wild-type B. subtilis cells,
fluorescently-labelled DivIVA is observed to form punctate foci in the most negatively curved regions of
membrane curvature, surround the fully-formed septum. This appears also to be the case in S. aureus,
which shows similar localisation patterns of DivIVA at the septum. Figure adapted from Lenarcic et al.,
2009, and Pinho & Errington, 2004.
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Interactions between GpsB and PBPs from a wider range of Gram‐positive bacteria including B. 

subtilis, L. monocytogenes, and S. pneumoniae have since been interrogated structurally and 

biochemically, leading to the identification of motifs required for binding (Halbedel & Lewis, 2019; 

Cleverley et al., 2019; Rismondo et al., 2016). A greater mechanistic understanding of the interactions 

between GpsB and PBP homologs in various species has aided the identification of novel interactions 

between GpsB and the PG remodelling enzymes YpbE and YrrS, leading to the conclusion that GpsB 

acts as an adaptor protein (Cleverley et al., 2019). Recent work on GpsB from S. aureus suggests a 

novel action of GpsB in the stimulation of lateral interactions between FtsZ filaments (Eswara et al., 

2018). No interactions between FtsZ and GpsB have been detected in any other species of bacteria 

tested and, therefore, this finding could suggest a divergent role for GpsB in S. aureus (Eswara et al., 

2018). 

 

Figure 1.17: Domain organisation of GpsB. The structure of GpsB from B. subtilis has been solved
through a combination of X-ray crystallography, SAXS, and SEC-MALS on several domains (Cleverley et
al., 2016). The N-terminus and C-terminus of Bacillus subtilis GpsB was solved by X-ray crystallography
to 2.8 Å and 1.2 Å resolution, respectively. SAXS studies on the full-length protein allowed for the above
model to be generated using the high-resolution structural fragments. GpsB forms a hexamer in solution in
a parallel orientation. Each monomer of GpsB is assigned its own colour and the N- and C- termini are
labelled. The N-terminal domain of the protein is responsible for its interactions with membrane-associated
cell division proteins.
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1.8.4 EzrA 

Negative regulation is also necessary in order to prevent aberrant Z-ring formation; EzrA is an example 

of such a negative regulator in Gram-positive bacteria. EzrA was first identified in B. subtilis, and its 

co-locolisation with FtsZ was first observed by fluorescence microscopy (Levin et al., 1999). EzrA has 

a predicted TM helix at its N‐terminus to link it, and potentially its interaction partners, to the 

membrane. B. subtilis EzrA inhibits the formation of FtsZ filaments in vitro and in vivo, and complete 

deletion of EzrA results in an increased frequency of FtsZ ring formation (Levin et al., 1999; Land et 

al., 2014; Singh et al., 2007). Recent studies in S. aureus and B. subtilis have implicated EzrA in the 

control of PG synthesis through direct interactions with PG synthases (Claessen et al., 2008; Steele et 

al., 2011). EzrA has been found by bacterial two‐hybrid to interact with a multitude of divisome proteins 

in S. aureus, as well as the PG synthases PBP1, 2, and 3 (Steele et al., 2011). The crystal structure of 

EzrA from B. subtilis revealed that EzrA forms antiparallel dimers forming an overall crescent shape 

(Cleverley et al., 2014), with each monomer made up of repeating three‐helical bundles that have 

structural homology to the spectrin repeat fold found in eukaryotic cytoskeletal proteins. The space 

within the arch of the crescent is sufficient to enclose an FtsZ filament, to sterically hinder the formation 

of lateral interactions between filaments (Cleverley et al., 2014) (Figure 1.9). 

 

1.9 Eukaryotic-like Ser/Thr protein kinases and divisome components 

Eukaryotic-like Ser/Thr protein kinases (eSTKs) are widespread in Gram-negative and Gram-positive 

bacteria and appear to have multiple roles both within and between species (Manuse et al., 2016). Whilst 

it is outside the scope of this thesis to discuss in detail all the eSTKs present in bacteria, one well-

studied member of this family of protein is thought to have significant roles in cell division regulation. 

Originally identified in Mycobacterium tuberculosis and designated PknB (Kang, 2005), homologues 

of this kinase present in different species of bacteria have been given alternative names specific to their 

species, such as PrkC in B. subtilis (Libby et al., 2015), Stk1 in S. aureus (Débarbouillé et al., 2009), 

StkP in S. pneumoniae (Nováková et al., 2005), and PrkA in L. monocytogenes (Lima et al., 2011). All 

PknB homologues are bitopic membrane proteins consisting of an N-terminal intracellular kinase 

domain, a single transmembrane helix, followed by several C-terminal PASTA domains (Manuse et al., 

2016). In B. subtilis, GpsB interacts with the intracellular domain of PrkC, stimulating its activity. 

DivIVA and EzrA have also been identified as essential for PrkC activity, suggesting that divisome 

components control the activity of PrkC in B. subtilis (Pompeo et al., 2015). Stk1 from S. aureus has 

been implicated in several regulatory systems in this organism (Débarbouillé et al., 2009; W. Zheng et 

al., 2018), however, its interactions with divisome components has not yet been tested. 



 34 

1.10 Antibiotics targeting cell division/PG synthesis machinery 

b‐lactam antibiotics inhibit the transpeptidase action of PBPs by mimicking the structure of the 

terminal D‐Ala‐D‐Ala residues of the glycan‐attached peptide of PG, sequestering the active site serine 

in a covalent adduct and rendering the transpeptidase domain of the PBPs inactive (Waxman & 

Strominger, 1983). The inhibition of the cell wall synthesis machinery ultimately results in the lysis of 

the cell due to the inability of the bacteria to generate new cell wall material to replace the parts it has 

degraded; this is the major cause of cell death by b‐lactam antibiotics (Waxman & Strominger, 

1983). Secondary mechanisms of cell death have also been observed, however, in which nonlytic cells 

undergo cell death as a result of futile cycles of PG precursor synthesis, for instance (Cho et al., 

2014). The introduction of b‐lactams ushered in a golden age of antibiotics during which many diseases 

previously fatal became treatable. The overuse of antibiotics, combined with the short life cycle and 

rapid evolution of bacteria, has resulted in the generation of antibiotic‐resistant strains of bacteria which, 

in certain clinical scenarios, often have fatal consequences (Lobanovska & Pilla, 2017). PG homeostasis 

and regulation thus remain an attractive target for antibiotic drug design. 

Two major mechanisms of resistance to b‐lactams have arisen: first, an accumulation of mutations in 

PBPs renders them insensitive to b‐lactams and second, enzymes capable of degrading b‐lactams, the 

b‐lactamases (Peacock & Paterson, 2015), have evolved. For instance, methicillin resistance in 

methicillin‐resistant S. aureus (MRSA) is caused by the introduction of the mecA gene coding for 

PBP2a, where the active site serine is located in a pocket that is occluded from b‐lactams (Peacock & 

Paterson, 2015). A multitude of new PBP2a‐targetting antibiotics have been developed, including the 

cephalosporin subgroup of b‐lactams, ceftobiprole, and ceftaroline (Foster, 2017). These molecules 

appear to target both the PBP2a active site as well as a putative allosteric site (Lovering et al., 2012; 

Duplessis, 2011; Otero et al., 2013), but resistance to these new drugs has already emerged (Peacock & 

Paterson, 2015). b‐lactam resistance is also caused by the evolution of new b‐lactamases, which form 

acyl‐enzyme intermediates with b‐lactams as in PBPs, however, these enzymes can break open the b‐

lactam ring to form products that do not inhibit PBPs (Fernandes et al., 2013). b‐lactamases were 

present in bacteria prior to the use of antibiotics in clinical and agricultural scenarios, but they have 

evolved into a very efficient b‐lactam resistance mechanism thanks to increased selection pressure from 

antibiotic overuse by mankind (Bonomo, 2017; Hall & Barlow, 2004). The somewhat unfortunately 

named New‐Delhi metallo‐b‐lactamases (NDMs) are one such example of this type of evolution, NDMs 

were first isolated and identified from a patient with a Klebsiella pneumoniae infection in 2009 (Yong 

et al., 2009) and have since become a cause of global concern (Nicolau et al., 2015). Antibiotics 

targeting NDMs are now necessary to combat the rise of superbugs which harbour these enzymes, and 

progress is being made toward this end. 



 35 

The gap between antibiotic drug discovery and the development of antimicrobial resistance is becoming 

shorter with each iteration. In fact, reports of penicillin resistance in E. coli first appeared before 

penicillin was in general public use (Abraham, 1940). Alternative means of disrupting cell division to 

fight infection are, therefore, an attractive method of sidestepping this problem and there is potential 

for divisome components to provide the necessary novel target. Inhibitors of divisome components have 

shown promising preliminary results against bacterial infections, specifically in the case of FtsZ. An 

inhibitor of FtsZ, PC190723, causes cell elongation in B. subtilis, and cell enlargement in S. aureus, 

and is effective against MRSA strains (Andreu et al., 2010). Computational ligand docking of 

PC190723 has identified a potential site of action at an allosteric site away from the nucleotide binding 

region of FtsZ (Elsen et al., 2012; Haydon et al., 2008). This is the first viable mechanism found for 

alternative antibiotics targeting the divisome, but with the influx of structures becoming available for 

several divisome components, there is much promise for antibiotics targeting cell division to be 

developed to take back control from the march of infectious disease. 

 

1.11 Aims of this study 

As discussed in this chapter, investigation of the divisome has chiefly been undertaken in rod-shaped 

bacteria, namely B. subtilis and E. coli. Despite the progress in understanding discussed here, there is a 

lot to learn about divisome formation and organisation not only in these bacteria but in other bacteria 

with different shapes, such as the spherical cocci. From a translational standpoint, a lack of structural 

and functional information about lesser studied members of the cell division machineries presents a 

stumbling block in the antimicrobial pipeline and is thus a potentially lucrative area of research. To 

address some of these issues, several divisome proteins from S. aureus were purified and characterised 

structurally, biophysically, and biochemically. S. aureus DivIVA (SaDivIVA) was expressed, purified 

and subjected to several structural, mutational and biochemical experiments to determine not only the 

structure of SaDivIVA but also its potential role in the divisome. S. aureus GpsB (SaGpsB) was purified 

and its interactions with members of the peptidoglycan polymerisation machinery and Stk1 probed, 

such that comparisons may be drawn between SaGpsB and the well-studied homologues described 

above. 
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2.1 Materials 

2.1.1 Growth media 

All media were purchased from Formedium unless stated otherwise. All media were prepared 

following the manufacturer’s instructions using distilled water (dH2O) and were autoclaved by 

technical staff in the Institute for Cell and Molecular Biosciences’ autoclave facility. All small-

scale cultures of E. coli were grown in lysogeny broth (LB), Lennox formulation; LB agar 

plates were supplemented with 15 g/L agar prior to autoclaving. Large-scale cultures of E. coli 

for protein expression were grown in terrific broth (TB). Cultures of B. subtilis were plated 

onto nutrient agar (NA). The compositions of the media used in this study are defined in Table 

2.1. Where required for plasmid selection and maintenance, growth media were supplemented 

with antibiotics at the working concentrations shown in Table 2.2. 
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2.1.2 General chemicals 

All chemicals, unless stated otherwise, were purchased from ThermoFisher Scientific or 

Sigma-Aldrich.  

2.1.3 Buffer preparation 

All Tris buffers were prepared using Tris base powder and adjusted to the relevant pH with 

HCl at room temperature. HEPES buffers were prepared using HEPES free acid powder and 

the pH was adjusted with NaOH at room temperature. 

2.2 Molecular biology 

All molecular biology reagents/enzymes were purchased from Thermo Scientific, Promega, or 

New England Biolabs, unless otherwise stated. 

2.2.1 Strains and plasmids 

The bacterial strains utilised in this study are shown in Table 2.3. A list of the parental plasmids 

used as templates for cloning in this study are shown in Table 2.4. 
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2.2.2 E. coli competent cell preparation 

Glycerol stocks of the desired cell line were used to inoculate 10 mL of LB, plus the relevant 

antibiotic if necessary, and left overnight at 37 °C with shaking at 180 rpm. Following 

overnight incubation, 100 mL of fresh LB was inoculated with 1 mL of saturated overnight 

culture and incubated at 37 °C, 180 rpm until an optical density at 600 nm (OD600) of ~0.4 was 

reached, at which point cells were placed on ice for 30 minutes. The cells were subsequently 

collected (4,000 ×g, 5 mins, 4 °C), the cell pellet was resuspended gently in 25 mL of ice cold 

0.1 M MgCl2 and incubated for a further 30 minutes on ice. The cells were collected as before, 

the pellet resuspended in 25 mL of ice cold 0.1 M CaCl2 and incubated again for 30 minutes 

on ice. The cells were collected as above and resuspended in 1.25 mL of ice cold 85 mM CaCl2, 

15 % (v/v) glycerol for freezing. Competent cells were transferred at 4 °C to sterile 1.5 mL 

microcentrifuge tubes in 50 μL aliquots, flash frozen in liquid N2, and stored at -80 °C until 

required. 
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2.2.3 Transformation of E. coli competent cells 

Competent cell aliquots of 50 μL were supplemented with either 100 ng of plasmid DNA, or 5 

µL of cloning reaction, and were incubated on ice for 20 minutes. The transformation mixture 

was heat shocked at 42 °C for 1 minute and was immediately placed back on ice for 2 minutes 

for recovery. Following recovery, the transformation mixture was supplemented with 250 µL 

of LB and was incubated at 37 °C, 180 rpm for one hour. The entire 300 µL mixture was spread 

evenly onto LB agar plates supplemented with the appropriate antibiotic(s); plates were left at 

37 °C overnight for transformants to grow. 

2.2.4 Purification of plasmids from E. coli 

Glycerol stocks or single colonies of E. coli DH5α strains harbouring the plasmid destined for 

purification were used to inoculate 10 mL of LB plus the relevant antibiotic. Cultures were 

grown overnight at 37 °C with shaking at 180 rpm, following which the cells were collected 

by centrifugation (5,000 ×g for 20 minutes at room temperature). GeneJET plasmid miniprep 

kits (Thermo Scientific) were used to purify plasmids from cell pellets following the 

manufacturer’s instructions. The purified plasmid concentration was determined by 

absorbance, measured at 260 nm (A260) using a Nanodrop™ Lite (Thermo Scientific). All 

plasmids were stored at -20 °C until required. 

2.2.5 Polymerase chain reaction 

The polymerase chain reaction (PCR) was utilised to amplify genes, fragments of genes and 

entire plasmids for all cloning operations described in this thesis. A typical PCR reaction 

mixture, and exemplar cycling parameters, is shown in Tables 2.5 and 2.6, respectively. 

Annealing temperatures were altered in accordance with the melting temperature (Tm) of the 

primers, which were calculated using the New England Biolabs Tm calculator 

(https://tmcalculator.neb.com/#!/main), and denaturation temperatures were altered in 

accordance with the manufacturer’s instructions for the polymerase in use. All PCRs were 

performed in a T100™ thermal cycler (Bio-Rad). 
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2.2.6 Restriction endonuclease-based cloning 

All genes of interest were amplified by PCR (Section 2.2.5) using primers with 5’-overhangs 

that each contained a unique restriction site. The PCR product generated was purified using the 

GeneJET PCR Purification Kit (ThermoFisher Scientific) following the manufacturer’s 

instructions. Purified amplicons and destination plasmids were digested independently with 

their relevant restriction enzymes following the manufacturer’s protocols for the specific 

enzymes. Following their digestion, the products were separated by agarose gel electrophoresis 

on a 1 % (w/v) agarose gel in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 

8.3). Bands on the agarose gel corresponding to their expected length were excised from the 

gel with a sterile scalpel and purified using the GeneJET PCR Purification Kit (Thermo 

Scientific). The digested gene of interest was ligated at a 3:1 and 7:1 molar ratio of gene of 

interest:digested vector, using 25 ng of the digested vector. T4 DNA ligase (Thermo Scientific) 

was used following the manufacturer’s instructions with regards to ligation mixture and 

incubation temperature/time. 5 µL of the ligation mixture was immediately transformed into 
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E. coli DH5ɑ (Section 2.2.3). Two control reactions were performed in parallel, one in which 

digested vector alone was ligated/transformed, and another in which undigested parental 

plasmid was transformed at the same concentration as the digested vector used in the reaction. 

Colonies present on the reaction plate were used to inoculate 10 mL of LB plus antibiotic and 

the plasmids purified (Section 2.2.4). Successful cloning reactions were initially screened using 

restriction digests and apparently successful clones were verified by sequencing (Eurofins). An 

example of a restriction digest screen is shown in Figure 2.1. 

 

2.2.7 Restriction-free cloning strategy for N-terminal DivIVA truncation 

Primers were designed to amplify SaDivIVA54-205, SaDivIVA91-205, and SaDivIVA121-205 from 

pOPINRSF-SaDivIVAFL using the restriction-free (RF) cloning webserver (https://rf-

cloning.org). Incorporation of the desired constructs into pOPINRSF by PCR and subsequent 

DpnI digestion of parental plasmid was performed as previously described (van den Ent & 

Löwe, 2006). The cloning reaction was transformed into E. coli DH5α (Section 2.2.3), 

alongside the digested parent plasmid alone and undigested parent plasmid as negative and 

positive controls, respectively. Successful transformants were used to inoculate 10 mL of LB 

Figure 2.1: A representative example of a restriction digest screen for the presence of correct inserts.
Plasmids purified from promising clones (1-3) were digested, alongside the template plasmid (C), with
restriction enzymes flanking the insert (eg. NdeI/XhoI). The digestion mixes were electrophoresed on a 1 %
(w/v) agarose gel. In the case of DivIVA Δ56-120, shown here, a decrease in the length of the insert (~600 bp) was
expected with respect to the template plasmid (~800 bp). In this case, colony 2 was confirmed by sequencing to
be successful.
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plus antibiotic and grown at 37 °C for 16 hours before the plasmids were purified as described 

in Section 2.2.4. Purified plasmids were verified by DNA sequencing (Eurofins) before use. 

2.2.8 In-Fusion™ cloning of DivIVA into pMV01 

Primers were designed using the In-Fusion™ cloning tools webserver 

(https://www.takarabio.com/learning-centers/cloning/in-fusion-cloning-tools) to amplify 

SaDivIVA from pOPINRSF-SaDivIVAFL, and to amplify and simultaneously linearise 

pMV01, generating complementary ends common to both PCR products. Following 

amplification, SaDivIVAFL was ligated into linearised pMV01 and the parental plasmid DpnI-

digested following established protocols (Throop & Labaer, 2016). The cloning reaction was 

transformed into E. coli DH5α (Section 2.2.3); undigested parental plasmid and digested parent 

plasmid alone were used as controls. Plasmids were purified from successful transformants 

(Section 2.2.4) and verified by sequencing before use. 

2.2.9 Site-directed mutagenesis 

Site-directed mutagenesis (SDM) was performed using a modified version of the QuikChange 

(Agilent) protocol. Mutagenic primers were designed using the QuikChange primer design 

webserver (https://www.agilent.com/store/primerDesignProgram.jsp). PCR was performed not 

only to amplify the gene of interest but the remainder of the plasmid as well, to generate a 

large, linear DNA product consisting of the recombinant plasmid and the mutagenised gene of 

interest (Zheng, 2004). The successful generation of a PCR product was verified by agarose 

gel electrophoresis; a representative example is shown in Figure 2.2. 25 µL of methylated 

parental plasmid was supplemented with 1 µL of DpnI (Thermo Scientific) and incubated at 

Figure 2.2: A representative agarose gel of an SDM reaction. A representative example of the product of an
SDM reaction run on a 1 % (w/v) agarose gel is shown in lane +. For all SDM reactions, a reaction mixture was
prepared without polymerase present as a control, this is shown in lane -.
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37 °C for 2 hours, 5 µL of the digestion mixture was transformed into E. coli DH5α (Section 

2.2.3). Mutant plasmids were verified by DNA sequencing before use. 

2.2.10 Generation of MBP-fusions to SaDivIVA 

In the case of MBP-SaDivIVAFL, SaDivIVAFL was amplified from pOPINRSF-SaDivIVAFL 

with primers containing restriction sites appropriate for its insertion into pMAT-11 

downstream of MBP and its cleavage sites (Appendix II). For MBP-SaDivIVAFL-MBP, 

following successful incorporation of SaDivIVAFL into pMAT-11, a double MBP fusion was 

generated in which the MBP sequence was amplified from pMAT-11 with the addition of NcoI 

and XhoI to either end of the amplicon. Amplification of the pMAT-11-SaDivIVAFL was then 

undertaken to generate a linearised plasmid with NcoI/XhoI sites corresponding to the 5’- and 

3’- ends of the MBP amplicon, allowing for the restriction-based insertion of MBP onto the c-

terminus of SaDivIVAFL (Figure 2.3). 

2.2.11 Preparation of glycerol stocks for E. coli strains 

Verified strains of E. coli were grown overnight in LB supplemented with the appropriate 

antibiotic(s) at 37 °C, 180 rpm. 700 µL of saturated overnight cultures were supplemented with 

300 µL of sterile 100 % (v/v) glycerol and flash-frozen in liquid nitrogen. Glycerol stocks were 

stored at -80 °C until needed. 

2.2.12 Transformation of B. subtilis 

B. subtilis strains intended for transformation were streaked onto fresh nutrient agar plates 

supplemented with appropriate antibiotics ~16 hours prior to the beginning of the 

transformation. Cells were scraped from the plate and used to inoculate conical flasks 

containing 10 mL of transformation medium (Table 2.7). Cells were grown at 37 °C for 3 hours 

with shaking before 10 mL of dilution medium (Table 2.7) was added to the flask and incubated 

for a further 2 hours. 400 µL of cells were subsequently transferred to 2 mL round-bottomed 

microcentrifuge tubes containing either 10 µL of plasmid DNA or 2 µL of genomic DNA and 

these cultures were incubated with shaking for 1 hour at 37 °C. Cells were collected (16,000 

×g, 1 min, room temperature) and the supernatant discarded. Cells were resuspended in ~100 

µL of LB and plated onto nutrient agar supplemented with antibiotic, if necessary, and the 

plates were incubated at 37 °C overnight. Successful transformants were resuspended in 100 

µL of LB and re-plated onto nutrient agar. To integrate DivIVA-msfGFP into the chromosome, 

colonies were plates onto NA plates in the presence/absence of 1 % (w/v) xylose to screen for 

successful transformants. 
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Figure 2.3: Method of construction of pMAT-11-SaDivIVA FL-MBP. Primers were designed (orange) to
amplify pMAT-11-SaDivIVA FL such that the linearised plasmid product could be digested with restriction
enzymes. Simultaneously, MBP from pMAT-11 was amplified with 5’ overhangs identical to those introduced
to pMAT-11-SaDivIVA FL. Ligation of the two products of PCR and restriction digestion results in a plasmid
with two MBP genes, in frame with SaDivIVA FL and on either end of the SaDivIVA FL gene.
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2.3 Protein purification 

2.3.1 Expression 

Either a streak of colonies from freshly transformed cells, or a scraping of a glycerol stock, 

were used to inoculate 100 mL of LB supplemented with the appropriate antibiotic(s) and left 

to grow to saturation overnight at 37 °C, 180 rpm. 10 mL of saturated overnight culture was 

used to inoculate each litre of sterile TB media and bacteria were grown at 37 °C, 200 rpm to 

an OD600 of ~0.8. Protein expression was induced by the addition of IPTG to a final 

concentration of 1 mM and the cells were grown at 20 °C for ~16 hours. Cells were collected 

by centrifugation (4,000 ×g for 30 minutes at 4 °C) and cell pellets were either lysed 

immediately or flash-frozen in liquid N2 and stored at -20 °C until needed. 

2.3.2 Preparation of cell-free extracts for soluble proteins 

Cells were resuspended in resuspension buffer (30 mM Tris.HCl pH 8, 300 mM NaCl), 

supplemented with a few crystals of bovine pancreas DNAse I (Roche) and one cOmplete™ 

EDTA-free protease inhibitor cocktail tablet (Roche) per 50 mL of cell suspension. Cells were 

lysed by single passage through a cell disruptor (Constant Systems) at 20 kpsi. Insoluble 
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material was separated from soluble material by centrifugation at 30,000 ×g for 30 minutes at 

4 °C. Samples were taken of both the soluble and insoluble material for analysis by sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Section 2.3.9). 

2.3.3 Immobilised metal affinity chromatography 

Cell-free extracts were applied at 1 ml.min-1 to a 5 ml HisTrap FF column (GE Healthcare) 

attached to an ÄKTAprime FPLC system. After loading, the column was washed with 

Immobilised Metal Affinity Chromatography (IMAC) buffer A (50 mM Tris.HCl pH 8, 500 

mM NaCl, 20 mM imidazole) at 5 ml.min-1 until the A280 returned to baseline. Bound proteins 

were eluted in step gradients of IMAC buffer B (50 mM Tris.HCl pH 8, 500 mM NaCl, 800 

mM imidazole). A representative example of an IMA chromatogram is shown in Figure 2.4. 

 

2.3.4 Cleavage of recombinant tags 

Proteins were mixed at a 1:50 (w:w) ratio of protease to recombinant protein, and the cleavage 

mixture was dialysed ~100-fold at 4 °C overnight into 25 mM Tris.HCl pH 8, 150 mM NaCl, 

1 mM DTT. Following overnight cleavage, the mixture was re-applied to the HisTrap column 

and the flow-through and eluent collected in batch to perform a reverse-IMAC. Pre-cleavage 

samples were analysed alongside flow-through and eluent from the reverse-IMAC step on 

Figure 2.4: A representative chromatogram from an IMAC purification step. Cell-free extract was loaded
onto the HisTrap FF column at 1 mL.min-1 and the flow-through (FT) from the column collected (Loading).
Once all of the cell-free extract was loaded onto the column, the column was washed with IMAC buffer A until
the A280 returned to baseline (Wash). Following the wash, IMAC buffer B was passed over the column and the
eluted protein collected into 4 mL fractions (Elution).
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SDS-PAGE (Section 2.3.9) to verify successful cleavage (Figure 2.5). If successful, flow-

through from the second IMAC purification was concentrated for further purification. 

 

2.3.5 Ion-exchange chromatography 

Proteins were either dialysed into ion-exchange chromatography (IEX) buffer A (25 mM 

HEPES.NaOH pH 7.5) overnight or diluted in IEX buffer A such that the final concentration 

of NaCl was less than 50 mM. Following NaCl dilution, proteins were loaded onto at 1 ml.min-

1 a 5 mL HiTrap Q (GE Healthcare) attached to an ÄKTAprime FPLC system. The column 

was washed with IEX buffer A until the A280 returned to baseline. Proteins were eluted from 

the column by a gradient of 0 - 100 % IEX buffer B (25 mM HEPES.NaOH pH 7.5, 1 M NaCl) 

over a volume of 100 mL. 

2.3.6 Preparative size-exclusion chromatography 

Following their respective penultimate purification step, protein samples were concentrated by 

ultrafiltration using Amicon Ultra-15 concentrators (Millipore) at a molecular weight cut-off 

several kDa smaller than the target. Protein samples were injected at volumes ≤5 mL onto 

HiLoad 16/60 prep grade columns (GE Healthcare) packed either with Superdex 75 or 200 

resin, depending on the molecular weight of the protein of interest and desired resolution. 

Columns were attached to ÄKTApurifier FPLC systems and run at a constant flow rate of 1 

Figure 2.5: A representative example of cleavage & reverse-IMAC. The cleavage step for GpsB1-64 is shown
as a representative example of cleavage and reverse-IMAC as a purification step. Here all samples have been
loaded onto a 17 % Tris-Tricine SDS-PAGE system. Following elution from IMAC, the elution is dialysed and
cleaved with the relevant protease overnight. After overnight incubation with the protease, the cleavage mixture
(Pre) was loaded onto the IMAC column for the second time and the cleaved protein with no His6-tag passes
through the column (FT). Any uncleaved material and IMAC contaminants were retained on the column and
elute as usual (E).
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ml.min-1. Protein was collected from the column in 2 mL fractions and elution was monitored 

at A280 nm. Final purity of target proteins was assessed by SDS-PAGE (Section 2.3.9). 

2.3.7 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis  

Glycine-sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels of 

different percentages were constructed using a Mini-PROTEAN® Tetra Cell (Bio-Rad). The 

components of stacking and resolving gels are listed in Table 2.8. Analytes were mixed with 

6x SDS loading dye and heated to 100 °C for 2 minutes immediately prior to loading. Proteins 

were electrophoresed at 150 V for 45 minutes. Gels were stained using Coomassie blue for 1 h 

and de-stained in 20 % (v/v) ethanol, 10 % (v/v) acetic acid. For proteins with molecular 

weights smaller than 30 kDa, a Tricine-SDS-PAGE gel system was utilised, and the procedure 

for making and running the gels performed as previously described (Schägger, 2006). 

 

2.3.8 Determination of protein concentration by absorbance at 280 nm (A280) 

In the majority of cases, protein concentration was determined by A280. Concentrated pure 

protein was diluted in the same buffer used for purification and A280 measured using a 

Nanodrop™ Lite spectrophotometer (Thermo Scientific) such that the absorbance reading was 

within the accurate range of the instrument (0.08 – 2 absorbance units). Protein concentration 

was calculated using sequence-derived extinction coefficients calculated with the ProtParam 

webserver (https://web.expasy.org/protparam/). 

2.3.9 Determination of protein concentration by bicinchoninic acid assay 

In cases where determination of protein concentration by A280 was rendered unreliable by the 

lack of any tryptophan or tyrosine residues, protein concentrations were determined using the 

bicinchoninic acid (BCA) Protein Assay Kit (Pierce™). BCA assays were performed in 
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microplates following the manufacturer’s standard protocol and the concentrations determined 

by comparison to a standard curve prepared in parallel using known concentrations of bovine 

serum albumin (BSA). A representative standard curve used to calculate protein concentration 

is shown in Figure 2.6. 

 

2.3.10 Generation of liposomes 

Lipids were dissolved at 10 mg.ml-1 in chloroform and incubated at 37 °C until homogeneous. 

Chloroform was evaporated overnight in a vacuum chamber, ensuring the removal of all 

solvent. The mass of the resultant lipid cake was quantified, and the lipid cake resuspended in 

PBS buffer to 10 mg.mL-1. The suspension was incubated in a sonicating water bath for 10 

minutes, or until homogenised. The resuspended lipid cake was then sonicated using a probe 

sonicator with 1 second pulses for 10 minutes on ice to generate multilamellar vesicles. 

Liposomes were stored at -20 °C until required. 

 

 

 

 

Figure 2.6: A representative BCA standard curve. Known concentrations of BSA were subjected to a BCA
assay alongside target proteins in order to generate a standard curve from which the unknown concentrations of
protein could be estimated. The equation used to calculate protein concentration is shown as well as the R2
measure of the fit of the data to the trendline.
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2.4 Characterisation of protein samples 

2.4.1 Native-polyacrylamide gel electrophoresis 

Samples for native-polyacrylamide gel electrophoresis (native-PAGE) analysis were mixed 

with 5x native-PAGE sample buffer (65 mM Tris.HCl pH 8.5, 20 % (v/v) glycerol, 0.01 % 

(w/v) bromophenol blue) and loaded onto a 10 % acrylamide gel. Native-PAGE gels were 

prepared as for SDS-PAGE (Section 2.3.9), but in the complete absence of SDS. Gels were 

electrophoresed at 150 V for 2 hours, or until the dye front reached the bottom of the gel. Gels 

were stained and de-stained as for SDS-PAGE (Section 2.3.9) 

2.4.2 Circular dichroism 

Concentrated proteins were diluted to 10 µM in dH2O or sodium phosphate buffer and circular 

dichroism (CD) spectrum measurements performed in a JASCO J8-10 spectropolarimeter, with 

a 1 mm pathlength quartz cuvette (Hellma Analytics). Samples were scanned from 190 nm to 

260 nm at 10 nm.min-1 with a bandwidth of 2 nm and a response time of 8 seconds. 10 CD 

scans were performed per sample at 20 °C and the runs averaged. A buffer spectrum run in the 

same cuvette on the same day was subtracted from the protein spectrum for analysis. For 

thermal melts, samples were denatured either from 4 °C or 20 °C to 90 °C at a rate of 2 °C per 

minute and the CD signal was monitored at 222 nm. CD spectra were analysed using the 

BeStSel webserver (http://bestsel.elte.hu/index.php) or using the DichroWeb webserver 

(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml), using the CDSSTR analysis programme. 

2.4.3 Analytical size-exclusion chromatography 

Samples were injected at 100-500 µL onto a Superdex 200 increase 10/300 GL (GE Healthcare) 

attached to an ÄKTApurifier FPLC system. Samples were analysed at a flow rate of 0.75 

mL.min-1. Protein elution was monitored by absorbance at 280 nm and if necessary, fractions 

of 500 µL were collected for analysis by SDS/native-PAGE. 

2.4.4 Size exclusion chromatography-coupled multi angle light scattering 

Size exclusion chromatography-coupled multi angle light scattering (SEC-MALS) samples 

were loaded at 0.5 mL.min-1 onto a Superdex 200 increase 10/300 GL column equilibrated in 

20 mM Tris.HCl pH 8, 150 mM KCl, 1 mM DTT attached to an ÄKTA Pure (GE Healthcare). 

The eluent from the size-exclusion column was passed through a DAWN Heleos II EOS 18-

angle laser photometer and an Optilab® T-rEX™ differential refractometer (Wyatt 
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Technology). Light scattering, differential refractive index data were analysed, and the 

molecular weights calculated using ASTRA® 6 (Wyatt Technology). 

2.4.5 Size exclusion chromatography-coupled small angle X-ray scattering 

All size exclusion chromatography-coupled small angle X-ray scattering (SEC-SAXS) 

experiments were performed at Diamond Light Source (Oxfordshire, UK) on beamline B21. 

Samples were applied onto a Superdex 200 increase 10/300 GL column equilibrated in 20 mM 

Tris.HCl pH 8.0, 150 mM KCl, 1 mM DTT and the eluent passed through the experimental 

cell. SAXS data were recorded at 12.4 keV over 3 second frames at a detector distance of 4.014 

m. 

2.4.6 One-dimensional processing of SAXS data 

Retention time was plotted as a function of scattering intensity in ScÅtter (BIOISIS) and 

CHROMIXS (Panjkovich & Svergun, 2018) and monodisperse regions of the elution profile 

were identified by use of the Rg estimation tool present in both software packages. Subtraction 

of the average scattering profile of buffer from that of the protein was performed independently 

in ScÅtter and CHROMIXS, generating plots of average sample scattering intensity (I(Q)) 

against scattering vector (Q). To ensure there were no major differences in the subtraction of 

buffer scattering from sample, the scattering curves generated in both programs were compared 

against each other using DATCMP (ATSAS) and found to be identical with a χ2 of 1. All 

subsequent scattering curves generated in this thesis were generated by buffer subtraction in 

ScÅtter. 

2.4.7 Dummy atom modelling 

Twenty independent rounds of DAMMIF (Franke & Svergun, 2009) were performed to 

generate twenty dummy-atom models that fit the scattering data with a range of χ2 values. 

Dummy-atom models were compared in DAMSEL, and those with a normalised spatial 

discrepancy (NSD) greater than the average NSD + 2σ were discarded. Dummy atom models 

were superimposed in DAMSUP, averaged in DAMAVER , and low-frequency dummy atoms 

removed in DAMFILT (Franke & Svergun, 2009). For refinement, a DAMSTART file was 

generated from DAMMIF runs and used for refinement in DAMMIN (Svergun, 1999) 

following the same procedure as with DAMMIF, ultimately generating a dummy-atom model 

of the most-likely solution structure from the scattering data. Molecular envelopes were 

generated in UCSF Chimera using its inbuilt molmap command. 
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2.4.8 Lysine methylation of SaDivIVA1-120 

The lysines in SaDivIVA1-120 were methylated using the JBS Methylation Kit (Jena 

Biosciences) following the manufacturer’s instructions. A sample of pre-methylation and post-

methylation SaDivIVA1-120 was analysed by intact protein mass spectrometry (Simon Thorpe, 

University of Sheffield) and the number of methylated lysines determined from the difference 

in masses. 

2.4.9 Crystallisation screening and data collection 

Proteins were concentrated to above 10 mg.mL-1 and screened using a Mosquito (TTP Labtech) 

against a range of commercially available crystallisation screens (PACT, JCSG+, Morpheus, 

INDEX, MPD Suite) (Gorrec, 2009; Newman et al., 2005) using the sitting-drop vapour 

diffusion method. 96-well MRC crystallisation plates (Molecular Dimensions) were used for 

all initial screens, with drop ratios of 1:1 and 2:1 of protein:reservoir per condition. Where 

required, optimisations of any crystal hits were performed using the hanging drop vapour 

diffusion method in 24-well Linbro plates (Molecular Dimensions) plates. Crystallisation trials 

were routinely incubated at 20 °C, however, for SaDivIVA1-120, crystallisation trials were also 

incubated at 4 °C. Any hits were screened for diffraction in-house using a gallium liquid 

METALJET™ X-ray generator equipped with a Photon II detector (Bruker AXS GmbH). Two 

images were collected during screening, at relative phi angles of 0 ° and 90 °, to allow for 

indexing of the reciprocal lattice. Full datasets from the best diffracting samples were collected 

at Diamond Light Source (Oxfordshire). The specific experimental parameters used during data 

collection are described in their relevant chapters. 

2.4.10 Structure solution and refinement 

Diffraction data were routinely indexed and integrated in DIALS (Beilsten-Edmands et al., 

2020), and scaled and merged in AIMLESS (Evans & Murshudov, 2013). Initial phases were 

approximated in PHASER (McCoy et al., 2007). Model building was performed automatically 

in ccp4build (Winn et al., 2011) or buccaneer (Cowtan, 2006), after which rounds of refinement 

were performed in Coot (Emsley & Cowtan, 2004) and REFMAC5 (Murshudov et al., 2011) 

until refinement reached convergence. Validation of the model was performed in MolProbity 

(Williams et al., 2018) and Coot. The precise strategy used for each protein is described in their 

respective chapters. 
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2.5 Biochemical techniques 

2.5.1 Isothermal titration calorimetry 

All ITC experiments were carried out in a MicroCal iTC200 (Malvern Panalytical). Samples 

were buffer exchanged into ITC buffer (25 mM HEPES pH 7.5, 150 mM NaCl) with a PD 

MiniTrap G-25 (GE Healthcare) immediately prior to analysis. 20 samples of 2 µL were titrated 

into a cell volume of 200 µL. Samples were stirred at 750 rpm and the cell kept at a temperature 

of 20 °C throughout. Data was analysed and binding constants determined using the MicroCal 

PEAQ ITC Analysis software (Malvern Panalytical) using a 1:1 binding model. 

2.5.2 Surface plasmon resonance 

Surface plasmon resonance (SPR) experiments were performed in a Biacore X-100 (GE 

Healthcare) with a running buffer of 25 mM HEPES.NaOH pH 7.5, 150 mM NaCl. Proteins 

were immobilised onto a NTA chip (GE Healthcare) pre-charged with a 1-minute pulse of 0.5 

mM NiCl2 onto both flow cells. His6-tagged ligand was passed over the experimental flow cell 

during capture for 1 minute at 10 µL.min-1. The analyte was passed over both flow cells at 30 

µL.min-1 and the response from the reference cell subtracted from the experimental cell to 

assess whether non-specific binding to the chip surface had occurred. Data were analysed and 

fit to binding models using the Biacore evaluation software (GE Healthcare) and the KD and 

error calculated. 

2.5.3 Microscale thermophoresis 

Microscale thermophoresis (MST) experiments were performed in a Monolith NT.115 

(NanoTemper GmbH, Germany). Experiments were performed by preparing serial dilutions of 

unlabelled protein against constant concentrations of fluorescently labelled peptide/protein in 

premium capillaries. Where applicable, proteins were labelled with either Monolith NT Protein 

Labelling Kit BLUE-NHS or Monolith NT His-tag Labelling Kit RED-tris-NTA following the 

manufacturer's instructions. 20 % LED power was used to measure fluorescence and MST 

powers of 40-80 % were used for the temperature gradient. Binding was measured by 

monitoring changes in normalised fluorescence following the introduction of the local 

temperature gradient in the capillary. Data were analysed and fit to binding models using the 

MO.Affinity Analysis software and the KD and error calculated. 
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2.5.4 Fluorescence polarisation 

Fluorescence polarisation (FP) experiments were performed in 10 mM Tris.HCl, 250 mM 

NaCl, 0.1 % Triton X-100. Serial dilutions of unlabelled protein were prepared against a 

constant concentration of fluorescently labelled peptide (20 nM). Binding experiments were 

prepared in triplicate in a 386-well plate and fluorescence polarisation monitored in a 

PHERAstar FS (BMG Labtech). The excitation wavelength was 485 nm, and fluorescence 

emission was recorded above 520 nm. To calculate KDs, the data were fit to a 1:1 non-linear 

regression model in SigmaPlot 14 using the Hill equation: 

𝑃 = 𝑃!"# + 𝑃$%&. $
[𝑃𝑟𝑜𝑡𝑒𝑖𝑛]

𝐾( + [𝑃𝑟𝑜𝑡𝑒𝑖𝑛]
. 

 

2.5.5 Phosphorylation reactions 

Phosphorylation reactions were performed at a kinase concentration of 3.7 μM with the 

substrate protein at 37 μM. The phosphorylation reaction was initiated by addition of 5 mM 

ATP and 5 mM MgCl2. Proteins were phosphorylated in a buffer of 10 mM HEPES pH 7.5. 

Phosphorylation mixtures were incubated at 37 °C for 30 minutes and analysed by native 

PAGE (Section 2.4.1) or mass spectrometry (Simon Thorpe, University of Sheffield). 

 

2.6 Microscopy 

2.6.1 Fluorescence microscopy experiments 

E. coli DH5ɑ strains harbouring the relevant plasmids were grown overnight in 3 mL of LB 

supplemented with the relevant antibiotic(s). Overnight cultures were diluted 1:100 into fresh 

LB plus antibiotic and grown to an OD600 of ~0.2/3. Cultures were induced with 0.2 % (w/v) 

arabinose and incubated for 5 minutes; induction was ceased by the addition of 0.4 % (w/v) 

glucose. Strains of B. subtilis intended for microscopy experiments were grown overnight at 

30 °C. Overnight cultures were diluted 1:100 into fresh LB containing 0.1 % (w/v) glucose and 

incubated at 37 °C until the OD600 of the culture reached ~0.2, cultures were induced with 0.03 

% (w/v) xylose and immediately stained. Membranes were stained with 2 µg/ml FM5‐95 

(Molecular Probes) for 5 minutes immediately prior to microscopy experiments. Samples were 

immobilized on microscope slides covered with a 1.2% agarose film and imaged immediately. 

Fluorescence microscopy was carried out using a Zeiss Axiovert 200M equipped with a Nikon 
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Eclipse Ti system with a CFI Plan Apochromat DM 100x oil objective, an Intensilight HG 130 

W lamp, a C11440‐22CU Hamamatsu ORCA camera, and NIS elements software, version 

4.20.01. Images were analysed using Fiji (Schindelin et al., 2012). 

 

2.6.2 Negative-stain electron microscopy 

Protein samples for analysis at a range of concentrations from 0.01 – 1 mg.mL-1 were deposited 

onto glow-discharged 300 mesh carbon-coated copper grids and excess liquid wicked off with 

filter paper. The grids were washed with distilled water and blotted with filter paper three times 

before staining with 0.2% uranyl acetate, blotting and air-drying. Grids were visualised in a 

Hitachi HT7800 120kV TEM and the images analysed using Fiji (Schindelin et al., 2012). 
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Chapter 3. 

Characterisation of S. aureus DivIVA by 

integrative structural and biochemical methods. 
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3.1 Background and aims 

As mentioned in Section 1.8.2, DivIVA is a protein with divergent roles in those bacteria that 

encode it. The majority of the published work on DivIVA has come from B. subtilis, where it 

has been shown that DivIVA is attracted to regions of membrane curvature in the cell, acting 

as a topological marker and coordinating septal placement through interactions with members 

of the Min system (Strahl & Hamoen, 2012; Lenarcic et al., 2009; Jamroškovič et al., 2012; 

Booth & Lewis, 2019). All of the structural work to-date performed on DivIVA has also come 

from B. subtilis, where a high-resolution structure of the N-terminus, and a low-resolution 

structure of the C-terminus have been solved by X-ray crystallography, allowing for the 

generation of a model of the full-length protein (Oliva et al., 2010). Comparatively very little 

is known about S. aureus DivIVA, aside from an understanding that the deletion of divIVA has 

no immediately obvious phenotypic effect on cell division (Pinho & Errington, 2004). 

The work presented in this Chapter attempts to address the deficit of information available 

regarding SaDivIVA. Integrative structural studies are applied to SaDivIVA to confirm the 

structural model proposed for BsDivIVA is also applicable to SaDivIVA. SaDivIVA is 

fragmented into various truncated forms in an attempt to understand the significance of the 

different regions of the protein for structure and function. The interaction of SaDivIVA with 

liposomes and other cell division proteins is explored, and the localisation of SaDivIVA in vivo 

is explored. 

 

3.2 Expression and purification of SaDivIVA constructs 

All recombinant plasmids were verified by sequencing before use. Plasmid vectors containing 

SaDivIVA constructs were transformed into E. coli Rosetta(DE3) for expression (Section 

2.2.3). Cell-free extracts containing full-length SaDivIVA (SaDivIVAFL) were purified in two 

steps by IMAC and gel filtration (Sections 2.3.1 – 2.3.3, 2.3.6). Cleavage of SaDivIVAFL’s 

His6-tag was attempted on several occasions with differing ratios of protease:SaDivIVAFL, 

however, on no occasion did cleavage go to completion, and separation of uncleaved and 

cleaved proteins was not possible, rendering cleavage of the His6-tag non-viable. A 

representative size-exclusion chromatogram and associated SDS-PAGE analysis, the final step 

in the purification of SaDivIVAFL, is shown in Figure 3.1. All proteins presented in this chapter 
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were purified following the same strategy, unless stated otherwise, and purity was verified as 

≥95 % pure by SDS-PAGE in all cases before any further analysis. 

 

3.3 Secondary structure analysis of SaDivIVAFL 

Circular dichroism (CD) was performed (Section 2.4.2) on SaDivIVAFL to ensure that the 

predicted helical nature of the protein was preserved following purification. SaDivIVAFL has a 

CD spectrum typical of a protein with a large proportion of alpha-helical secondary structure 

(Figure 3.2).  Fitting of the CD data using the BeStSel server (Micsonai et al., 2015) (Figure 

3.2) resulted in an alpha-helical percentage of 72.7 %. Secondary structure prediction in 
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Figure 3.1: Representative purification of SaDivIVA FL. A) A typical gel filtration chromatogram of
SaDivIVA FL loaded onto a HiLoad Superdex 200 16/60 pg. B) A representative SDS-PAGE of SaDivIVA FL, the
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XtalPred (Slabinski et al., 2007) using the sequence of SaDivIVA resulted in an alpha helical 

content estimate of 79 %. The secondary structure prediction of SaDivIVAFL, coupled with the 

secondary structure of its homologue from B. subtilis, appears to confirm that SaDivIVAFL is 

folded as expected in vitro. 

 

 

3.4 Solution characteristics and molecular envelope of full-length SaDivIVA 

Purified SaDivIVAFL was analysed by SEC-MALS (Section 2.4.4). SaDivIVAFL eluted from 

SEC-MALS as a monodisperse species at an apparent molecular weight (Mwapp) of ~113 kDa 

(Figure 3.3). Monomers of full-length SaDivIVA are 25.3 kDa, rendering full-length 

SaDivIVA a tetramer in solution. To probe the solution structure further, SaDivIVAFL was 

analysed by SEC-SAXS (Section 2.4.5). Retention time was plotted as a function of scattering 

intensity in ScÅtter (BIOISIS) and CHROMIXS (Panjkovich & Svergun, 2018) and 

monodisperse regions of the elution profile were identified by use of the Rg estimation tool 

present in both software packages. Subtraction of the average scattering profile of buffer from 

that of protein was performed independently in ScÅtter and CHROMIXS, generating plots of 

average sample scattering intensity (I(Q)) against scattering vector (Q). To ensure there were 

no major differences in the subtraction of buffer scattering from sample, the scattering curves 

Figure 3.2: CD spectrum of SaDivIVA FL. The experimental CD spectrum is plotted as a solid black line, the
CD spectrum fit by BeStSel is plotted as a dashed line. The residuals between the experimental and fitted data
are plotted as black circles.
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generated in both programs were compared against each other using DATCMP (Petoukhov et 

al., 2012) and found to be identical with a χ2 of 1 (not shown). All subsequent scattering curves 

presented in this chapter were generated by buffer subtraction in ScÅtter. 

 

 

A summary of the structural parameters calculated from direct reciprocal analysis of the SAXS 

data are presented in Table 3.1, and a graphical summary of the analyses shown in Figure 3.4; 

the analyses and statistics presented in this chapter conform to current best practices in the field 

of macromolecular SAXS (Jacques et al., 2012). The disparity between the radius of gyration 

(Rg) and cross-sectional radii (Rc) values calculated from the SAXS data suggest that 

SaDivIVAFL is elongated or rod-like, having a thin cross-section compared to its total size. The 

presence of two distinct linear regions in the plot of ln (I(Q)×Q) vs Q2 (Figure 3.5a) is indicative 

of two regions within the particle with differing cross-sectional radii (Table 3.1). The Porod 

exponent for SaDivIVAFL sits directly between that of a highly compact/globular (Porod 

exponent of 4), and entirely flexible/random-coil (Porod exponent of 2) protein, consistent with 

that of an elongated molecule. Kratky analysis of the scattering data (Figure 3.4f) does not fit 

~110 kDa

Retention volume (mL)

R
elative R

ayleigh ratio &
 dR

I

11.0 11.2 11.4 11.6 11.8

0.0

0.5

1.0150

100

50

0

M
ol

ec
ul

ar
 w

ei
gh

t M
w

(k
D

a)

Figure 3.3: SEC-MALS analysis of SaDivIVA FL. SaDivIVA eluted from SEC-MALS with a Mw
app of ~110 kDa, a

tetramer made up of 25 kDa monomers. The molecular weight calculated from MALS is shown as diamonds across
the elution.
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expected trends for either globular or completely unfolded proteins, indicating that the particle 

is elongated, flexible, or has multiple domains. 

 

The distance distribution (P(r)) of SaDivIVAFL was generated by performing an indirect 

Fourier transform of the scattering data in GNOM, aided by predictions of maximum particle 

dimension (Dmax) using ScÅtter, Bayesapp and DATGNOM (Petoukhov et al., 2007). 

Modelling the P(r) curve with a Dmax of 300 Å results in the best fit to the scattering data, with 

a χ2 value close to 1, as well as a good agreement between the structural parameters calculated 

in reciprocal and real space (Table 3.1). The P(r) distribution is one of a rod-like particle, in 

that the global maximum of the P(r) distribution is skewed towards smaller interatomic 

distances and slopes downwards from its apex to Dmax. This contrasts with typical P(r) 

distributions of globular proteins, which follow Gaussian distributions. Of interest in the P(r) 

distribution of SaDivIVAFL is the local maximum present at 150 Å,  the presence of which is 

not explained by the reciprocal space analysis of the data (Figure 3.4c). 

  



 65 

   

0.0001

0.001

0.01

0.1

1

0.00 0.10 0.20 0.30

lo
g 

I(Q
)

Q (Å-1)

-1.50

-1.45

-1.40

-1.35

-1.30

-1.25

-1.20

-1.15

-1.10

0.00000 0.00003 0.00006 0.00009 0.00012

ln
 I(

Q
)

Q2 (Å-2)

-0.02

0.00

0.02

0.00000 0.00003 0.00006 0.00009 0.00012

R
es

id
ua

ls

Q2 (Å-2)

0.0E+0

2.0E-5

4.0E-5

6.0E-5

8.0E-5

1.0E-4

1.2E-4

0.00 0.10 0.20 0.30

Q
2 I(

Q
)

Q (Å-1)

χ2 = 1.493

A D

B E

C F

Rg = 90.4 Å
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the range of data used to calculate Rg. E) Residual plot of the fit of the data to the trendline used to calculate Rg from
the scattering data. F) Kratky plot of the data showing the rod-like/multi-domain nature of SaDivIVA FL.
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To gain a three-dimensional insight into particle shape, dummy-atom modelling was performed  

with the scattering data (Section 2.4.7), the parameters and statistics for this can be found in 

Table 3.2. The molecular envelope generated for SaDivIVAFL is that of an elongated particle, 

with a ~100° bow at the centre of its major axis (Figure 3.6). The local maximum present at 

~150 Å in the P(r) curve of SaDivIVAFL is rationalised by the wishbone-like envelope; the 

distances between the kink at the centre of the molecule and the extremities of the molecule 

fall roughly within 150 Å, rationalising the increase in probability for this interatomic distance 

in the P(r). The molecular envelope generated is not dissimilar to the model of BsDivIVA with 

the small exception that the magnitude of the kink is more pronounced in the SaDivIVAFL 

envelope and as such, the high-resolution structural fragments of BsDivIVA can be fit a priori 

into the molecular envelope of SaDivIVAFL. 

 

Table 3.2: Parameters and statistics for the generation of the dummy-atom model of SaDivIVAFL

SaDivIVAFL

DAMMIF (default parameters, 10 

calculations)

Q-range used for fitting (Å-1) 0.0057 – 0.337

Symmetry, anisotropy assumptions P1, none

NSD (standard deviation) 0.987 (0.053)

χ2 range 2.384 – 3.554

DAMMIN (default parameters)

Q-range used for fitting (Å-1) 0.0057 – 0.337

Symmetry, anisotropy assumptions P1, none

χ2 1.131
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3.5 Probing the oligomerisation model of SaDivIVA biophysically 

3.5.1 C-terminal truncations of SaDivIVA 

As an initial test of the solution model of SaDivIVA (Figure 3.6), truncations from the C-

terminus of SaDivIVA were generated by the introduction of stop codons into the pOPINRSF-

SaDivIVA plasmid (Section 2.2.9). Truncations were chosen by sequence alignment of 

SaDivIVA against BsDivIVA (Figure 3.7); as BsDivIVA is the protein from which the model 

of tetramerisation is derived, it provides a good approximation of the domain boundaries 

relevant to tetramerisation. The low resolution structure of the C-terminal fragment of 

BsDivIVA (Oliva et al., 2010) was also used alongside the sequence alignments as a rough 

guide for generating the truncation mutants. Three truncation mutants were generated, 

SaDivIVA1-120, SaDivIVA1-165, and SaDivIVA1-187 to probe the C-terminal tetramerisation 

domain, with the hypothesis that removal of some or all of this domain would result in the 

breakdown of the tetrameric oligomer based on the model of tetramerisation at the C-terminus. 

Figure 3.6: The molecular envelope of SaDivIVA FL. The low-resolution molecular envelope of SaDivIVA is
represented as a wire mesh. Into the mesh, the crystal structures of the fragments of BsDivIVA from Oliva et al.,
2010 (40.24 % sequence identify to SaDivIVA across all residues) have been manually docked a priori. Rough
distances between dummy atoms were calculated in PyMOL and correspond to structural features observed in the
P(r) distribution of this molecule.
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To test this hypothesis, SEC-MALS was first performed on the SaDivIVA truncations, as above 

with SaDivIVAFL. SEC-MALS analysis of SaDivIVA1-165 and SaDivIVA1-187 revealed a 

decrease in Mwapp as the proteins eluted from the column (Figures 3.8a and 3.8b). This is 

indicative of a dissociation of oligomers with dilution over the column, likely a result of 

decreased stability of the tetramer in solution. As it is a requirement for the determination of 

structural information by SAXS that the sample exists in a monodisperse state, the acquisition 

of any structural information on these constructs by SAXS is not possible, and these constructs 

were abandoned as a consequence. SaDivIVA1-120 eluted on SEC-MALS as a monodisperse 

species with a Mwapp corresponding to a dimer (Figure 3.8c), allowing for the further study of 

this construct by SAXS. 

Figure 3.7: Sequence alignment of SaDivIVA against BsDivIVA. The sequences of SaDivIVA and
BsDivIVA were aligned in ClustalOmega (Sievers et al., 2011) and identical residues highlighted in black using
ALINE (Bond et al., 2009). Experimentally determined secondary structure from the crystal structures of
BsDivIVA is shown below the sequence of BsDivIVA, where red cylinders represent alpha-helices, yellow
arrows represent beta strands, black lines represent loops, and green dashed lines represent regions of unknown
structure. A region of significant sequence identity (62.75 %) is seen between residues 110 and 164 of the two
proteins. The sequence identity between BsDivIVA and SaDivIVA across all residues is 40.24 %.

SaDivIVA
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Figure 3.8: SEC-MALS analysis of SaDivIVA 1-187, SaDivIVA 1-165, and SaDivIVA 1-120. A) SEC-MALS
analysis of SaDivIVA 1-187. The sloping of the Mw calculated from MALS indicates polydispersity in the
sample. B) SEC-MALS profile of SaDivIVA 1-165. A similar dissociation of species across the elution is
seen as for SaDivIVA 1-187. C) SEC-MALS profile of SaDivIVA 1-120. A single species is present at a Mw

app

of ~30 kDa, representative of a dimer of 15 kDa monomers.
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SEC-SAXS analysis was performed on SaDivIVA1-120 and the data processed following the 

same procedure for SaDivIVAFL. The structural parameters calculated from the SAXS data are 

shown in Table 3.3, and the scattering data are presented graphically in Figure 3.9. The same 

disparity between Rg and Rc is present in this protein as in SaDivIVAFL, consistent with a rod-

like particle. In contrast to SaDivIVAFL, a single Rc is present in this construct, corresponding 

to the lesser of the two Rc values calculated for SaDivIVAFL (Figure 3.10). This similarity 

likely indicates that residues 1-120 of SaDivIVA comprise the thinner region of the full-length 

protein, which aligns well with the dimeric state of the construct by SEC-MALS, confirming 

that SaDivIVA1-120 forms a thinner dimeric coiled-coil like structure. The Kratky plot of 

SaDivIVA1-120 is similar to SaDivIVAFL in that the sample does not conform to profiles for 

globular or completely unfolded proteins (Figure 3.9f), a feature that is corroborated by the 

Porod exponent of this construct (Table 3.3). The P(r) distribution is statistically best modelled 

with a Dmax of 150 Å and is typical of an ideal rod in solution (Figure 3.9c) 
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Figure 3.9: SAXS analysis of SaDivIVA 1-120. A) The subtracted scattering data for SaDivIVA 1-120 calculated in
ScÅtter are shown as black circles, error bars are shown in grey. The calculated scattering curve generated from
the Fourier transform of the P(r) distribution shown in C is plotted in red. B) Residual plot of the fit of the
calculated scattering curve to the experimental scattering curve. C) P(r) distribution calculated from the indirect
Fourier transform of the scattering data in ScÅtter. D) Guinier plot of SaDivIVA 1-120 highlighting the range of
data used to calculate Rg. E) Residual plot of the estimation of Rg from the scattering data. F) Kratky plot of the
data showing the elongated nature of SaDivIVA 1-120, error bars are shown in grey.
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Dummy atom modelling of the SAXS data and calculation of the molecular envelope was 

performed as for SaDivIVAFL and the parameters and statistics for the modelling are presented 

in Table 3.4. Manual docking of the molecular envelope of SaDivIVA1-120 a priori into the 
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Figure 3.10: Determination of the cross-sectional radius of SaDivIVA 1-120. A) Modified Guinier plot of
SaDivIVA 1-120 used to calculate Rc. The two distinct linear regions seen for SaDivIVA FL are not observed for
SaDivIVA 1-120, indicating the presence of a single Rc value for this construct. The range of data used for the
analysis is enclosed within a black box. B) The fit to the data used for the determination of the Rc with its
corresponding residual plot.
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dummy-atom model of SaDivIVAFL fits with the model of tetramerisation at the C-terminus of 

SaDivIVA (Figure 3.11). The larger Rc value seen for SaDivIVAFL, but absent from 

SaDivIVA1-120, is therefore likely to comprise the tetrameric region of SaDivIVAFL. 

 

 

Figure 3.11: The molecular envelope of SaDivIVA 1-120. The molecular envelope of SaDivIVA 1-120 is rendered
as yellow dummy atoms. The molecular envelope of SaDivIVA FL is rendered as a mesh and the envelope of
SaDivIVA 1-120 modelled into the envelope of SaDivIVA FL.
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3.5.2 N-terminal truncations of SaDivIVA 

To follow-up the work on the C-terminal truncation mutants, constructs of SaDivIVA were 

generated in which the N-terminal end of the protein was truncated. Truncations were chosen 

to remove as much as possible of the N-terminus of SaDivIVA whilst retaining a tetramer in 

solution. Three N-terminal truncations of SaDivIVA, SaDivIVA54-205, SaDivIVA91-205 and 

SaDivIVA121-205 were cloned by restriction-free cloning (Section 2.2.7) to remove the N-

terminal residues. Despite expressing and purifying as expected in E. coli, all C-terminal 

constructs bar SaDivIVA54-205 were excluded during SEC and eluted in the void volume of the 

column, demonstrating that these constructs formed soluble aggregates, rendering them 

unsuitable for any further analysis. SaDivIVA54-205, however, eluted as expected by gel 

filtration and was analysed as with the other constructs of SaDivIVA by SEC-MALS/SAXS 

following the same methodologies. 

 

SaDivIVA54-205 eluted as a monodisperse species on SEC-MALS with a Mwapp of ~67 kDa, 

consistent with that of a tetramer, as monomers of this construct have a Mw of 17.4 kDa (Figure 

3.12). This SEC-MALS result confirms that the N-terminal region of the protein is not 
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Figure 3.12: SEC-MALS analysis of SaDivIVA 54-205. SaDivIVA eluted from SEC-MALS with a Mw
app

of ~67 kDa, a tetramer made up of 17 kDa monomers. The molecular weight calculated from MALS is
shown as diamonds across the elution, as with SaDivIVA FL and SaDivIVA 1-120, the sample is monodisperse
by SEC-MALS.

~67 kDa



 76 

responsible for tetramerisation, consistent with the crystal structure of the N-terminal fragment 

of BsDivIVA (Oliva et al., 2010). The structural parameters for SaDivIVA54-205 calculated from 

SEC-SAXS analysis are presented in Table 3.5 and a graphical summary of the SAXS data is 

shown in Figure 3.13. As with all other constructs of SaDivIVA studied, the SAXS data fit the 

model of an elongated/rod-like protein. The calculated Rc of SaDivIVA54-205 is larger than that 

of its dimeric truncation counterpart, SaDivIVA1-120, however, it is smaller than the larger of 

the two Rcs calculated for SaDivIVAFL, a discrepancy that is not addressed by the reciprocal 

space analysis of the data alone. The similarity between the Kratky plot and Porod exponent of 

SaDivIVA54-205 and the other constructs studied demonstrates that the protein behaves similarly 

to the other constructs in solution as an elongated particle. Modelling the P(r) curve with a Dmax 

of 222 Å results in a good agreement between the reciprocal/real space structural parameters 

and a χ2 value of 1.1. The P(r) distribution follows the general trend of an elongated particle, 

however, the peak of the curve is shifted towards a larger interatomic distance than in the other 

constructs studied. This shifting of the P(r) is rationalised by the larger Rc of this construct, and 

that the width of construct is larger.  
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Dummy-atom modelling was performed as for the other SaDivIVA constructs, the statistics for 

which are shown in Table 3.6. The molecular envelope of SaDivIVA54-205 generated by dummy 

atom modelling of the SAXS data is that of an elongated particle similar to the full-length 

protein and with the presence of a kink in its centre. Docking of the full-length protein and this 

N-terminal truncation mutant demonstrates the similarity of the two constructs (Figure 3.14). 
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Figure 3.13: SAXS analysis of SaDivIVA 54-205. A) The buffer-subtracted scattering data generated by ScÅtter is
plotted as black circles (error bars shown in grey); The calculated scattering curve generated from the Fourier
transform of the P(r) distribution shown in C is plotted in red. B) Residual plot of the fit to the calculated
scattering curve from the experimental scattering curve. C) P(r) distribution calculated from the indirect Fourier
transform of the scattering data in GNOM. D) Guinier plot of SaDivIVA 54-205 highlighting the range of data used
to calculate Rg. E) Residual plot of the estimation of Rg from the scattering data. F) Kratky plot of the data
showing the rod-like/multi-domain nature of SaDivIVA 54-205.
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Figure 3.14: The molecular envelope of SaDivIVA 54-205. The molecular envelope of SaDivIVA FL is rendered as
a wire mesh and the molecular envelope of SaDivIVA 54-205 is rendered as blue dummy atoms.

90 °
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3.5.3 Internal deletions in the linker region of SaDivIVA 

With the boundaries of the N-terminal domain and the C-terminal tetramerisation domain of 

SaDivIVA known, mutants were generated in which the region between the tetramerisation 

domain and the N-terminal domain were deleted. Based on the data collected for SaDivIVA so 

far, removal of the region between residues 54 and 120 should result in the formation of a 

tetramer with a shorter overall length. The deletion constructs were designed to retain the 

correct helical register of SaDivIVA so as not to disturb the correct formation of coiled coils 

in the protein. Two constructs of DivIVA were generated from the pOPINRSF-SaDivIVAFL 

plasmid (Section 2.2.6) with this in mind: SaDivIVA∆58-119 and SaDivIVA∆57-120. Prior to the 

removal of these internal regions of SaDivIVA, predictions were made using the COILS server 

(Lupas et al., 1991) of the boundaries for the coiled-coil regions of SaDivIVA, ensuring that 

that the coiled-coil regions of the protein were unperturbed. 

SaDivIVA∆58-119 and SaDivIVA∆57-120 were expressed and purified by IMAC as described for 

SaDivIVAFL. During gel filtration, SaDivIVA∆58-119 was excluded by the column and eluted in 

the void volume, rendering this protein unsuitable for any further analysis. The residues deleted 

in this construct may disrupt the helical register of the protein, resulting in the aberrant protein 

folding/formation of soluble aggregates reflected in the gel filtration trace. In the case of 

SaDivIVA∆57-120, however, a single peak away from the void volume was observed by gel 

filtration, suggesting that this construct removes the required section of the protein without 

disturbing the correct formation of alpha-helices/coiled coils in the remainder of the protein. 

SEC-MALS analysis of SaDivIVA∆57-120 reveals a monodisperse species with a Mwapp of ~69 

kDa, a tetrameric arrangement of 18.3 kDa monomers (Figure 3.15). SEC-SAXS analysis was 

performed on this construct as described for all other constructs, the structural parameters for 

which are presented in Table 3.7 and a graphical summary of the data collected presented in 

Figure 3.16. The magnitude of the disparity between Rg and Rc for this construct is less than 

might be expected for a rod-like particle and the Porod exponent is closer to that of a globular 

protein than seen for the other constructs analysed. 



 80 

 

 

  

Figure 3.15: SEC-MALS analysis of SaDivIVA ∆57-120. SaDivIVA ∆57-120 eluted from SEC-MALS with a
Mw

app of ~69 kDa, corresponding to a tetramer of 18 kDa monomers. The molecular weight calculated
from MALS is plotted as diamonds across the elution.
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Figure 3.16: SAXS analysis of SaDivIVAΔ57-120. A) Plotted as black circles is the buffer-subtracted scattering
data for SaDivIVA Δ57-120. The calculated scattering curve generated from the indirect Fourier transform of the P(r)
distribution shown in C is plotted in red. B) The residual plot of the fit of the experimental scattering curve to the
calculated scattering curve. C) The P(r) distribution calculated from the indirect Fourier transform of the
scattering data in ScÅtter. D) Guinier plot of SaDivIVA Δ57-120 highlighting the range of data used to calculate Rg.
E) Residual plot of the estimation of Rg from the scattering data. F) Kratky plot of the data showing the multi-
domain nature of SaDivIVA Δ57-120.
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Modelling of the P(r) distribution with a Dmax of ~170 Å results in a good fit to the scattering 

data (Figure 3.16c), revealing SaDivIVA∆57-120 to be roughly 130 Å shorter than the full-length 

construct of the protein. The general shape of the molecule as described by the P(r) distribution 

is a relatively globular one, which may be explained by the kinked structure of SaDivIVA; it 

is consistent with the model of oligomerisation that the closer proximity of the two N-terminal 

domains to the C-terminal tetramerisation domain result in a molecule less elongated/rod-like 

and a denser particle overall. Dummy-atom modelling of SaDivIVA∆57-120 was performed and 

the molecular envelope shown in Figure 3.17, the parameters and statistics for the generation 

of the molecular envelope are presented in Table 3.8. As predicted by the one-dimensional 

analysis of the SAXS data thus far, the particle conforms to a global description of a rod, but 

is more distorted than elongated, resulting in a more compact particle overall. 
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3.5.4 Secondary structure analysis of SaDivIVA truncation mutants 

CD was used as a quality control step for each truncation mutant of SaDivIVA to confirm that 

no loss/disruption of secondary structure occurred as a result of any mutations/truncations. All 

truncations of SaDivIVA share a similar alpha-helical trace by CD (Figure 3.18a). This 

confirms that none of the aforementioned modifications have perturbed substantially the helical 

nature of the protein. Alongside its use as a quality control step for the truncations, CD was 

also used to compare the stability of the truncated proteins against wild-type SaDivIVA. CD 

thermal melts were performed on every construct of SaDivIVA and used as a rough measure 

of the stability of the proteins. SaDivIVAFL is the most stable construct of SaDivIVA studied 

with a melting temperature (Tm) of 42 °C (Figure 3.18b). A decrease in Tm is seen for 

SaDivIVA54-205 and SaDivIVAΔ57-120 of approximately 5 °C, whilst a decrease of 20 °C is seen 

Figure 3.17: The molecular envelope of SaDivIVA ∆57-120. The molecular envelope of SaDivIVA FL is rendered
as a wire mesh, and the dummy-atom model generated for SaDivIVA ∆57-120 is rendered as purple spheres.

90 °

~300 Å

~170 Å
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for SaDivIVA1-120. Both the N- and C-terminal regions of SaDivIVA appear to contribute to 

the overall stability of the protein, however, complete loss of the tetramerisation domain has 

the most pronounced effect on the stability of the protein. 

 

3.5.5 MBP-fusions of SaDivIVA 

To test the oligomerisation model proposed in solution on the full-length protein, fusions were 

made to maltose-binding protein (MBP) and subjected to the same SEC-MALS/SAXS analysis 

as for all other constructs of SaDivIVA. MBP was fused to the N- and C-terminus of 

SaDivIVA, generating MBP-SaDivIVA and MBP-SaDivIVA-MBP (Section 2.2.10). The 
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presence of a single protease cleavage site between the N-terminal MBP and SaDivIVA 

allowed for the purification of both MBP-SaDivIVA-MBP and SaDivIVA-MBP 

simultaneously. Whilst MBP-SaDivIVA expressed well and purified successfully in a two-step 

purification by IMAC followed by gel filtration (Section 2.3.1 - 2.3.3, 2.3.6), MBP-SaDivIVA-

MBP did not express well in E. coli, and what little protein was isolated by affinity 

chromatography precipitated heavily and was unable to be purified further. This may be a result 

of the position of the MBPs at the C-terminus sterically hindering the formation of the 

tetrameric arrangement of helices, exposing the hydrophobic core of the bundle and seeding 

aggregation. Constructs of SaDivIVA with MBP fused to their C-termini were abandoned as a 

result of this observation. 

 

By SEC-MALS, MBP-SaDivIVA eluted with a Mwapp of ~240 kDa, below the expected Mw of 

276 kDa, as monomers of MBP-SaDivIVAFL have a Mw of 69 kDa. The MALS profile for 

MBP-SaDivIVA showed a slight decrease in oligomer across the elution, potentially indicating 

a slight loss in stability for the tetramer with the MBP at the N-terminus of SaDivIVA (Figure 

3.19). Nonetheless, SEC-SAXS analysis was performed on MBP-SaDivIVAFL and the 

structural parameters calculated from this are presented in Table 3.9. There is a pronounced 

0

0.5

1

10.5 10.7 10.9 11.1 11.3 11.5
0

40

80

120

160

200

240

280

320

M
ol

ec
ul

ar
 w

ei
gh

t M
w

ap
p

(k
D

a)

Retention volume (mL)

R
elative Rayleigh ratio &

 dR
I

Figure 3.19: SEC-MALS analysis of MBP-SaDivIVA. MBP-SaDivIVA eluted from SEC-MALS with a
Mw

app of ~240 kDa. There is a dissociation seen in the Mw over the column, indicating that this construct is
not as stable as the other constructs studied, which may account for this discrepancy.

~240 kDa



 86 

increase in Rg for MBP-SaDivIVA compared to SaDivIVAFL, to be expected for the addition 

of four large globular proteins to the particle. As with SaDivIVAFL, there is the presence of two 

distinct linear regions in the modified Guinier plot, suggesting the presence of two distinct Rcs. 

Both Rcs for MBP-SaDivIVA are increased when compared to SaDivIVAFL, likely a result of 

the presence of the MBPs skewing the average radius towards larger values. MBP-SaDivIVA 

generates a P(r) curve which, when compared to the P(r) of SaDivIVAFL, reveals a shifting of 

the local maximum at 150 Å in SaDivIVAFL to ~250 Å in MBP-SaDiviVAFL, as well as an 

increase in Dmax by 125 Å (Figure 3.21). 

-2.50

-2.40

-2.30

-2.20

-2.10

-2.00

-1.90

-1.80

0.00000 0.00005 0.00010

ln
 I(

Q
)

Q2 (Å-2)

1E-7

1E-6

1E-5

1E-4

1E-3

1E-2

1E-1

0.00 0.10 0.20 0.30

lo
g 

I(Q
)

Q (Å-1)

χ2 = 1.38

A D

B E

C F

Rg = 124.3 Å
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Figure 3.21: Comparison of the P(r) distributions of MBP-SaDivIVA FL and SaDivIVA FL. The P(r)
distribution of MBP-SaDivIVA FL is shown as a solid black line, the P(r) distribution of SaDivIVA FL is shown as a
dashed black line. The Dmax of MBP-SaDivIVA FL is approximately 125 Å longer than that of SaDivIVA FL. The
local maximum present at 125 Å in the P(r) distribution of SaDivIVA FL is no longer present in the P(r) distribution
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3.6 Negative-stain electron microscopy of SaDivIVAFL 

To verify the calculated dimensions of SaDivIVAFL by SAXS, negative-stain EM was 

employed to visualise SaDivIVAFL particles in real space (Section 2.6.2). EM analysis of 

SaDivIVAFL reveals particles with a range of orientations (Figure 3.22). By manually picking 

elongated particles, general statements about the length the particles can be made. The 

elongated particles were measured using Fiji (Schindelin et al., 2012), using the scale bar as 

calibrant, and were found to have lengths of 25-35 nm, which agree with the estimation of Dmax 

from SAXS of 300 Å (30 nm). Those with particles with shorter calculated lengths are likely 

lying obliquely to the plane of the grid, resulting in the appearance of a a shorter particle. The 

conformational diversity of SaDivIVAFL seen in these negative stain electron micrographs may 

contribute to the recalcitrance of SaDivIVAFL to crystallisation. 

 

Figure 3.22: Negative-stain EM of SaDivIVA FL. A) Representative EM grid containing SaDivIVA FL particles.
The diversity in orientations of SaDivIVA FL in solution is represented by the range of particle shapes present on
the grid. B) Zoomed images of the EM grid from A with distances calculated in Fiji using the scale bar in A.
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3.7 Crystal structure of SaDivIVA1-57 

A construct of SaDivIVA encapsulating the N-terminal domain alone, SaDivIVA1-57, was 

generated by site-directed mutagenesis following the same methodologies as for the C-terminal 

truncations presented in Section 3.5.1. The construct boundaries were picked to mimic the 

known structures of the N-terminal domain of BsDivIVA (PDB code 2WUJ; Oliva et al., 2010) 

and of the DivIVA paralogue GpsB from B. subtilis (PDB code 4UG3; Rismondo et al., 2016). 

SaDivIVA1-57 was expressed, purified, crystallised, and its structure solved by Dr. Vincenzo 

Rao (Newcastle University). The fold of SaDivIVA1-57 is identical to all currently solved 

DivIVA and GpsB structures to-date, with an RMSD between it and its most closely related 

homologue, BsDivIVA (PDB code 2WUJ), of 1.8 Å over all Cα atoms. The general structure 

of SaDivIVA is a homodimer of parallel helices whose N-termini cross over each other and 

fold back onto the coiled coil (Figure 3.23a). Although the overall fold of the N-terminus of 

SaDivIVA is in essence identical to BsDivIVA, the residues at the lipid-binding interface are 

not. The residues thought to be responsible for the interaction of BsDivIVA with the plasma 

membrane, Phe17 and Arg18 (Oliva et al., 2010), are replaced by Lys18 and Asn19 in 

SaDivIVA (Figure 3.23bc). 
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3.8 Crystallisation and structure determination of SaDivIVA1-120 

SaDivIVA1-120 was screened for crystallisation conditions as described in section 2.4.9. Initial 

sub-diffraction quality hits were found initially at 20 °C from the JCSG+ screen (Molecular 

Dimensions), in 0.1 M HEPES pH 7.5, 70 % MPD. The initial hits in this condition were 

optimised by varying the pH and MPD concentration, however, no diffraction quality crystals 

were obtained. The initial condition was optimised further through use of the Additive Screen 

(Hampton Research), using the initial hit condition as the basis for the screen. Whilst several 

rod-like crystals were generated, no diffraction quality crystals were acquired through either of 

these means. As a rescue strategy for crystallisation, the lysine residues of SaDivIVA1-120 were 

methylated (Section 2.4.8) (Walter et al., 2006). Methylated SaDivIVA1-120 was analysed by 

Electrospray Ionisation-Mass Spectrometry (ESI-MS) and compared against unmethylated 

SaDivIVA1-120 (Simon Thorpe, University of Sheffield), and all 14 lysine residues present in 

Figure 3.23: Crystal structure of the N-terminus of SaDivIVA. A) Superposition of the structure of the N-
termini of SaDivIVA (green) against BsDivIVA (cyan) (PDB id 2WUJ: Oliva et al., 2010) showing the structural
similarity between the two proteins. The proposed lipid binding residues are enclosed in a black box. The
structures were superimposed in PyMol (Schrödinger). B) Zoomed structure of the lipid-binding region of
BsDivIVA, highlighting the position of Phe17 and Arg18, thought to be responsible for membrane binding in
BsDivIVA . C) Zoomed structure of the same region displayed in B but for SaDivIVA .
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SaDivIVA1-120 were found to be methylated (data not shown). Methylated protein was screened 

for crystallisation conditions as for unmethylated protein, and crystallisation experiments 

stored at 20 °C and 4 °C. After one year, crystals were found at 4 °C. Eight crystals were 

harvested with nylon loops, flash-frozen in liquid nitrogen and diffraction data were collected 

at beamline I24 of the Diamond Light Source. Of the eight hits present, one diffracted at 3.6 

Å, allowing for the construction of a low-resolution structure. Data collection and refinement 

statistics for SaDivIVA1-120 are shown in Table 3.10. 
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The structure of the N-terminus of SaDivIVA1-120 is identical to SaDivIVA1-57, but with 

extended C-termini which diverge with increasing distance from the N-terminus (Figure 3.24). 

The divergence of the two C-terminal helices is likely a result of crystal packing, as crystal 

contacts are made between adjacent SaDivIVA1-120 molecules (Figure 3.25), likely facilitating 

crystallisation. The structure of SaDivIVA1-120 reveals that linker region present between the 

N-terminus of SaDivIVA and the C-terminal tetramerisation domain is structured, and is made 

up of a continuous alpha-helix. The crystal packing of SaDivIVA1-120 may even suggest a minor 

role for residues 73-120 of SaDivIVA1-120 in tetramerisation. 

 
Figure 3.24: Crystal structure of SaDivIVA 1-120. The low-resolution structure of SaDivIVA 1-120 is rendered as a
cartoon coloured in rainbow, with the N- and C-termini of each SaDivIVA 1-120 monomer labelled.
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3.9 Attempts to crystallise other SaDivIVA constructs 

All SaDivIVA constructs presented in this chapter were screened against a variety of 

commercial screens (Section 2.4.9) in an attempt to find conditions sufficient for 

crystallisation. Other than the two successful cases presented here, no diffraction-quality 

crystals were generated. In the vast majority of cases, no crystals grew at all despite the 

screening of variables such as temperature, protein concentration, the use of several 

crystallisation screens, and rescue strategies such as lysine methylation or in situ protease 

degradation. The recalcitrance of SaDivIVA proteins to crystallisation is perhaps a result of its 

inherent flexibility, as seen in the EM studies of the full-length protein and the SAXS analysis 

of all constructs presented in this chapter. 

 

 

Figure 3.25: Crystal packing of SaDivIVA 1-120. The crystal lattice of SaDivIVA 1-120 is rendered with each
SaDivIVA 1-120 dimer rendered in a different colour. Each SaDivIVA 1-120 dimer is connected to two other dimers
through crystal contacts at the C-terminus of the protein.

90 °
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3.10 Rigid-body modelling of SaDivIVA 

Despite uncovering the general dimensions of the molecule of interest, the information 

provided by SAXS dummy atom modelling is limited by its inherently low resolution. 

Integrative modelling techniques such as rigid-body modelling of high-resolution structures 

render SAXS a far more powerful technique than when used ab initio. Rigid-body modelling 

is a particularly useful technique in cases where structures of entire proteins are not known but 

subdomains or fragments of the protein are, for example, where multidomain proteins are 

linked by flexible regions that render the full-length protein recalcitrant to crystallisation. In 

cases such as these, the fragments/subdomains of the protein can be modelled as rigid bodies 

and the missing fragments of the structures predicted with dummy atom models, resulting in a 

more accurate depiction of the protein in solution than with the fragments of the structure alone. 

Rigid body modelling of SaDivIVAFL was performed in CORAL (Schneidman-Duhovny et al., 

2012), with the structure of SaDivIVA1-57 and the C-terminus of BsDivIVA defined as rigid 

bodies, and the remainder of the protein sequence defined as unknown structure. The interfaces 

between the N-terminal dimers and the tetramerisation interface at the C-terminus were 

enforced through the contacts function in CORAL. The model generated by CORAL fits the 

crescent shape of the molecular envelope of SaDivIVAFL well, with a χ2 of 1.35. In the rigid-

body model shown here, the proposed lipid-binding N-termini of the molecule bending inwards 

in an arch towards the center of the molecule (Figure 3.26). The C-terminal dummy-atom 

residues are somewhat randomly oriented, which may reflect their disordered nature in 

solution. 
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Figure 3.26: Rigid-body modelling of SaDivIVA. A) The scattering data for SaDivIVA FL
is represented as black circles with error bars in grey. Shown as a red line is the fit
generated by CORAL of the rigid-body model to the experimental SAXS data. B) The
rigid-body model generated by CORAL of SaDivIVA FL. Rigid bodies from high-resolution
crystal structures are shown as ribbon diagrams, missing fragments of the structure are
shown as dummy atoms. Each monomer of SaDivIVA FL is coloured separately. Single
contacts between each of the helices in the C-terminal tetrameric bundle were enforced in
order to ensure the tetrameric interface of SaDivIVA was kept intact during modelling, as
well as the dimeric interface between the coiled coil at the n-terminus of the protein.
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3.11 Testing the interactions of SaDivIVA with cell wall synthesis proteins 

The interactions of SaDivIVA against several proposed interacting proteins from S. aureus 

were tested by a variety of biochemical and biophysical assays. Targets for binding assays were 

chosen based on bacterial two-hybrid experiments performed by the Foster lab (University of 

Sheffield), in which preliminary interactions between DivIVA and members of the wall-

teichoic acid synthesis machinery (SA2103 and SA0908) and peptidoglycan synthesis 

machinery (PBP1 and PBP4) were identified by bacterial two-hybrid analysis (unpublished). 

As SaDivIVA is a cytoplasmic protein, and the proposed binding partners identified are all 

bitopic membrane proteins, the region of interaction is limited to the short intracellular regions 

of the proposed binding partners. In lieu of overcoming the obstacles involved in expressing 

and purifying full-length membrane proteins for the sake of a short region of potential 

interaction, soluble fluorescent peptides comprising the intracellular regions of the bitopic 

targets were synthesised with fluorescein attached to their N-termini as a means to monitor 

their interactions with SaDivIVA via a variety of techniques. 

3.11.1 Fluorescence polarisation 

The presence of the fluorescent probe allowed for the study of DivIVA:peptide interactions by 

FP (Section 2.5.4). As shown in Figure 3.27a, no interactions between DivIVA and any of the 

fluorescent peptides tested against were observed utilising this method. If an interaction 

between SaDivIVAFL and the respective peptide had been observed, an increase in fluorescence 

polarisation would have resulted as a function of SaDivIVAFL concentration, until a point at 

which all binding sites were saturated, and the fluorescence polarisation reached a plateau. The 

lack of any increase in fluorescence polarisation even at the highest concentrations of 

SaDivIVAFL indicate either an immeasurably low KD, or no binding at all, and may suggest 

that SaDivIVAFL does not interact with these proteins in vivo. 

3.11.2 Microscale thermophoresis 

As for FP, the fluorescent moiety attached to the peptides allowed for the study of their 

interactions by MST (Section 2.5.3) without any other labelling of the proteins or peptides 

under study. No change in the thermophoresis of any of the labelled peptides was observed as 

a function of SaDivIVAFL concentration (Figure 3.27b), indicating that there was no detectable 

change in the size, charge or solvation entropy of the fluorescent probe. As there is a ~20-fold 

size difference between SaDivIVAFL and the peptides used in these experiments, this would 
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strongly suggest that no binding is occurring, and therefore no measurable change in 

thermophoresis would occur. 

3.11.3 Surface plasmon resonance 

As a third and final verification of the lack of binding of SaDivIVAFL to any of its proposed 

interaction partners in vitro, SPR was used to test for interactions (Section 2.5.2). In these 

experiments, SaDivIVAFL was immobilised onto a Ni-NTA chip with the His6-tag at the N- or 

C-terminus of the protein to ensure any binding region of SaDivIVAFL was not occluded by 

the chip surface. N- or C-terminally immobilised SaDivIVAFL proteins were screened against 

all the aforementioned peptides. In all cases there was no change in response on passing the 

peptides over the experimental cell, indicative of a lack of binding (Figure 3.27c and 3.27d). 
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3.12 Protein-liposome interaction studies by surface plasmon resonance 

Phospholipid binding of SaDivIVA was tested for in vitro by SPR. As with the peptide 

interaction studies described above, SaDivIVA was immobilised onto a Ni-NTA chip (Section 

2.5.2) with the His6-tag at the N- or C-terminus of the protein, to ensure that the immobilisation 

of the protein onto the surface did not hinder the accessibility of the liposomes to any lipid-

binding region of SaDivIVAFL. Liposomes containing a 3:1 ratio of phosphatidylethanolamine 

(PE) to phosphatidylglycerol (PG), E. coli lipid extract (containing PE, PG and cardiolipin), 

and PE alone were prepared (Section 2.3.10) and passed over the immobilised SaDivIVAFL 

(Figure 3.28). No increase in response was seen for any of the combinations of 

protein:liposome, indicating a lack of binding of liposomes of these compositions to 

immobilised SaDivIVAFL. 

 

3.13 SaDivIVA binding to model membranes in vivo 

As a mechanism by which to study the structure-function relationship between SaDivIVA 

oligomerisation and membrane binding in vivo, fusions were generated between SaDivIVA 

and Green Fluorescent Protein (GFP). SaDivIVA was fused to monomeric superfolder GFP 

(msfGFP) using the pMV01 plasmid provided by Henrik Strahl (Newcastle University) 

(Section 2.2.6) and expressed in E. coli DH5α cells. The localisation of the fluorescent fusion 

protein was visualised by fluorescent microscopy techniques (Section 2.6.1) with supervision 

from Jamie Grimshaw (Newcastle University). A lipophilic fluorescent dye, FM 5-95, was 

used to fluorescently-label the plasma membranes of the bacterial cells studied. SaDivIVA-

msfGFP was observed to be diffusely localised in the cytoplasm, as shown in Figure 3.29. 

Figure 3.28: Interaction studies between SaDivIVA and liposomes. N-terminally (A) or C-terminally (B)
immobilised SaDivIVA FL was screened against liposomes with varying phospholipid compositions.
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To address the issue of any differences in membrane composition or differences in division 

morphology that are specific to E. coli, B. subtilis strain 168 was used to study the membrane 

binding of SaDivIVA. The same construct as for the E. coli localisation experiments was used 

for B. subtilis, the SaDivIVA-msfGFP fusion was inserted into the amyE locus of B. subtilis 

and the native copy of BsDivIVA deleted from the genome (Section 2.2.12). SaDivIVA-

msfGFP was found to be cytoplasmic in B. subtilis cells with and without their native copy of 

BsDivIVA (Figure 3.30ab). To further probe differences in membrane composition between S. 

aureus and B. subtilis, the same experiment was performed in B. subtilis cells lacking 

phosphatidylserine decarboxylase (psd). Removal of psd prevents B. subtilis from being able 

to synthesise phosphatidylethanolamine (PE), a phospholipid absent from the membrane of S. 

aureus (Hayami et al., 1979). Under these conditions, SaDivIVA-msfGFP remained 

cytoplasmically localised (Figure 3.30b), suggesting that the presence of PE in the membrane 

of B. subtilis is likely not the reason for the lack of membrane localisation. 

Figure 3.29: Localisation of SaDivIVA-msfGFP in E. coli cells. E. coli DH5α cells harbouring pMV01-
SaDivIVA -msfGFP were expressed in mid-log phase and visualised by fluorescence microscopy. The lipophilic
fluorescent dye FM 5-95 was used to fluorescently label the plasma membranes of E. coli.
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Figure 3.30: Localisation of SaDivIVA-msfGFP in B. subtilis cells. A) Localisation of SaDivIVA -msfGFP (top
row) in B. subtilis 168. SaDivIVA -msfGFP was found to be cytoplasmic in B. subtilis cells, in contrast to the
behaviour of BsDivIVA -msfGFP, which localises to the membranes and accumulates at the division septa (bottom
row). The lipophilic fluorescent dye FM 5-95 was used to fluorescently label the plasma membranes of B. subtilis.
B) Localisation of SaDivIVA -msfGFP in B. subtilis ΔdivIVA and ΔdivIVAΔpsd .
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3.14 Localisation studies of SaDivIVA in S. aureus 

In order to study the localisation of SaDivIVA constructs in a more native environment, 

mEGFP fusion proteins of SaDivIVAFL, SaDivIVAΔ57-120, and SaDivIVA1-58 were constructed 

and visualised by fluorescent microscopy techniques in S. aureus by Dr Kasia Wacnik 

(University of Sheffield). Sites of active peptidoglycan synthesis were fluorescently labelled 

through use of the fluorescent D-amino acid HADA. SaDivIVAFL-mEGFP was observed to 

form punctate foci in S. aureus, with some localisation occurring at the septa of dividing cells 

(Figure 3.31). By contrast, SaDivIVAΔ57-120 and SaDivIVA1-58 are mostly diffusely located in 

the cytoplasm. The contrast between the constructs seen here may suggest that individual 

domains of SaDivIVA are insufficient for localisation within the cell, and that the full-length 

protein is required for localisation, however, no experiments were performed using the C-

terminus alone, therefore comparable work with the C-terminus of SaDivIVA alone would be 

necessary in order to substantiate this claim. The length of SaDivIVA also appears to play an 

important role in localisation, as shown by the decrease in observed foci for SaDivIVAΔ57-120. 
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3.15 Discussion 

3.15.1 SaDivIVA forms a ‘head-on’ arrangement of parallel dimers in solution 

SEC-MALS and SEC-SAXS experiments were conducted on several constructs of SaDivIVA 

to probe the structure of the protein in solution. All of the SEC-MALS/SAXS experiments 

performed support the conclusion that the model of oligomerisation proposed for BsDivIVA is 

also applicable to SaDivIVA in solution. Docking of the higher resolution structures of 
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Figure 3.31: Localisation of SaDivIVA-mEGFP in S. aureus. Localisation of SaDivIVA GFP fusion proteins in
S. aureus. The fluorescent D-amino acid HADA was used to fluorescently label the sites of active peptidoglycan
synthesis. SaDivIVAFL-mEGFP (top row) is observed to localise at punctate foci, with some localisation at
division septa in S. aureus cells, indicated by white arrows. SaDivIVA Δ57-120-mEGFP (middle row), and
SaDivIVA 1-57-mEGFP (bottom row), however, form way fewer punctate foci, and are generally observed to have
a more cytoplasmic distribution.
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BsDivIVA into the molecular envelope generated for SaDivIVAFL presents a strong case for 

the arrangement of coiled coils in solution (Figure 3.6) and all experiments conducted to test 

this model support this argument. Removal of the C-terminal region of SaDivIVA results in 

disruption of tetramer formation, indicating that the C-terminal tetramer proposed in the model 

of BsDivIVA (Oliva et al., 2010) (and shown in Figure 3.6) is likely present in solution, and is 

not a result of a crystallisation artefact. The dissociation seen by SEC-MALS analysis of 

SaDivIVA1-165 and SaDivIVA1-187 (Figure 3.8) may indicate that the region between residues 

165 and 205 contributes to the overall stability of the oligomer, but is not absolutely essential 

for higher order oligomerisation, whereas the region between residues 120 and 165 contains 

the residues essential for tetramerisation. 

Based on the disruption of the tetrameric state in SaDiviVA1-165 and SaDivIVA1-187 it is likely 

that the entire region from residue 120 to the C-terminus of the protein contributes in some 

essential way to tetramer formation, and that the entirety of the region from residue 120 

onwards functions in synergy with these looser interactions at the extreme ends of the C-

terminus. The rigid body model produced of SaDivIVAFL suggests that the C-terminus of the 

protein immediately following the tetramerisation domain is disordered. The disorder is 

consistent with the molecular envelope generated for SaDivIVA, which does not contain 

enough space for the extra 41 residues present at the C-terminus of SaDivIVA compared to 

BsDivIVA; it may be that the C-terminal residues are not visible in the molecular envelope of 

SaDivIVAFL as they are disordered and therefore averaged out in dummy atom modelling. Only 

one minor truncation to the N-terminus of SaDivIVA, SaDivIVA54-205, resulted in tetramer 

formation, any more drastic truncations from the N-terminus of SaDivIVA caused the 

formation of soluble aggregates. 
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The crystal packing of SaDivIVA1-120, as well as the observed abberant folding behaviour of 

SaDivIVA on N-terminal truncation suggests that the region of the protein between residues 

54 and 120 is involved in the stabilisation of the tetramer, or that the C-termini may wrap over 

one another further towards the N-terminal ends than suggested in the model proposed in 

Figure 3.6. This is incompatible, however, with the data collected for SaDivIVAΔ57-120 in which 

a stable tetramer was observed despite the deletion of these residues. It is likely that the other 

truncation mutants forming soluble aggregates simply exposed hydrophobic residues in the 

coiled-coil region between residues 54 and 120, and this caused the aggregation in these 

samples. The increase in Dmax seen for MBP-SaDivIVA and the shifting of the local maximum 

of SaDivIVAFL to larger interatomic distances (Figure 3.21) is indicative of the presence of 

MBP at opposing ends of the particle, consistent with the N-terminal ends of SaDivIVA being 

present at opposite ends of the molecule; a model of this is shown in Figure 3.32. Taken 

together, all of the aforementioned data build a convincing case for the model of DivIVA 

tetramerisation. 

3.15.2 SaDivIVA does not interact with PBP1, PBP4, SA0908, or SA2103 in vitro. 

A combination of biochemical assays were used to assess the interaction of SaDivIVA with a 

variety of cell division-relevant proteins. Despite bacterial two-hybrid data identifying 

Figure 3.32: Model of tetramerisation of SaDivIVA likely represented by the SAXS data for MBP-
SaDivIVA. The increase in interatomic distances seen in the P(r) distribution at ~280 Å likely correspond to the
inter-MBP distances at the extreme ends of the molecule. The increase in Dmax of ~125 Å roughly corresponds to
the addition of two 50 Å MBP molecules at the ends of the particle.
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425 Å
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interactions between SaDivIVA and these proteins, SaDivIVA was not found to bind to any of 

these proposed binding partners in vitro. The discrepancy between the in vivo and in vitro data 

may reflect a shortcoming in the bacterial two-hybrid assay in that it essentially measures 

proximity of the two proteins of interest in the cell. A positive result by bacterial two-hybrid 

relies upon two domains of adenylate cyclase, designated T25 and T18, to come into close 

proximity and to catalyse the production of cyclic adenosine monophosphate (cAMP) from 

adenosine triphosphate (ATP). The cAMP generated is then able to diffuse out into the 

cytoplasm, inducing expression of lactose/maltose operons, which can be detected for by use 

of several colorimetric assays (Karimova et al., 1998). The positive results seen in bacterial 

two-hybrid studies against SaDivIVA include several membrane proteins. As SaDivIVA is 

thought to be associated with the membrane (Lenarcic et al., 2009), it is likely that these 

proteins are often in close proximity in the cell, regardless of the presence of an interaction. It 

is also possible that the experimental parameters used to test binding in vitro do not entirely 

represent the environment required for binding, and a combination of protein-protein and 

protein-lipid interactions may be required in order for SaDivIVA to interact measurably with 

its proposed binding partners. To date, no DivIVA proteins from any other Gram-positive 

organism have been found to interact with any of the membrane-associated cell wall synthesis 

proteins discussed in this chapter, therefore, our findings that these proteins do not interact in 

vitro are actually in agreement with what is already known about DivIVA and the results from 

bacterial two-hybrid are more likely a result of a false-positive interaction. 

3.15.3 The interaction of SaDivIVA with cell membranes 

Interaction studies between SaDivIVA and liposomes with various lipid compositions indicate 

that SaDivIVA does not indiscriminately bind lipid membranes measurably in vitro. This is 

consistent with the results of the localisation studies performed in E. coli and B. subtilis, in 

which SaDivIVA is not found to localise to membranes at all. This does raise an interesting 

question about whether or not SaDivIVA binds membranes at all, or whether the experimental 

setup for each of the experiments performed here is lacking in some aspect. Despite the effort 

taken to ensure the membrane composition of B. subtilis replicates that of S. aureus, there are 

still differences in the membrane composition and morphology between the two bacteria, and 

this may reflect a shortcoming in these experiments. In contrast to the studies performed in B. 

subtilis and E. coli, some punctate foci are seen for SaDivIVAFL in S. aureus. It is possible that 
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a currently unknown factor present in S. aureus is responsible for the localisation of SaDivIVA-

FL, such as a binding partner or kinase, which would explain the inability to identify any 

indiscriminate membrane-binding for SaDivIVA in this study. 

In the crystal structure of the N-terminal domain of BsDivIVA (Oliva et al., 2010), the residues 

implicated in the binding of the protein to the membrane sit on the crossed-loops of the 

structure, with the solvent-exposed phenylalanine residues (Phe17) proposed to embed into the 

hydrophobic core of the membrane, and the adjacent arginine residues (Arg18) suggested to 

stabilise the interaction through electrostatic interactions with the surface of the membrane 

(Oliva et al., 2010). In SaDivIVA1-54, Lys18  and Asn19 replace Phe17 and Arg18; it is possible 

that the lack of a suitably hydrophobic residue in place of Phe17 in SaDivIVA and the loss of 

positive charge from the equivalent to Arg18 suggests that the model of membrane binding 

proposed for BsDivIVA may not apply for SaDivIVA. Further investigation of this issue by 

site-directed mutagenesis is necessary to thoroughly test this hypothesis. 

3.15.4 A structural mechanism of SaDivIVA membrane binding 

The biological significance of SaDivIVA remains unclear. The antiparallel dimer of dimers 

model presented here orients the proposed lipid-binding domains of SaDivIVA at opposing 

ends of the molecule. As DivIVA is known to bind to regions of negative curvature (Lenarcic 

et al., 2009), the presence of the lipid-binding domains at opposite ends of the molecule could 

support a model wherein efficient membrane-binding occurs only when both ends of the 

molecule are able to interact with the membrane. This model would favour the localisation of 

DivIVA at more negatively curved membranes, as the ability of both lipid-binding domains to 

interact with the membrane would be enhanced. An argument has been made that the curvature 

radius of B. subtilis is larger than the experimentally determined length of BsDivIVA, rendering 

this model of binding of single DivIVA molecules at regions of curvature unlikely (Lenarcic 

et al., 2009; Strahl & Hamoen, 2012). Thus far the only alternative model proposed for the 

binding of DivIVA to negative membrane curvature, dubbed the ‘molecular bridging’ model, 

was proposed as a result of Monte-Carlo simulations (Lenarcic et al., 2009). In these 

simulations, the localisation of stacks of spheres with dimensions approximating the length of 

BsDivIVA within an area approximating a B. subtilis cell were modelled, with weak 

interactions defined between the stacks and the membrane. This model proposes that DivIVA 

molecules require an interaction with each other in order to bridge the curvature radius of the 

septum and localise at the curvature of the cell, this is corroborated by TEM images of 
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BsDivIVA in which filaments of the protein can be seen (Stahlberg et al., 2004), a feature that 

is not observed for SaDivIVA (Figure 3.22). An experimental assay for the affinity of DivIVA 

proteins against membranes at differing magnitudes of negative curvature would be a powerful 

experiment to elucidate the mechanism of binding to negative membrane curvature. 

Unfortunately, the lack of such an assay represents a methodological barrier that is outside of 

the scope of this thesis to address. SaDivIVA∆57-120 was generated in an effort to test the single 

molecule binding model of DivIVA to regions of negative curvature, with the rationale that a 

shorter version of the protein would be less able to ‘measure’ regions of negative curvature. 

The observed decrease in observed foci for SaDivIVAΔ57-120 construct in S. aureus may provide 

preliminary evidence supporting this theory. 
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4.1. Background and aims 

As discussed in Section 1.8.3, GpsB has been implicated in coordinating PBP activity in the 

majority of Firmicutes studied to date by an essential interaction between its N-terminal domain 

and the intracellular microdomains of PBPs (Cleverley et al., 2019; Lewis, 2017; Rismondo et 

al., 2016; Halbedel & Lewis, 2019; Booth & Lewis, 2019). Unlike its counterparts in B. subtilis, 

S. pneumoniae and L. monocytogenes, no interactions between S. aureus GpsB (SaGpsB) and 

its four PBPs have been described, despite a directed effort to identify them (Steele et al., 2011); 

instead, SaGpsB was reported to form a complex with FtsZ (Eswara et al., 2018) that has not 

been observed in any other species. The distance of the Z-ring from the cell membrane 

compared with the proximity of GpsB’s PBP-binding domain to the cell membrane would 

suggest that, on steric grounds, a direct SaGpsB:SaFtsZ complex is unlikely (Halbedel & 

Lewis, 2019); if the reported interaction is not artefactual, it may require an as-yet undiscovered 

third party to bridge SaGpsB and SaFtsZ, or may depend on a surface in SaGpsB that is not 

involved in regulating PBPs. GpsB’s place as a member of the divisome in S. aureus is 

obviously far from established, leaving the study of this protein open to a wealth of potential 

discoveries. Following the well-established methods already applied to the study of GpsB 

homologues from L. monocytogenes, S. pneumoniae, and B. subtilis (Rismondo et al., 2016; 

Cleverley et al., 2019; Halbedel & Lewis, 2019a) may shed some light on the interactions 

between cell wall synthesis proteins and GpsB in S. aureus. 

As discussed in Section 1.9, proteomic, genetic, and biochemical studies have revealed that 

DivIVA and GpsB are phosphorylated by eSTKs in several organisms (Hempel et al., 2012; 

Fleurie et al., 2014; Pompeo et al., 2015). Despite confirming the presence of phosphorylation 

events, none of the aforementioned work has identified any consequences of phosphorylation 

on cell division regulation because of a lack of any obvious phenotypic differences in eSTK 

gene knockouts and the absence of structural and biochemical data. Both proteins, in all species 

studied, contain a significant number of potential phosphorylation sites, with SaGpsB 

containing 13 serine residues and 7 threonine residues (15.4 % of its primary structure) and 

SaDivIVA containing 11 serine and 10 threonine residues (10.3 % of its primary structure). 

Sequence alignment of GpsB homologues from L. monocytogenes, S. pneumoniae, S. aureus, 

and B. subtilis reveals that Ser9 of SaGpsB is a conserved residue, apart from in L. 

monocytogenes, where a threonine is present in place of a serine; both residue types are able to 

be phosphorylated by eSTKs. Thr21 has some conservation across GpsB homologues, 
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excluding S. pneumoniae. Thr4 and Ser66 are conserved across DivIVA orthologues, although 

in the majority of DivIVA orthologues, threonine is present in place of Ser66. 

As a response to the gaps in knowledge identified above regarding SaGpsB and its place as 

part of the wider divisome of S. aureus, this Chapter concerns the structural investigation of 

SaGpsB, its interaction with PBP4 from S. aureus (SaPBP4), and the phosphorylation of 

DivIVA and GpsB from S. aureus using the purified cytoplasmic domain of the S. aureus eSTK 

Stk1. 

 

4.2. The structure of SaGpsB and its interaction with SaPBP4 

4.2.1. Expression and purification of SaGpsB constructs 

Plasmid vectors harbouring GpsB constructs were generated by Dr Vincent Rao prior to my 

entry into the lab, but were verified by sequencing before use. Plasmids were transformed into 

competent E. coli (Section 2.2.3) and expressed as described in Section 2.3.1. Expression and 

purification of three constructs of full-length SaGpsB (SaGpsBFL) was attempted, an N-

terminally His6-tagged SaGpsBFL, a C-terminally His6-tagged SaGpsBFL, and an N-terminally 

GST-tagged SaGpsBFL. For each expression construct of SaGpsB described above, insufficient 

yields or purity of SaGpsBFL were achieved to allow for study by X-ray crystallography or even 

FP. Sufficiently pure SaGpsBFL was obtained through use of the N-terminally His6-tagged 

construct, however, protein yields were far from sufficient, as shown in Figure 4.1. 
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As a result of the difficulty involved in producing SaGpsBFL, interaction and structural studies 

concerning SaGpsBFL were abandoned and the data presented in this Chapter were mostly 

generated using the N-terminal domain of SaGpsB encompassing residues 1 to 64 (SaGpsB1-

64), which mimics much of the prior work undertaken on GpsB homologues in B. subtilis, L. 

monocytogenes and S. pneumoniae (Rismondo et al., 2016; Cleverley et al., 2019, 2016). All 

SaGpsB constructs described in this Chapter were purified by successive steps of IMAC, 

proteolytic cleavage of N-terminal His6-tags by human rhinovirus 3C protease, and size-

exclusion chromatography (Sections 2.3.3, 2.3.4, and 2.3.6). A representative size-exclusion 

chromatogram, the final purification step for SaGpsB1-64, and associated SDS-PAGE analysis, 

is shown in Figure 4.2. In the size exclusion purifications of both SaGpsBFL and SaGpsB1-64 an 
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Figure 4.1: Representative purification of SaGpsBFL. A) A typical gel filtration chromatogram of SaGpsBFL
loaded onto a HiLoad Superdex 75 16/60 pg. SaGpsBFL elutes at ~45 mL, which corresponds roughly to a
hexameric molecule of SaGpsBFL (hexameric MW = 79.2 kDa). B) A representative SDS-PAGE of SaGpsBFL.
The major band running just below the 15 kDa molecular weight marker (lane M) corresponds to SaGpsBFL
(monomeric MW = 13.2 kDa). Based on these data, fractions 2-3 were pooled and concentrated.
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additional protein band at approximately 55 kDa can be seen that co-purified with SaGpsBFL 

(Figure 4.1); given this species is present in both cases it is more than likely an E. coli 

contaminant and was not considered further as it was well-separated size exclusion 

purifications of SaGpsB1-64 (Figure 4.2). 

 

4.2.2. The crystal structure of SaGpsB1-64 

Purified SaGpsB1-64 was subjected to crystallisation trials (Section 2.4.9) and crystals appeared 

after one week in a crystallisation solution containing 0.1 M MES/imidazole pH 6.5, 0.2 M 

1,6-hexanediol, 0.2 M 1-butanol, 0.2 M (RS)-1,2-propanediol, 0.2 M 2-propanol, 0.2 M 1,4-
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Figure 4.2: Representative final purification step of SaGpsB1-64. A) A typical gel filtration chromatogram of
SaGpsB1-64 from a HiLoad Superdex 75 16/60 pg column. SaGpsB1-64 elutes at ~65 mL, which corresponds
approximately to a dimeric molecule of SaGpsB1-64 (dimeric MW = 15.2 kDa). B) A representative SDS-PAGE

of SaGpsB1-64, the major band running just below the 10 kDa molecular weight marker (lane M) corresponds to
SaGpsB1-64 (monomeric MW = 7.6 kDa). Based on these data, fractions 7-9 were pooled and concentrated.
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butanediol, 0.2 M 1,3-propanediol, 12.5 % (w/v) PEG 1000, 12.5 % (w/v) PEG 3350, and 

12.5% (v/v) MPD. The crystals were harvested with nylon loops, and flash-frozen in liquid 

nitrogen before diffraction data were collected at beamline I24 of the Diamond Light Source. 

The structure of SaGpsB1-64 was solved by molecular replacement using the structure of the N-

terminal domain of BsGpsB (PDB code 4UG3; Sections 2.4.10; Rismondo et al., 2016) as the 

search model. Rounds of model building and refinement were interspersed (Section 2.4.10) 

until the structure was refined and validated to convergence using a combination of 

REFMAC5, PDB-REDO, and MolProbity (Murshudov et al., 2011; Joosten et al., 2014; 

Williams et al., 2018). The data collection and refinement statistics for SaGpsB1-64 are shown 

in Table 4.1. 
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The overall fold of SaGpsB1-64 is identical to that of its homologues from B. subtilis, L. 

monocytogenes, and S. pneumoniae (PDB codes 4UG3, 4UG1, and 6GQA, respectively; 

Rismondo et al., 2016; Cleverley et al., 2019), as well as to the N-terminal domain of its 

paralog, SaDivIVA (Section 3.7). The RMSDs between chain A of SaGpsB1-64 and other GpsB 

homologues/paralogues were calculated using gesamt (Krissinel, 2012) and are shown in Table 

4.2. The structure of SaGpsB1-64 is that of a short parallel coiled-coil, whose N-termini cross 

over and fold back onto the external face of the coiled coil (Figure 4.3). 

 

A slight kink is present in one of the two dimers present in the asymmetric unit of SaGpsB1-64 

(Figure 4.3).  The lack of a kink in both dimers, combined with its absence in any of the other 

known GpsB structures, would suggest that this feature is an artefact of crystal packing rather 

than of any biological relevance. Examination of the kinked dimer of this structure reveals 

three C-terminal residues, Val54, Glu58 and His61 are involved in interactions with three 

residues at the N-terminus of a symmetry-mate, Met23, Thr22 and Glu20 (Figure 4.4). The 

interactions of these residues between symmetry mates in this structure have likely positively 

influenced crystal packing, allowing for the crystallisation of SaGpsB1-64, underlining the 

unpredictable nature of macromolecular crystallisation. 
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Figure 4.3: The crystal structure of SaGpsB1-64. The structure of SaGpsB1-64 is displayed as a cartoon with
each monomer of GpsB displayed in a different colour. Each asymmetric unit in the crystal structure of

SaGpsB1-64 contains 4 monomers.
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Figure 4.4: Interactions between symmetry mates in GpsB. A) The local packing environment of SaGpsB1-
64, each symmetry mate is rendered in a different colour. B) Close-up of the kinked C-terminal region of
SaGpsB1-64, highlighting residues Val54, Glu58, and His61, which form interactions with Met23, Thr22, and
Glu20 of their symmetry mate.
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The structure of SaGpsB presented here highlights an issue in the work examining the 

SaGpsB:SaFtsZ interaction (Eswara et al., 2018). In this body of work, the authors suggested, 

based on size-exclusion chromatography alone, that a single amino acid mutation to SaGpsB 

(SaGpsBLeu35Ser) locked SaGpsB into a dodecameric state, rendering the protein inactive 

(Figure 5B, Eswara et al., 2018). Examination of the structure of SaGpsB1-64 reveals Leu35 to 

be within the hydrophobic core of the protein (Figure 4.5) and all the sidechains within 5 Å of 

Leu35 are hydrophobic; it thus follows that mutation of Leu35 to a polar residue is highly likely 

to result in aberrant protein folding. Eswara et al attempted to address this issue with CD 

analysis, comparing wild-type SaGpsB with SaGpsBLeu35Ser, however, the CD spectra presented 

(Supplementary Figure 1, Eswara et al., 2018) (Appendix I) are extremely noisy and only 

covered a range of wavelengths between 200 and 280 nm, rather than the typically utilised 

range of 180/190 nm to 280 nm. Valuable CD data for predominantly alpha-helical proteins is 

found at ~195 nm, where a global maximum is typically observed, the lack of any data in this 

region renders any quantitative analyses of secondary structure inaccurate (Kelly et al., 2005). 

It is also somewhat concerning that the mutation from leucine to serine produced an apparent 

~3 kDa shift in mass on SDS-PAGE (Figure 5A, Eswara et al., 2018) (Appendix I). It could be 

presumed, therefore, that any changes in SaGpsB function identified in the Eswara study as a 

result of the Leu35Ser mutation are more likely a result of a protein folding-artefact rather than 

of any biological relevance. Due to time constraints, a Leu35Ser version of SaGpsB was not 

purified during this project, however, a more thorough structural and biophysical analysis of a 

Leu35Ser substitution either in SaGpsB1-64 or SaGpsBFL is necessary to analyse in greater depth 

the claims of Eswara et al., 2018.  
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Previous structural studies on GpsB homologues have identified arginine-rich binding motifs 

present on the intracellular micro-domains of PBPs, responsible for their charge-based 

interaction with GpsB (Cleverley et al., 2019). Superposition of SaGpsB1-64 with the PBP-

bound structure of its closest-related homologue from S. pneumoniae (SpPBP2a and SpGpsB, 

respectively, PDB code 6GQN; Cleverley et al., 2019) would suggest that SaGpsB harbours 

the residues necessary for a similar mode of interaction (Figure 4.6). Generation of a vacuum 

electrostatic surface map of SaGpsB1-64 reveals a negatively charged cavity that would be 

suitable for binding positively charged amino acids (Figure 4.7a), similar to the GpsB 

homologues from B. subtilis, S. pneumoniae, and L monocytogenes (Rismondo et al., 2016; 

Cleverley et al., 2019). Of the four PBPs encoded by S. aureus, PBP4 (SaPBP4) is the only 

PBP with an arginine-rich intracellular micro-domain, suggesting that it may bind to SaGpsB. 

In this instance, however, the intracellular domain of SaPBP4 is at the C-terminus of the 

protein, whereas all the other PBPs and other proteins demonstrated to bind to GpsB in L. 

monocytogenes, B. subtilis and S. pneumoniae have their GpsB-binding microdomains at their 

N-termini (Cleverley et al., 2019; Rismondo et al., 2016; Halbedel & Lewis, 2019; Booth & 

Lewis, 2019). The other three SaPBPs are membrane-anchored at their N-termini, with each 

Figure 4.5: Leu35 is buried in the structure of SaGpsB1-64. The structure of SaGpsB is rendered in three
different orientations as a cartoon, with chain A and B rendered in cyan and yellow, respectively. Leu35 is

rendered as sticks and is coloured red. Leu35 is clearly buried in the centre of SaGpsB1-64, therefore any changes
to its polarity or size are likely to have substantive negative effects on SaGpsB’s structure.

90 °
90 °
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intracellular microdomain containing fewer arginines, and are therefore less likely to interact 

with SaGpsB. 

 

A theoretical model of a putative SaGpsB:SaPBP4 interaction was generated in Molrep (Vagin 

& Teplyakov, 1997) using the sequence of the intracellular SaPBP4 microdomain, and the 

SpPBP2a peptide present in the peptide-bound SpGpsB structure (PDB code 6GQN; Cleverley 

et al., 2019) as a structural template. The in-silico model presented here (Figure 4.7) reveals 

two arginine residues on SaPBP4, Arg425 and Arg428, with the potential to bind in the 

negatively charged putative binding pocket of SaGpsB (Figure 4.7). In order to assess the 

potential of these proteins to interact in the manner envisaged, their interaction was quantified 

by fluorescence polarisation adopting the procedures already used and validated for the other 

GpsB orthologues and their respective binding partners (Cleverley et al., 2019, 2016; 

Rismondo et al., 2016). 

 

 

Figure 4.6: Superimposition of the peptide-bound structure of SpGpsB:SpPBP2a with SaGpsB1-64. The
structure of chains A & B of SaGpsB and SpGpsB were superimposed in PyMol and either A) SpGpsB, or B)
SaGpsB, rendered. SaPBP2a appears to have the potential to form all the necessary interactions to SaGpsB to
bind to SaGpsB. The interactions between Arg36 and its binding partner are exclusively with mainchain
carbonyls, not depicted here for clarity.
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Figure 4.7: An in silico model of an SaGpsB:SaPBP4 complex and positions of proposed key residues in
the binding pocket of SaGpsB. A) The vacuum electrostatic surface of SaGpsB1-64 calculated and rendered by
PyMol is shown, where blue and red denote positively-charged and negatively-charged regions, respectively.

The in silico model of the SaPBP4 intracellular domain is shown in salmon pink. B) A cartoon diagram of the
proposed SaGpsB:SaPBP4 complex. C) A zoomed-in view of the proposed interface between SaGpsB and the
in silicomodel of SaPBP4.
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4.2.3. Validating the SaGpsB:SaPBP4 interaction model biochemically 

With the in-silico model of the SaGpsB1-64 and SaPBP4 complex in mind, the interaction 

between the two was tested using fluorescence polarisation (Section 2.5.4) using the same 

fluorescent peptide of SaPBP4 as described for SaDivIVA (Section 3.11.1). Binding was 

detected between SaGpsB1-64 and SaPBP4, with a calculated KD of 23 ± 2 µM (Figure 4.8). 

The KD value calculated for SaGpsB1-64 and SaPBP4 are comparable to those of previous 

studies on GpsB homologues and their respective PBP binding partners, which mostly occupy 

a range between ~30 µM and 370 µM, with an exception in SpGpsB and SpPBP2b, where 

binding was too weak to determine a KD accurately (Cleverley et al., 2019). It is also highly 

likely that the KD values reported here, as well as by Cleverley and Rismondo (Cleverley et al., 

2019; Rismondo et al., 2016), are likely to be overestimated for two reasons. First, the target 

PBP is embedded in the cell membrane and restricted to (likely slow) movement in a 2-D plane 

and not free to diffuse in a 3-D cuvette. Second, because of the difficulty in obtaining GpsBFL 

proteins at high enough concentrations for FP measurements, these experiments have been 

conducted only with the N-terminal domain of GpsB proteins and any co-operative or avidity 

effect on binding the target from hexameric GpsBFL is lost. In the in-silico model generated for 

SaGpsB and SaPBP4, the residues Asp33, Asp37, and Asp38 are placed within a negatively 

charged pocket of SaGpsB, and may therefore each contribute to binding to the positively 

charged arginine residues of the PBP4 peptide. In an attempt to validate the model of binding 

proposed in silico, three single mutations were introduced into this negatively charged binding 

pocket of SaGpsB1-64, Asp33Ala, Asp37Ala, and Asp38Ala (Figure 4.7c) through site-directed 

mutagenesis (Section 2.2.9). 
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The binding of mutated SaGpsB1-64 proteins to the fluorescent SaPBP4 peptide was tested by 

FP and of the three mutations generated, Asp33Ala had the most significant impact on binding, 

rendering a KD incalculable by non-linear regression analysis. Asp37Ala and Asp38Ala had 

less pronounced effects on binding, with respective KDs of 100 ± 52 µM and 31 ± 13 µM 

(Figure 4.8). The binding data generated for these constructs confirms some aspects of the 

model proposed in Figure 4.7. In the SaGpsB1-64 structure, Asp33 and Asp37 are placed most 

centrally in the negatively charged pocket and are structural homologues of Asp29 and Asp33 

from SpGpsB (Figure 4.6). Equivalent inhibitory effects on PBP peptide binding have been 

observed for homologous mutations to GpsB homologues, for instance, an Asp33Ala mutation 

to SpGpsB rendered binding between it and SpPBP2a below the detection limit of FP analysis, 

Figure 4.8: Effect of mutations to the putative binding pocket of SaGpsB on binding between SaGpsB and
SaPBP4. Fluorescence polarisation of wild-type and mutant SaGpsB1-64 against the fluorescently-labelled
intracellular microdomain of SaPBP4. Error bars are shown in grey, the non-linear regression line generated by
SigmaPlot and used to calculate the KD is shown as a black line. Each binding curve is shown in a different

colour with its respective mutation given in the key on the right of the graph. Where non-linear regression

curves have been calculated, these are shown in a colour corresponding to the data from which they were

calculated. In the case of Arg33Ala, where a non-linear regression curve could not be calculated, a straight line

has been plotted using the data points. The data shown here are means of 3 independent measurements and the

error bars represent the standard deviations of the mean.
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compared to a wild-type KD of 80 µM (Cleverley et al., 2019), it stands to reason based on the 

model presented here that these mutations to SaGpsB would have a similar effect on binding. 

The Asp38Ala mutation has a reduced effect on the binding affinity between SaGpsB and 

SaPBP4, which may also be explained by comparing the structures of SaGpsB with all 

currently-solved GpsB homologues. The structural homologue of SaGpsBs Asp38 in SpGpsB 

is Asp34 (Figure 4.9), which does not form any interactions with SpPBP2a in the crystal 

structure. Similar comparisons can be made between SaGpsB and BsGpsB, where the structural 

homologue of Asp33 in SaGpsB is Asp31 in BsGpsB; an Asp31Ala mutation to BsGpsB results 

in immeasurably weak binding between BsGpsB and BsPBP1, which in their wild-type forms 

have a KD of 100 µM. In the absence of any diffracting crystals of SaGpsB:SaPBP4 complexes, 

the effect of the mutations tested in this study would appear to validate the model of binding 

proposed in Section 4.2.2. Unfortunately, a lack of any clear phenotype associated with a 

SaPBP4 or SaGpsB deletion means the impact of the mutations to S. aureus has not been 

studied prior to the identification of any synthetic-lethal coupling. Should such a synthetic-

lethal coupling become available, the work described here may provide useful insight into the 

function of SaGpsB as a regulator of cell wall synthesis in spherical bacteria. 

 

 

Figure 4.9: Superposition of Asp33, Asp37 and Asp38 from SaGpsB with their respective Asps in
SpGpsB. SaGpsB and SpGpsB are rendered as cyan and magenta cartoons, respectively. Asp33, Asp37, and
Asp38 in SaGpsB are superimposable with Asp29, Asp33, and Asp38 from SpGpsB.
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4.3 Probing phosphorylation of SaGpsB and SaDivIVA in vitro 

Conservation of potentially phosphorylatable residues in both GpsB and DivIVA supports the 

possibility that the function(s) of these two proteins are regulated by phosphorylation, and 

suggests that these residues may be important for signalling events mediated by 

phosphorylation across several organisms (Fleurie et al., 2014; Pompeo et al., 2015; Rued et 

al., 2017). As discussed in Section 1.9, the eSTK Stk1 may play a role in phosphorylation of 

SaGpsB, as is the case with Stk1 and SaGpsB homologues (Pompeo et al., 2015; Fleurie et al., 

2014; Hirschfeld et al., 2020). Examination of the structures of the N-terminal domains of 

SaDivIVA and SaGpsB reveal conserved surface-exposed serines/threonines residues on each 

protein, potentially accessible to a protein kinase (Figure 4.10). A single structurally conserved 

residue, Thr4 for SaDivIVA and Ser9 for SaGpsB, is present between the two homologues. 

 

4.3.1 Purification of Stk1 

The intracellular kinase domain of Stk1 (residues 1-291; Stk11-291) was cloned from S. aureus 

gDNA using restriction-based methods (Section 2.2.6) into the NcoI/XhoI sites of pETM-11 

(Dümmler et al., 2005). Stk11-291 was expressed in the Lemo21(DE3) strain of E. coli (Section 

Figure 4.10: Potential sites of phosphorylation on SaGpsB1-64 and SaDivIVA. The structures of SaGpsB1-64
(left) and SaDivIVA (right) are shown in blue and green, respectively. Serine and threonine residues are

rendered as sticks and are coloured in red. In both structures there are several surface-exposed serines and

threonines with the potential for phosphorylation.
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2.3.1) and purified by IMAC, His6-tag cleavage/reverse-IMAC, and gel filtration (Sections 

2.3.3, 2.3.4, and 2.3.6). The purity of Stk11-291 was assessed electrophoretically (Section 2.3.9) 

before its concentration to ~10 mg.ml-1. Immediately following concentration, Stk11-291 was 

flash-frozen in liquid nitrogen and stored at -80 °C until required. A representative size-

exclusion chromatogram of Stk11-291, the final purification step for this protein, and the 

associated SDS-PAGE analysis, is shown in Figure 4.11. 

 

 

 

Figure 4.11: Purification of Stk11-291. A typical gel filtration chromatogram of Stk11-291 loaded onto a HiLoad

Superdex 200 16/60 pg. B) A representative SDS-PAGE analysis of Stk11-291, the major band running between

the 35 kDa and 40 kDa molecular weight marker (lane M) corresponds to Stk11-291 (monomeric MW = 33.2

kDa). Based on these data, fractions 8-10 were pooled and concentrated.
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4.3.2 Phosphorylation of SaDivIVA and SaGpsB by Stk11-291. 

SaDivIVAFL or SaGpsBFL were phosphorylated by Stk11-291 as described in Section 2.5.5. In 

an initial test for phosphorylation, the proteins were incubated with Stk11-291 at a ten-fold molar 

excess, and mixtures were assessed by native-PAGE (Section 2.4.1). Any obvious change to 

the electrophoretic profile of SaDivIVAFL/SaGpsBFL was taken as an indication of a change to 

surface charge and/or surface shape, most likely a direct consequence of phosphorylation. 

Whilst no obvious change in electrophoretic mobility was observed for SaDivIVAFL, a subtle 

change in electrophoretic mobility was seen for SaGpsBFL; some discrete bands were 

identifiable for SaGpsBFL in the absence of Stk11-291, however, following incubation with 

Stk11-291, SaGpsBFL was seen as a smear on native-PAGE (Figure 4.12). Native-PAGE analysis 

of SaDivIVAFL and SaGpsBFL would suggest that SaDivIVAFL was not phosphorylated by 

Stk11-291 but SaGpsBFL was. Alternatively, the addition of a low number of phosphoryl groups 

on the multimeric SaDivIVAFL may be insufficient to produce a change in the physicochemical 

properties of the protein significant enough to be observed by native-PAGE. 
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Following the data seen for SaGpsB, and in lieu of any immediate access to mass-spectrometry 

equipment, the rough domain location of phosphorylation sites on SaGpsB was probed initially 

by repeating phosphorylation reactions with SaGpsB1-64 as a substrate for Stk11-291. Incubation 

of SaGpsB1-64 with Stk11-291 at a ten-fold molar excess resulted in a more obvious and discrete 

change in the electrophoretic profile of SaGpsB1-64, causing SaGpsB1-64 to migrate further into 

the gel matrix, suggesting the presence of at least one phosphorylation site at the N-terminus 

of SaGpsBFL (Figure 4.13). Unfortunately, at the time of these experiments, no stable C-

terminal domain of SaGpsB was available, and therefore the reciprocal experiment to this one 

with the C-terminal domain of SaGpsB was not performed. 

Figure 4.12: Native-PAGE analysis of SaGpsBFL and SaDivIVA FL phosphorylation by Stk11-291.
SaDivIVA FL and SaGpsBFL were run on a native-PAGE gel in the presence and absence of Stk11-291 following a
phosphorylation reaction. Although no obvious difference was seen between SaDivIVA in the presence and

absence of Stk11-291, there was a modest change in the profile of SaGpsBFL, which ran as a smear following
incubation with Stk11-291, whereas in the absence of Stk11-291, some discrete bands are visible (marked with

arrows)
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To confirm the hypotheses above, ESI-MS was used to confirm the presence of phosphoryl 

groups on SaDivIVAFL, SaGpsBFL, and SaGpsB1-64, where any mass increases of multiples of 

~80 Da to the proteins would indicate the incorporation of successive phosphoryl groups. The 

samples, prepared as above in the presence and absence of Stk11-291, were sent for ESI-MS 

analysis (Simon Thorpe, University of Sheffield). In both the presence and absence of Stk1, 

the observed accurate mass of SaDivIVA (25,392 Da) matched the predicted mass of the 

protein after cleavage of the His6-tag (25,392 Da) and, in agreement with the native-PAGE 

data, it could be concluded that SaDivIVA was not phosphorylated by Stk11-291 under these 

reaction conditions (Figure 4.14).  

Figure 4.13: Native-PAGE analysis of SaGpsB1-64 in the presence/absence of Stk11-291. SaGpsB1-64 was
phosphorylated by Stk11-291 and analysed by native-PAGE as for SaGpsBFL. A clear change is seen in the
electrophoretic profile of SaGpsB1-64 following the phosphorylation reaction, and a second band is seen to be
migrating faster following phosphorylation.
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Figure 4.14: MS analysis of SaDivIVA FL A) before and B) after incubation with Stk11-291. The accurate
masses of SaDivIVA FL prior to incubation with Stk12-291 and after incubation with Stk12-291 were acquired by

ESI-MS. After incubation with Stk12-291 the mass of SaDivIVA FL remained unchanged suggesting that no

phosphorylation had occurred under these experimental conditions.
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In the absence of Stk11-291, the observed accurate masses of SaGpsBFL (13,714.1 Da) and 

SaGpsB1-64 (7,566.7 Da) matched their respective predicted mass (13173.75 and 7567.54 Da) 

following cleavage of the His6-tag, however, the observed accurate mass of SaGpsBFL in the 

presence of Stk11-291 revealed two additional peaks in the mass spectrum (13,253.9 Da and 

13,333.8 Da) with increases in mass relative to unmodified SaGpsBFL of 79.8 Da and 159.7 Da 

(Figure 4.15), suggesting strongly that SaGpsBFL was phosphorylated on up to two sites. 

Similarly, and consistent with the native-PAGE experiments, accurate mass measurement by 

mass spectrometry of SaGpsB1-64 revealed a 79.96 Da increase in mass (from 7566.75 Da to 

7646.71 Da) on phosphorylation by Stk11-291 (Figure 4.16), supporting the presence of a single 

phosphorylation site in the N-terminal domain of SaGpsB and one in either the linker or in the 

C-terminal domain of SaGpsB. 
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Figure 4.15: Mass-spec analysis of SaGpsBFL A) before and B) after incubation with Stk11-291. Accurate
mass measurements of SaGpsBFL were taken before and after phosphorylation. Increases in mass of 79.8 Da and
159.7 Da were observed, corresponding to one and two phosphoryl groups, respectively. Some less-abundant

increases in mass, with an average mass difference of 21 Da, were observed between the major peaks, and these

are likely to represent [M+Na]- adducts formed in the mass spectrometer.
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Figure 4.16: Mass-spec analysis of SaGpsB1-64 A) before and B) after incubation with Stk1. Accurate mass
measurement of SaGpsB1-64 revealed the presence of a single increase in mass of 79.96 Da, consistent with the
addition of a single phosphoryl group to SaGpsB1-64. Some lower molecular weight species are seen in the
unphosphorylated sample, likely a result of the presence of some impurities in the sample.
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4.3.3 Peptide-mass fingerprinting analysis 

In order to pinpoint the residues subject to phosphorylation, peptide mass fingerprinting (PMF) 

analysis was employed, using the same phosphorylated SaGpsBFL sample described above 

(Claire Jennings, Newcastle University). Seven serine and threonine residues in total were 

found to be phosphorylated on SaGpsBFL, with two phosphorylation sites on the N-terminal 

domain of SaGpsBFL described by the residue boundaries 1-64 (Ser5 and Thr21) and the 

remaining five in the C-terminal domain, residues 65-114 (Thr89, Thr90, Thr91 and Thr93, as 

well as Ser105) (Figure 4.17). Interestingly, Ser5 was identified as being phosphorylated 

despite a lack of any obvious sequence conservation across GpsB orthologues, in contrast to 

Ser9, a conserved residue, which was not found to be phosphorylated by PMF analysis. Based 

on the structure of SaGpsB1-64, Ser5 and Thr21 would both be accessible to a protein kinase 

(Figure 4.8), rationalising the presence of phosphoryl groups on these residues. The cluster of 

phosphorylated residues at the C-terminus of SaGpsB are all in close proximity (between 

residues 89 and 93) and are surrounded by clusters of two or three serine residues. 

Unfortunately, no structural data exists for this domain of GpsB, so although the presence of 

phosphoryl groups would suggest that these residues are solvent-accessible, there are no 

structural models to confirm this hypothesis. It may be the case that phosphorylation of just 

one of these C-terminal threonines inhibits any further phosphorylation of proximal threonines, 

which may explain why just one phosphorylation event is observed to rationalise the 

discrepancy between the intact mass measurement data and the PMF data. The phosphorylation  

of threonine residues in the linker between the two domains  of SaGpsB and the lack of any 

serine phosphorylation events, in spite of a wealth of potentially-available serine residues, may 

suggest that there is a preference for threonine as a substrate for Stk1. The preponderance of 

threonine phosphorylation (five) versus serine (two) sites also suggests a threonine preference 

for Stk1. The serine phosphorylation sites identified during peptide mass fingerprinting 

analysis may represent non-specific phosphorylation sites below the limit of detection by the 

comparatively lower resolution intact mass analysis, rationalising the lack of any 

phosphorylation of Ser9, as well as the discrepancy between intact mass measurement and 

peptide mass fingerprinting.
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4.4 Discussion 

Time constraints, and the absence of diffracting crystals of the SaGpsB:PBP4 complex, meant 

that it was not possible to experimentally confirm the model of binding proposed in this 

Chapter, however, the data presented in this study would suggest a parallel function for GpsB 

in S. aureus as in B. subtilis, L. monocytogenes, and S. pneumoniae as a coordinator of PBPs. 

In order to thoroughly conclude SaGpsBs role as a PBP coordinator, future work should 

concern the acquisition of an experimentally-derived model of the interaction between SaGpsB 

and SaPBP4, as well as an exploration of the effect of structure-guided mutants to key residues 

on SaPBP4. The interaction between SaGpsB and the other four PBPs present in S. aureus is 

an area that also requires more thorough exploration, and may confirm the necessity for a 

conserved arginine-motif for binding in S. aureus, as is the case in GpsB homologues. 

Concerning the SaGpsB:SaFtsZ interaction proposed by Eswara et al., 2018, future work could 

involve purification of SaFtsZ, and its use in biochemical assays such as FP or ITC in order to 

characterise any interactions, or lack thereof, between the two proteins. A more thorough 

biophysical investigation of SaGpsBLeu35Ser by SAXS or CD is also necessary in order to 

address the concerns raised above about the folding of this mutant. Sufficient quantities of 

SaGpsBFL were not producible in the time available for this study; prior work on full-length 

GpsB from Listeria monocytogenes characterised LmGpsB as a hexamer, as well as 

establishing that the hexameric state of LmGpsB was essential for proper function in this 

organism (Cleverley et al., 2016). Based on SEC work on SaGpsBFL shown here (Figure 4.1), 

it may be that SaGpsB also forms a similar oligomer to its L. monocytogenes homologue, 

however, the retention volume of SaGpsBFL overlaps with the void volume of the column used 

and in any event the non-globular overall shape of LmGpsBFL, if recapitulated in SaGpsBFL, is 

unlikely to lend itself to accurate estimates of oligomericity by SEC. Whether the large 

apparent size of SaGpsBFL seen in Figure 4.1 is due to hexamer formation or some protein 

folding artefact is a shortcoming of this study that could be addressed by CD analysis of 

SaGpsBFL. Further work should concern the development of a robust protocol for the 

production and purification of sufficient SaGpsBFL to allow for structural work such as SAXS, 

or SEC-MALS, and a comparison of these data to that known for LmGpsB. 

SaDivIVA was not found to be phosphorylated by Stk11-291 under the experimental conditions 

employed herein. If SaDivIVA is phosphorylated, as it has been suggested to be based on 

proteomic analysis and some in vitro experiments in other organisms (Hempel et al., 2012; 

Fleurie et al., 2014; Saalbach et al., 2013), it may be through a different kinase and/or a kinase 
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with a different substrate preference, for example, B. subtilis DivIVA is reported to be 

phosphorylated on Arg102 (Elsholz et al., 2012). Future work on SaDivIVA should concern 

use of another eSTK encoded by S. aureus, such as PfkA, to determine the specificity of the 

phosphorylation activity of Stk1. In contrast to SaDivIVA, SaGpsB was found to be 

phosphorylated by Stk11-291. Whilst this work proves through several means that SaGpsB is 

indeed phosphorylated by Stk11-291, it has not been possible to determine any consequences of 

phosphorylation on cell division regulation by SaGpsB. Future work on phosphorylation of 

SaGpsB by Stk11-291 could include screening of a wider range of reaction times for 

phosphorylation efficiency, and attempts to purify the differentially-phosphorylated species of 

SaGpsB for further structural/biochemical study. Phospho-ablative alanine and phospho-

mimetic aspartate/glutamate substitutions to the phosphorylatable residues identified here may 

also be generated and studied structurally/biochemically. Whether phosphorylation has any 

effect on binding kinetics between SaGpsB and SaPBP4 may be an interesting avenue worth 

exploring. Unfortunately, as with the interaction of SaGpsB and SaPBP4, the lack of any 

phenotype for SaGpsB deletion renders in vivo analysis of SaGpsB phosphorylation difficult 

until a synthetic-lethal coupling is identified, should a synthetic-lethal coupling become 

available, mutations to the phosphorylated residues described here may provide insight into the 

impact of phosphorylation on SaGpsB function. 

As phosphorylation is a ubiquitous tool used in cell signalling throughout nature (Johnson & 

Lewis, 2001), a scenario in which phosphorylation of SaGpsB acts as an on/off switch for 

binding to its partner proteins, or the cell membrane based on phosphorylation of Thr21, could 

be envisaged. Thr21 equivalents are on the periphery of the PBP-binding sites in the GpsB 

studies published previously by others in the Lewis lab (Cleverley et al., 2019; Rismondo et 

al., 2016; Halbedel & Lewis, 2019b) and therefore is located in a position to influence PBP-

binding, perhaps allosterically rather than directly. Furthermore, Thr21 is located in a position 

close to the ‘crossed-loops’ feature of DivIVA proteins that appears to be important in 

mediating the interaction with the membrane (Lenarcic et al., 2009; Oliva et al., 2010) that is 

also likely to contribute to membrane localisation when GpsB is bound to its membrane-

embedded PBP4 target. High-resolution structure determination of full-length GpsB from any 

organism has yet to be achieved, perhaps if any structural changes were to be induced by 

phosphorylation they might assist in the production of diffraction-quality crystals of SaGpsB. 

Clearly there is much more work to be done on SaGpsB within and without the subject of 

phosphorylation, but the work here highlights the great potential for SaGpsB to teach us about 
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the evolutional nuances of cell division regulation in this Gram-positive coccus. Major 

developments in less restrictive structural techniques such as cryo-electron microscopy (Cryo-

EM) may soon enable the study of more complicated structural biology targets, indeed, recent 

advancements in this technique have allowed for the structure of haemoglobin to be solved 

using this technique (Khoshouei et al., 2017), therefore, a relatively small protein such as GpsB 

may become amenable to study by cryo-EM in the not too distant future. Finally, the power of 

artificial intelligence is being applied successfully to the routine and accurate prediction of 

protein structure prediction (Baek et al., 2021), and surely it will not be long before these 

methods will be developed further to investigate the formation of homo- and hetero-protein 

complexes. 
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5.1 An overview of biofilms  

In addition to their perhaps more traditionally studied free-floating planktonic state, bacteria 

grow in aggregated communities affixed to a wide variety of surfaces. These sessile 

communities of bacteria are known as biofilms, and biofilms are the form in which the majority 

of microorganisms exist in nature (Costerton et al., 1987) (Figure 5.1). In contrast to those in a 

planktonic mode of growth, bacteria in biofilms are more resistant to most environmental 

stresses such as extremes in temperature, pH, nutrient availability, antibiotics, and ultra-violet 

radiation (Hall & Mah, 2017; Yin et al., 2019; Yan & Bassler, 2019; Córdova-Alcántara et al., 

2019; Çam & Brinkmeyer, 2020). Although biofilms have beneficial applications in some 

fields such as agriculture (Bogino et al., 2013), as biofertilizers (Timmusk et al., 2017), and in 

wastewater treatment (Ali et al., 2018), studies on biofilms have typically focussed on their 

detrimental effects on human health. A biofilm’s ability to persist where free-floating/single 

cells would perish renders their unwanted presence on medical or industrial equipment of grave 

concern (Kaplan, 2010; Alvarez-Ordóñez et al., 2019). 

 

In addition to dense aggregates of bacteria, biofilms consist of a complex extracellular matrix 

(ECM), which plays a critical role in adhesion and integrity (Yin et al., 2019; Di Martino, 2018; 

Flemming & Wingender, 2010). The constituents of the ECM vary depending on the species 

Figure 5.1: Examples of biofilms. A) Scanning-electron micrograph of a biofilm on a toothbrush bristle (taken
from Dopheide, 2009). B) A scanning electron micrograph of a S. aureus biofilm (taken from Relucenti et al.,
2021).
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of bacteria present in the biofilm but, generally speaking, the ECM is a mixture of proteins, 

polysaccharides, lipids, and extracellular DNA (eDNA) (Cugini et al., 2019; Alim et al., 2018; 

Jakubovics et al., 2013; Stienberger & Holden, 2005). The ECM is therefore made up of 

predominantly organic polymers, and for this reason it is also commonly referred to as 

extracellular polymeric substances, or exopolymeric substances (EPS) (Marvasi et al., 2010; 

Di Martino, 2018), however, for the sake of this thesis it will be referred to as the ECM  (Figure 

5.2). 

 

5.2 The extracellular matrix 

The ECM is an essential component of the biofilm that can comprise up to 90 % of its dry mass 

(Flemming & Wingender, 2010), and its structure is responsible for the resistance of biofilms 

to many environmental stressors. Many clinically- and industrially-relevant dispersal 

mechanisms against biofilms cause the breakdown of the constituents of the ECM (Kaplan, 

2010). The proportions of each component of the ECM, as well as their specific chemical 

nuances, varies depending not only on the species of bacteria present within it, but also the 

environment of the biofilm in question (Flemming & Wingender, 2010; Di Martino, 2018). It 

is outside the scope of this thesis to discuss the nuances in ECM constituents between all 

species of bacteria, but some general features applicable to most biofilms will be discussed, 

Figure 5.2: General components of the extracellular matrix. The molecular components common to the
structure of many biofilms are shown as a cartoon. Polysaccharide chains are represented as chains of blue
hexagons, amyloid fibres are represented as clusters of pink rectangles, eDNA is represented as green DNA
chains, lipids are represented by red phospholipid-like molecules. Bacterial cells are represented as orange rods.
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and specific nuances in ECM composition applicable to a small selection of relevant species 

will be discussed. 

5.2.1 Secreted proteins 

Proteins typically represent the major fraction of the ECM and can be categorised into two 

populations, enzymes, and structural proteins. Enzymes within the ECM play a wide variety of 

roles within the biofilm, such as breaking ECM polymers down for use as nutrients, or 

modulating the ECM to assist with biofilm dispersal/reorganisation (Yin et al., 2019; 

Taglialegna et al., 2016a; Flemming & Wingender, 2010). The extracellular DNAse NucB, 

discussed in detail later in this Chapter (Section 5.12), is such an example of a secreted enzyme 

that plays a role in both biofilm modulation and in nutrient availability (Sinderen et al., 1995; 

Kiedrowski et al., 2011). PslG from P. aeruginosa is an example of a hydrolase responsible for 

the breakdown of the polysaccharide component of the ECM and has been implicated in self-

dispersal of P. aeruginosa biofilms (Yu et al., 2015). Enzymes present in the ECM may also 

contribute to resistance of biofilms to antibiotics; secreted beta-lactamases in the ECM act as 

a line of defence for the inner layers of the biofilm against beta-lactam antibiotics (Heydari & 

Eftekhar, 2015).  

In P. aeruginosa, surface-attached carbohydrate-binding proteins known as lectins form a 

structural role within the ECM, directly connecting the bacteria within the biofilm to the ECM 

(Passos da Silva et al., 2019). A well-studied family of structural ECM proteins are biofilm-

associated surface proteins (Bap), or Bap-like proteins. First identified in S. aureus, Bap 

proteins are high-molecular weight (238 kDa in S. aureus) proteins attached to the cell surface 

of bacteria (Taglialegna et al., 2016b; Lasa & Penadés, 2006). It is known that Bap and Bap-

like proteins are essential for biofilm formation, and their targeting has shown some promise 

as a mechanism of biofilm dispersal (Kumar Shukla & Rao, 2013). Despite their potential 

clinical relevance, the mechanism of action of Bap and Bap-like proteins within the ECM is 

still unclear (Cucarella et al., 2004; Schiffer et al., 2019): Bap and Bap-like proteins may switch 

between amyloid and non-amyloid like structures (based on the pH and calcium concentration 

of their immediate environment), representing an example of a molecular sensor underpinning 

the reactivity of biofilms to their environment (Taglialegna, Navarro, et al., 2016). A common 

theme in the secreted ECM proteins that play structural roles is a tendency to form amyloid-

like structures and, by extension, amyloid fibres. Amyloid fibres self-assemble from their 

monomeric precursors into comparatively vast and incredibly stable structures, and amyloid-
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like proteins can thus serve as a convenient and robust mechanism for inter-cell connectivity 

within biofilms (Taglialegna et al., 2016a). 

5.2.2 Polysaccharides 

Second in proportion only to proteins, polysaccharides represent another major fraction of the 

ECM. The polysaccharides present in the ECM constitute long, and often branched, 

carbohydrate chains (Schmid et al., 2015; Flemming & Wingender, 2010; Christensen, 1989). 

Polysaccharides form complex meshes within biofilms, large enough to be visualised by 

electron microscopy techniques (Reese & Guggenheim, 2007; Hassan et al., 2003). The role of 

polysaccharides within the ECM is primarily structural, acting as a scaffold for carbohydrate-

binding proteins present on the surfaces of bacteria to attach to. Not only do polysaccharides 

play a primary structural role but they also contribute to the initial adhesion of biofilm 

progenitors to their surface, protecting the biofilm from environmental stressors, and trapping 

of nutrients (Limoli et al., 2015). A polysaccharide commonly found in many biofilms in large 

quantities is alginate, an anionic polysaccharide composed of α-D-mannuronic acid and α-L-

gluronic acid. Alginate is a viscous polymer, responsible for adhesion and integrity in many 

biofilms (Boyd & Chakrabarty, 1995; Moradali & Rehm, 2019), and alginate lyases show 

potential as biofilm-dispersing agents (Blanco-Cabra et al., 2020). 

5.2.3 Extracellular DNA 

Initially thought a by-product of cell lysis within biofilms, eDNA is now known to play an 

important functional role in biofilm adhesion and structure (Stienberger & Holden, 2005; 

Devaraj et al., 2019; Di Martino, 2018; Whitchurch, 2002; Jakubovics et al., 2013). Many 

biofilms can be completely dispersed when treated with DNAses such as NucB (Shields et al., 

2013; Shakir et al., 2012; Nijland et al., 2010). eDNA plays a major role in protecting biofilms 

of pathogenic bacteria from the host immune system (Taglialegna et al., 2016a). The eDNA 

present in biofilms of Haemophilus influenzae and Pseudomonas aeruginosa has been shown 

to have a lattice-like structure, enhancing the structural rigidity of the biofilm (Jurcisek & 

Bakaletz, 2007; Jurcisek et al., 2017). The eDNA lattice is chained together by Holliday 

junction intermediates, resulting in a connecting of the different eDNA chains (Devaraj et al., 

2019). A family of DNA-binding proteins called DNABII has been shown to bind to and 

stabilise the eDNA lattice within the biofilm by binding at the Holliday junctions present at the 

intersections of the lattice (Devaraj et al., 2019). eDNA is also a source of genetic diversity for 



 146 

the biofilm that has important implications for the passing of antibiotic resistance genes 

between bacteria within biofilms (Hall & Mah, 2017).  

5.2.4 Lipids 

Lipids are perhaps the least functional class of polymer present within the ECM, and certainly 

the least well-studied. Lipids have not been a major focus of biofilm research outside of a few 

bacterial and fungal strains, therefore, the significance of lipids within the ECM is unclear. 

There appears to be a role for lipids in cell-cell signalling of C. albicans, where the lipid 

farnesol has been implicated in preventing mycelial development (Hornby et al., 2001). A 

family of lipopeptides known as the serawettins are important for biofilm formation in Serratia 

marcesans (Matsuyama, 1989). Serawettins appear to function as biosurfactants, dispersing 

hydrophobic molecules to make them bioavailable (Matsuyama & Nakagawa, 1996). A greater 

understanding of the essentiality of lipids within biofilms may lead to more tools in the 

workbench of biofilm-dispersing agents and clearly there is much still to be done on the 

functions and prevalence of lipids in bacterial biofilms. 

 

5.3 The biofilm lifecycle 

The precise number and definition of stages involved in the lifecycle of a biofilm is a matter of 

some dispute, but it is generally accepted to involve at least an attachment phase, a 

colonisation/maturation phase, and a dispersal phase (Tolker-Nielsen, 2015; Yin et al., 2019; 

Kumar et al., 2017) (Figure 5.3). During the attachment phase, weak and reversible interactions 

are made between a bacterium and its destined surface, a process that is potentially aided by 

pili or by surface-exposed/secreted proteins/polysaccharides/lipids (Garrett et al., 2008; 

Steinberg et al., 2020; Okshevsky & Meyer, 2015; Donlan, 2002). Bacteria may dissociate 

from the surface and return to a planktonic lifecycle during this reversible attachment phase. 

Different species of bacteria attach to surfaces using distinct mechanisms, for instance, antigen 

43 in E. coli is responsible for surface attachment (Ulett et al., 2007); type IV surface pili in P. 

aeruginosa aid adherence (Klausen et al., 2003), and surface proteins of pathogenic strains of 

S. epidermis and S. aureus attach to human proteins such as fibrinogen (Fey & Olson, 2010). 

Following attachment by a bacterium to a surface, interactions between it and neighbouring 

bacteria result in the formation of a microcolony. In parallel to the formation of microcolonies, 

gene regulation of individual bacteria within the nascent biofilm is altered such that genes 

responsible for production of ECM components (such as those responsible for production of 
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polysaccharides and amyloid-like proteins) are upregulated, and genes relevant to planktonic 

modes of growth (such as those encoding pili/flagella) are downregulated (Kumar et al., 2017). 

Once microcolonies have formed, and production of the ECM has been initiated, the biofilm is 

in its colonisation phase; at this phase the bacteria are irreversibly attached to the surface. 

 

Colonisation of the biofilm involves proliferation of the bacteria within it such that multiple 

layers of cells are produced. Cell proliferation in the colonisation stage is aided by nutrient 

trapping within the biofilm by secreted exopolysaccharides, and coordination of cell growth 

through quorum sensing, discussed in detail later in this Chapter, is a mechanism of intra-

biofilm cell-cell communication. Polysaccharide and eDNA-based channels and lattices are 

formed during colonisation of a surface by a biofilm that allow for the passing of genetic 

information and signalling molecules between bacteria within the biofilm (Okshevsky & 

Meyer, 2015; Tolker-Nielsen, 2015). The biofilm is considered mature once a stable multi-

layered community with nutrient and gene transfer distribution channels is established. 

The final phase of the biofilm lifecycle is biofilm dispersal, which occurs once the biofilm is 

no longer viable due to a lack of nutrient availability, persistence of a lethal dose of antibiotic, 

or breakdown of the ECM by an external factor (Kaplan, 2010). Biofilm dispersal describes 

the process of detachment of bacteria from the biofilm, either as single cells or as clusters. 

Biofilm dispersal is made up of passive and active processes, such as separation of large 

sections of biofilm due to fluid shear/abrasion, or enzymatic dispersal by the biofilm 

community, respectively (Guilhen et al., 2017). Active dispersal in biofilms is a result of the 

secretion of ECM-dispersing enzymes by the bacteria within. A diverse set of enzymes capable 

Figure 5.3: Stages of the biofilm lifecycle. The biofilm lifecycle is shown here in four stages, attachment,
colonisation, maturation, and dispersal. Bacterial cells are represented by orange rectangles, and the ECM is
represented in yellow.
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of digesting each of the structurally essential ECM components is secreted; for instance, the 

proteases aureolysin and Spl, (Lister & Horswill, 2014) and the DNAse, thermonuclease (Mann 

et al., 2009), are secreted such in S. aureus. As the structural rigidity of biofilms is likely a 

result of the combined contributions of each structural ECM constituent, it stands to reason that 

simultaneous degradation of multiple ECM components would result in the most efficient 

breakdown of the biofilm. Lysis of the inner layer of cells within the biofilm of P. aeruginosa 

appears to release signalling molecules to the cells in the outer layers (Yu et al., 2015), resulting 

in the downregulation of biofilm-specific genes involved in ECM production/signal 

transduction, and a concomitant upregulation in genes such as those encoding 

flagella/chemotaxis proteins (Rollet et al., 2008). Planktonic cells released from the biofilm 

can form further interactions with other surfaces and may become progenitor cells for further 

biofilms (Rumbaugh & Sauer, 2020). Dispersal of single cells or clusters of cells is a continual 

process that occurs throughout the biofilm lifecycle, allowing for the colonisation of multiple 

surfaces in any given environment (Guilhen et al., 2017). 

 

5.4 Communication within biofilms 

An interesting modern discovery in biofilm research is that bacteria within biofilms can 

communicate with one another. Quorum sensing describes the regulation of genes within 

bacterial communities in response to changes in population density and environmental stressors 

(Rutherford & Bassler, 2012; Miller & Bassler, 2001). Quorum sensing regulates cell density 

during biofilm development so that an optimum cell density for efficient biofilm expansion is 

maintained (Miller & Bassler, 2001). Quorum sensing allows bacterial communities within 

biofilms to regulate their speed of growth based on nutrient availability, alter gene expression 

based on the presence/absence of antibiotics, and activate mechanisms of competence for the 

passing of genetic information between cells (Hahn et al., 1998; Miller & Bassler, 2001). Many 

pathogenic bacteria, including S. aureus, coordinate the production of virulence factors by 

quorum sensing (Rutherford & Bassler, 2012). Bacteria communicate within the biofilm by use 

of small molecules that are often passed between cells using channels within the biofilm. 

Recent advancements in microscopy instrumentation have allowed for the direct visualisation 

of channels within an E. coli biofilm (Rooney et al., 2020). Gram-positive and Gram-negative 

bacteria utilise different quorum sensing mechanisms; Gram-positive bacteria typically utilise 

autoinducing peptides (AIPs) as their signalling molecules of choice (Monnet & Gardan, 2015), 
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whereas Gram-negative bacteria instead use small molecule autoinducers, such as acyl-

homoserine lactones (AHLs) (Papenfort & Bassler, 2016). 

Gram-positive bacteria have two main methods of quorum sensing through AIPs, a two-

component pathway, and a self-signalling pathway (Bhatt, 2019) (Figure 5.4). AIPs are 

continually secreted into the ECM by ABC transporters at a constant rate (Bhatt, 2019), 

therefore, a concomitant increase in the concentration of AIPs is observed at high cell densities. 

In the two-component quorum sensing pathway of Gram-positive bacteria, secreted AIPs 

activate membrane-associated histidine kinases, which results in the phosphorylation of 

intracellular response regulators (Monnet & Gardan, 2015). The activated phosphorylated 

response regulators stimulate the transcription of genes in the quorum sensing regulon. The 

AIPs act as positive regulators for transcription factors in the self-signalling pathway, thereby 

regulating gene expression directly. The specific genes regulated by these pathways varies 

between species of bacteria, however,  genes responsible for competence in B. subtilis and S. 

pneumoniae are upregulated through these mechanisms (Hahn et al., 1998; Shanker & Federle, 

2017), and genes responsible for virulence in S. aureus are similarly upregulated (Yarwood & 

Schlievert, 2003).  
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Quorum sensing in Gram-negative bacteria functions similarly to that in Gram-positive 

bacteria, but with a key difference in that autoinducer molecules typically passively diffuse out 

of the cell, rather than by active secretion (Papenfort & Bassler, 2016). The AHLs of Gram-

negative bacteria consist of a core N-acylated homoserine-lactone ring with a 4-18 carbon acyl 

chain (Galloway et al., 2011). The mechanisms of gene regulation by AHLs are broadly the 

same as for Gram-positives, in that AHLs either activate histidine kinases or directly activate 

intracellular transcription factors (Papenfort & Bassler, 2016). 

 

5.5 Antibiotics and biofilms 

Bacteria within biofilms are typically more tolerant to antibiotics than their free-floating 

planktonic counterparts; indeed, bacteria within biofilms can be 10 – 10,000 times more 

tolerant of certain antibiotics (Tetz et al., 2009; Yan & Bassler, 2019). In addition to antibiotic 

Figure 5.4: General mechanism for gene regulation by quorum sensing in Gram-negative and Gram-
positive bacteria. A cartoon representing the general mechanism underpinning the two major pathways through
which bacteria within biofilms regulate gene expression by quorum sensing.
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tolerance, biofilms are also thought to promote the formation of persister cells, a sub-population 

of cells within the biofilm that can withstand temporary antibiotic treatment, but that re-

colonise following removal of antibiotic (Brauner et al., 2016). The molecular mechanisms of 

antibiotic tolerance and resistance within biofilms is a result of a combination of the inert 

physical barrier of the ECM and rapid adaptations of the bacteria within the biofilm. The ECM 

of the biofilm constitutes a physical barrier against antibiotics, slowing the diffusion of 

antibiotic molecules into the biofilm and, by extension, the cells within (Kumar et al., 2017). 

The inhibition of antibiotic diffusion into the biofilm results in the generation of a concentration 

gradient within the biofilm in which high concentrations of antibiotic are present on the surface 

of the biofilm, but lower concentrations are present in the core layers (Hall & Mah, 2017). 

Generation of persister cells within biofilms is related to the mechanism of action of several 

popular families of antibiotics; common antibiotics such as beta-lactams, or RNA polymerase-

targeting antibiotics are less active on slow growing bacteria than rapidly growing bacteria 

(Yan & Bassler, 2019). Although the outer layer of the bacteria in biofilms are likely to have 

high growth rates, the inner layers of bacteria within biofilms have low growth rates and as 

such, these growth-dependent antibiotics are less active on these cells (Kumar et al., 2017). As 

a result of the disparity in effectiveness of these classes of antibiotics on the cells within the 

biofilm, brief exposure to antibiotics results in the destruction of the outer, faster growing layer 

of the biofilm, but leaves intact the inner, slower growing layer of cells (Figure 5.5). This sub-

population of slower growing cells are fully able to form the seeds for a new biofilm once the 

antibiotic is no longer present (Yan & Bassler, 2019). 
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In addition to greater tolerance to antibiotics than planktonic cells, bacterial communities 

within biofilms are also capable of becoming resistant to specific antibiotics at a far faster rate. 

Horizontal gene transfer is a more rapid process in biofilms thanks to the proximity of the cells 

within the biofilm, as well as because of the channels available to the cells within a biofilm as 

discussed above. Thanks to this increased rate of gene transfer, bacteria within biofilms rapidly 

take up new genetic information and alterations to genes encoding antibiotic targets (Foster, 

2017; Singh et al., 2006). Outside horizontal gene transfer, the presence of eDNA in the ECM 

provides a large source of genetic material, enhancing genetic diversity for the entire biofilm. 

This generalised distribution of genes from lysed cells across the entire biofilm results in the 

sporadic acquisition of antibiotic resistance genes (Hannan et al., 2010). eDNA may also play 

a direct role in diffusion limitation within the biofilm, chelating certain antibiotics and 

preventing them from being able to penetrate the cell membrane (Hall & Mah, 2017). Bacteria 

that have taken up antibiotic resistance genes, such as beta-lactamases, may also secrete these 

proteins into the biofilm matrix where they form a pool of antibiotic-destroying enzymes in the 

ECM. This pool of antibiotic-destroying enzymes is beneficial to the entire biofilm and even 

protects cells that have yet to acquire antibiotic resistance genes (Amanatidou et al., 2019). 

 

Figure 5.5: Mechanism of generation of persister cells in biofilms. The general mechanism of
persistence/tolerance to antibiotics is shown in three stages. Upon application of antibiotics such as beta-lactams,
the actively growing population of cells (represented as green rectangles) are lysed. The slower growing,
dormant inner layer of cells within the biofilm, however, are less affected on removal of antibiotic, the dormant
cells continue to grow, leading to a new population of actively growing cells on the outer layers of the biofilm.
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5.6 The B. subtilis biofilm 

B. subtilis has served, as it has for many other microbiological subdisciplines, as a model 

organism for the study of biofilms (Figure 5.6). B. subtilis forms a wrinkled biofilm structure 

in laboratory conditions, similarly to many other species of bacteria (Vlamakis et al., 2013). 

The major constituent of the B. subtilis ECM is a large molecular weight polysaccharide whose 

chemical structure has yet to be determined completely. The secreted polysaccharide of B. 

subtilis is also sometimes confusingly referred to as EPS, after exopolysaccharide (Schmid et 

al., 2015), because of legacy studies of ECM polysaccharides. Interactions between EPS and 

eDNA are essential for initial adhesion of the B. subtilis biofilm (Peng et al., 2020). Some work 

has unravelled the synthesis pathways of ECM polysaccharides from B. subtilis: a 15-gene 

operon is responsible for exopolysaccharide production in B. subtilis, comprising genes epsA-

O (Marvasi et al., 2010). Exopolysaccharides are produced on the edges of an expanding B. 

subtilis biofilm, coordinated by epsA and epsB, which encode the tyrosine kinases EpsA and 

EpsB. Together these kinases are responsible for regulating the production of 

exopolysaccharides by phosphorylating downstream eps genes as a means of positive 

regulation (Elsholz et al., 2014).  

 

Figure 5.6: Molecular features of the B. subtilis biofilm. Here a typical biofilm structure of B. subtilis cells
(orange rods) is represented as a cartoon. The hydrophobic coat protein BslA is represented as a thick red line
around the ECM, the membrane-associated TasA-binding protein TapA is represented in purple, eDNA is
represented as green cartoons of DNA, the EPS is represented as blue hexagons, and amyloid fibres of TasA are
represented as clusters of purple rectangles.
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Of the proteins that B. subtilis is known to secrete into its ECM, TasA, BslA, and TapA are the 

best-studied. TasA is the most abundant of the ECM proteins in B. subtilis; TasA assembles 

into long amyloid fibres and binds to the membrane-attached TapA. The interaction between 

TasA fibres and TapA is a major contributor to the structural integrity of the B. subtilis biofilm 

(Steinberg et al., 2020). Thorough integrative structural studies on TasA have monitored the 

structural transition of TasA during biofilm formation in B. subtilis, observing a switch of TasA 

from a globular structure to that of a protease-resistant β-sheet rich structure (Diehl et al., 

2018). The biofilm surface layer protein BslA is essential for surface hydrophobicity and 

colony morphology by self-assembling into a hydrophobic layer atop the surface of the B. 

subtilis biofilm (Hobley et al., 2013). 

 

5.7 Biofilm removal in clinical and industrial settings 

Three primary mechanisms exist for the removal of clinically/industrially malicious biofilms, 

mechanical dispersal, chemical dispersal, and enzymatic dispersal. In industry, mechanical and 

chemical dispersal are the major methods of biofilm dispersal, where scrubbing of industrial 

equipment and use of concentrated biocides are the prevalent biofilm dispersal mechanisms 

(Vishwakarma, 2020). Based on the essentiality of the ECM for biofilm adhesion and integrity, 

it is perhaps unsurprising that the most successful enzymatic biofilm dispersal agents target the 

constituents of the ECM. As mentioned above, nucleases such as NucB have shown promise 

as potential biofilm-dispersing agents (Shields et al., 2013; Shakir et al., 2012; Nijland et al., 

2010). Indeed, combinations of DNAses and antibiotics have been explored as biofilm-

dispersal agents (Tetz et al., 2009). For the polysaccharide component of the ECM, glycoside 

hydrolases have shown promise in removal of biofilms in wounds (Fleming et al., 2017), as 

well as removing biofilms composed of heterogenous species (Snarr et al., 2017). There is 

clearly a gap in the market for developing recombinant enzymes active on the constituents of 

the ECM into robust and safe biofilm dispersal agents. 

Clearly biofilms present a unique challenge in several clinically and industrially-relevant 

settings, therefore, the development of a novel and wide-reaching mechanism for their 

disruption is an area of research with potentially lucrative outcomes. Recent studies on 

nucleases have shown some promise in the field of biofilm-dispersing enzymes, particularly 

those on a secreted endonuclease from Bacillus licheniformis, NucB (Shields et al., 2013; 

Nijland et al., 2010; Shakir et al., 2012). 
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5.8 An overview of nucleases 

Nucleases are biologically important enzymes and are found ubiquitously throughout nature, 

defined by their function of cleaving the sugar-phosphate backbone of DNA or RNA (Horton, 

2008; Yang, 2011). In bacteria, nucleases play roles in processes including nutrient scavenging 

in biofilms, defence against foreign viruses/bacteria, as part of regulated cell death, and in DNA 

replication (Yang, 2011). Nucleases are diverse enzymes and fall into many classes, including 

those that break single-strands of DNA versus double-strands, those that cleave successive 

nucleotides from one end of a DNA molecule (exonucleases) versus those that cleave at a non-

terminal location (endonucleases), those that are sequence-specific versus those which are not, 

and those that target RNA versus those that target DNA. A common feature of nucleases is a 

positively charged surface surrounding the active site of the enzyme, such that the negatively 

charged sugar-phosphate backbone of DNA is electrostatically attracted to the nuclease 

(Horton, 2008) (Figure 5.7). Many nucleases are metal-dependent and utilise a divalent metal 

cation as part of their mechanism of action. Some well-studied examples of nucleases will be 

discussed below, including their mechanisms of action. 

 

 

Figure 5.7: The importance of surface charge for DNA recognition by nucleases. The structures of three
nuclease:DNA complexes, A) Archaeoglobus fulgidus RNAse (PDB code 2GJW; Xue et al., 2006) B) Vibrio
vunlificus Vvn (PDB code 1OUP; Li et al., 2003) and C) E. coli Colicin E7 (PDB code 1PT3; Hsia et al., 2004)
are shown. DNA/RNA is rendered as sticks, and the electrostatic surfaces of the nucleases are rendered with
blue representing positively charged surfaces, and red representing negatively charged surfaces. In each case, the
interface between DNA/RNA and the nuclease occurs at positively charged surfaces.
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5.9 His-Me finger endonucleases 

Another well-studied family of nucleases are the histidine-metal finger (His-Me finger) 

endonucleases, named as they typically contain at least one active site histidine, and require a 

divalent metal cation for their function. His-Me finger endonucleases are also often referred to 

as ββα endonucleases, named after the structural motif in which the active site of the 

endonuclease is housed (Figure 5.8). The mechanism of action of His-Me finger endonucleases 

generally involves the use of a divalent cation as a Lewis acid, and a typically invariant 

histidine residue as a general base to cleave the phosphodiester bond of DNA; a few exceptions 

to this general rule include NucB from B. licheniformis, which utilises glutamate for catalysis 

instead. Most His-Me endonucleases function as monomers and do not have  a sequence 

specificity. His-Me endonucleases are typically involved in bacterial cell defence, DNA 

recombination, cell death, and for nutrient scavenging of eDNA (Wu et al., 2020). 

 

5.10 Nuclease-inhibitor interactions 

Uncontrolled nuclease activity within the cell would clearly come at a detriment to the cell’s 

longevity. Consequently, nucleases are often expressed alongside cognate inhibitors as a means 

of keeping their activity in check. Some secreted nucleases function as toxins, and nuclease 

inhibitors protect the host cell from self-induced toxicity, much like in classical toxin-antitoxin 

systems (Cao et al., 2017). The interactions between nucleases and cognate inhibitors must be 

Figure 5.8: ββα motifs present in a selection of His-Me endonucleases. The structures of three His-Me finger
endonucleases, Vvn (PDB code 1OUP; Li et al., 2003), NucB (PDB code 5OMT; Baslé et al., 2018), and
Colicin E7 (PDB code 1PT3; Hsia et al., 2004) are rendered as cartoons, with the ββα motifs housing the active
sites of each protein coloured in red.

Vvn NucB Colicin E7
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incredibly tight (sub-nM dissociation constants), such that all nucleases in the cell with 

potential to destroy the cell’s own genetic information are sufficiently impeded. As such, the 

interactions between some nucleases and their cognate inhibitors are sufficiently tight that 

many have become models of tight protein-protein interactions and have been used to predict 

structural features of protein-protein interactions necessary for tight binding (Buckle et al., 

1994). 

A well-characterised example of a nuclease-nuclease inhibitor interaction is that between 

Barnase and Barstar from B. amyloliquefaciens. Barnase (bacterial ribonuclease) is an RNAse 

secreted by B. amyloliquefaciens that plays an important role in nutrient scavenging (Yanagawa 

et al., 1993). Expression of Barnase is activated by Spo0A in response to phosphate starvation, 

although the molecular mechanisms of this trigger remain unclear (Ulyanova et al., 

2011; Ulyanova et al., 2015). Barstar is an intracellular inhibitor of Barnase which binds to 

Barnase with a KD in the femtomolar range measured by titration of Barnase with Barstar and 

measurement of Barnase activity (Buckle et al., 1994; Hartley, 1993). The structure of Barnase 

in complex with substrate has been solved (Buckle & Fersht, 1994), as well as the structure of 

Barnase in complex with Barstar (Buckle et al., 1994). Barstar binds in the active site pocket 

of Barnase, preventing substrate access (Figure 5.9). The interaction between Barnase and 

Barstar is mediated by the presence of 14 hydrogen bonds between the two proteins, 6 of which 

form salt bridges at their interface. 

 

Figure 5.9: Mechanism of inhibition of Barnase by Barstar. A) The structure of Barnase in complex with
DNA is shown with Barnase monomers rendered as cartoons, and DNA rendered as sticks, with each monomer
of Barnase coloured in yellow and magenta (Buckle & Fersht, 1994). B) The structure of the Barnase-Barstar
complex is shown, with Barnase rendered as a magenta cartoon, and Barstar rendered in cyan (Buckle et al.,
1994). Barstar prevents access of DNA into the active site of Barnase, preventing its hydrolysis.

A B
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Another example of a well-studied nuclease-inhibitor interaction is of a subset of the Colicin 

family of toxins. Colicin E2, E7, E8, and E9 are all His-Me endonucleases, utilised by E. coli 

to kill competitors as part of its SOS response (Cascales et al., 2007). As with Barnase, E. coli’s 

own genome is protected from its own Colicin endonucleases by immunity proteins 

(Kleanthous et al., 1998). The structures of Colicin E7 and E9 have been solved in complex 

with their substrates, as well as with their cognate immunity proteins, Im7 and Im9, 

respectively (Kleanthous et al., 1998; Kühlmann et al., 2000). Interestingly, the structures of 

Colicin E7 and E9 with Im7 and Im9 reveal an alternative mechanism of inhibition than for 

Barnase. Im7 and Im9 bind away from the active sites of Colicin E7 and E9 and therefore act 

either by sterically preventing access of substrate to the active site or by locking Colicin E7/E9 

into an inactive state (Figure 5.10). The interactions of Colicin E7 and E9 with Im7 and Im9 

are further examples of high-affinity protein-protein interactions, with their KD calculated to 

be in the femtomolar/sub-femtomolar range by stopped-flow fluorescent experiments (Li et al., 

1997). Similarly to the Barnase:Barstar complex, there are a significant number of hydrogen 

bonds and salt bridges at the interface between the Colicin endonucleases described here and 

their immunity proteins. Colicin E7 forms 16 hydrogen bonds with Im7 at their interface, 6 of 

which constitute salt bridges (Ko et al., 1999; Chak et al., 1996). Colicin E9 forms a lesser 

number of these interactions, with 12 hydrogen bonds, 2 of which constitute salt bridges 

(Kleanthous et al., 1999). 
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5.11 NucA and NucB 

NucA and NucB are differentially expressed endonucleases present in the genomes of several 

members of the firmicute phylum (Sinderen et al., 1995). Early studies on NucA from B. 

subtilis revealed that it was required for DNA cleavage during DNA uptake into B. subtilis for 

transformation (Provvedi et al., 2001; Vosman et al., 1987, 1988), however, no studies on 

NucA from Bacillus strains have been published since. NucA is required for virulence in 

Streptococcus agalactiae, and is also required for the pathogen’s evasion from the host immune 

Figure 5.10: Inhibition of Colicin E7 by the immunity protein Im7. A) The structure of Colicin E7 in
complex with DNA is shown, with Colicin E7 rendered as a cartoon and DNA rendered as sticks (Hsia et al.,
2004). The ββα domain of Colicin E7 is coloured red. B) The structure of Colicin E7 in complex with the
inhibitor Im7 is shown, with Im7 coloured magenta (Ko et al., 1999). As can be seen in this structure, Im7 binds
away from the active site ββα, preventing access of DNA by blocking a proximal region of the protein to which
DNA binds. C) Close-up of the superpositions of the active site of Colicin E7 in its DNA and Im7 bound form.
No major structural rearrangement of the active site histidines appears to occur upon Im7 binding, suggesting
that it a steric blockage of DNA remote from the active site, rather than a structural rearrangement that prevents
nuclease activity upon Im7 binding.
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system (Moon et al., 2014a). Biochemical characterisation of NucA from the cyanobacterium 

Anabaena has revealed it to be a non-specific extracellular endonuclease (Muro-Pastor et al., 

1992). The first structural studies on NucA came from Serratia marcescens, where the structure 

of NucA was solved in isolation, and the mechanism of its metal-dependent activity was 

established (Miller et al., 1999). More recent structural investigation has come from the 

Anabaena homologue of NucA, where the structure has been solved in isolation as well as in 

complex with a cognate inhibitor, NuiA (Muro-Pastor et al., 1997; Ghosh et al., 2007). The 

structure of NucA from S. agalactiae has also been solved, revealing key structural features 

responsible for catalysis (Moon et al., 2014b). The structural studies of the NucA homologues 

discussed here have allowed for classification of NucA into the His-Me/ββɑ family of 

endonucleases (Ghosh et al., 2005). NucA appears to be anchored to the cell membrane by a 

transmembrane helix present at its N-terminus, with most of the protein, including the nuclease 

domain, present on the outside of the cell. As NucA is implicated in DNA uptake during 

transformation, it is understandable that the protein would be functional at the trans side of the 

cell membrane, across which DNA fragments would be translocated by a Type IV pilus-like 

uptake system. The presence of a transmembrane domain rather than a signal peptide at the N-

terminus of the protein suggests that it is likely to be recognised by the Signal Recognition 

Particle and transported by the SRP-mediated Sec pathway (Schneewind and Missiakas, 

2014b). 

In contrast to the variety of NucA proteins studied, NucB has been studied predominantly in 

Bacillus strains, particularly B. subtilis and B. licheniformis. Unlike the membrane anchored 

NucA, NucB is secreted from the cell into the extracellular medium (Al-Wahaibi et al., 2019), 

mediated by an N-terminal signal peptide. NucB is implicated in degradation of the mother cell 

genomic DNA during sporulation in Bacillus (Hosoya et al., 2007). Work in S. aureus has 

implicated NucB in biofilm modulation through the non-specific cleavage of eDNA in the 

ECM (Kiedrowski et al., 2011). NucB may act as a biofilm dispersing agent, preventing the 

formation of biofilms consisting of competing bacteria (Nijland et al., 2010). Recent work on 

NucB has been focussed towards its potential as a biofilm-dispersing agent for use in clinical 

scenarios (Shakir et al., 2012; Nijland et al., 2010; Shields et al., 2013). Clinical interest in 

NucB has led to the protein becoming relatively well-characterised biochemically and 

structurally, with recent structural studies on NucB from B. licheniformis identifying it as a 

member of a novel sub-family of ββα endonuclease (Baslé et al., 2018). Unlike all other ββα 

endonucleases studied to-date, NucB does not rely on an invariant histidine in the active site, 
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but instead utilises glutamate for catalysis, therefore representing a novel mechanism of action 

for this family of endonucleases (Figure 5.11). The mechanism of NucB secretion is currently 

unknown, however, there is a body of work that may suggest that secretion is mediated by the 

Sec pathway (Nouaille et al., 2006). Indeed, analysis of NucB from the two Bacillus strains in 

SignalP (Nielsen et al., 2019) reveals the presence of signal peptides on both BsNucB and 

BlNucB, likely indicating that NucB in both species is secreted by the SecA-mediated Sec 

pathway. 

 

 

 

 

Figure 5.11: The model of B. licheniformis NucB DNA binding. The model of DNA binding by B.
licheniformis NucB presented in Baslé et al., 2018 is shown, with a close-up on the active site. Unlike in the
majority of His-Me finger endonucleases, a glutamate, Glu94, is proposed to act as a general base, in lieu of a
histidine residue.
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5.12 Nin 

The operon housing NucA also contains a gene for an intracellular nuclease inhibitor, Nin 

(Sinderen et al., 1995; Smith et al., 1985). Despite knowledge of the existence and activity of 

Nin for over 25 years, functional studies on Nin to-date are limited to gene knockout 

experiments in which B. subtilis cells with nin knockouts were observed to have decreased 

competency (Provvedi et al., 2001). An effort from a structural genomics group has resulted in 

a structure of Nin from B. subtilis deposited in the PDB (PDB code 4MQD), however, there is 

no associated publication from this work. Nin is present as a homodimer in the aforementioned 

crystal structure, however, no work has been undertaken on the biological significance of this. 

As stated above, NucA from Anabaena is co-expressed with an inhibitor, NuiA, and a structure 

of the NucA:NuiA complex has been solved and published (Figure 5.12). The interaction 

between NucA and NuiA in Anabaena is facilitated by a metal-ion bridge between the active-

site metal ion and NuiA (Ghosh et al., 2007). Nin does not share any sequence or structural 

similarity to NuiA, and therefore any inferences made on the mechanism of binding of Nin to 

NucA/B based upon NucA:NuiA are unlikely to be correct. Indeed, PDBeFold analysis 

(Krissinel & Henrick, 2004) of the PDB reveals that Nin shares no structural homology with 

any other nuclease inhibitor deposited in the PDB, therefore, the mechanism of inhibition of 

NucA by Nin is currently a mystery.  
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Figure 5.12: Binding of NuiA to NucA in Anabaena is characterised by a metal-ion bridge. The structure of
the NuiA-NucA complex from Anabaena is shown rendered as a cartoon, with NucA coloured magenta, and
NuiA coloured cyan (Ghosh et al., 2005). The ββα domain of NucA is coloured red. Residues in NucA involved
in the hydrogen-bonding network surrounding the active-site Mg2+ are rendered as sticks and labelled. Oxygen
atoms from water molecules in the coordination sphere surrounding the active-site Mg2+ are rendered as small
red spheres Thr135 of NuiA coordinates the metal-ion (here represented by Mg2+), forming a metal ion bridge
with NucA, binding in the active site and preventing DNA entry.
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5.13 Aims of this study 

As discussed above, there is much to be discovered about NucA and NucB, and Nin in Bacillus 

strains; no biochemical studies have been reported on the Bacillus homologues of NucA since 

their discovery some ~30 years ago, nor has the interaction between NucA and Nin been probed 

on a molecular level. By contrast, the foundations have been laid for further study of NucB 

based on the structure of the B. licheniformis homologue of this protein (Basle et al., 2018), 

however, most of the work to-date has focussed on use of NucB as a biofilm-dispersing tool 

(Shields et al., 2013; Nijland et al., 2010; Shakir et al., 2012), rather than on its biological 

function. As Nin serves as a protective mechanism for several bacteria against their own 

endonucleases, disruption of the NucA/B:Nin interaction is likely to result in cell-death. A 

comprehensive understanding of the molecular basis of the interaction between these proteins 

is likely to facilitate the development of molecules capable of breaking up the interaction and 

could lead to a new class of antibiotics. In the subsequent Chapter, the interactions between 

NucA and NucB with Nin from B. subtilis are examined by a variety of biochemical techniques. 

A production and purification strategy is devised that circumvents cell death through genomic 

degradation upon expression of NucA and NucB using standard expression techniques in E. 

coli, allowing for their in vitro study. The structures of NucA and NucB with Nin is presented, 

allowing for the calculated dismantling of the protein complexes by structure-guided 

mutagenesis. This work builds upon much of the work described in this Section, providing 

further insight into key structural features required for nuclease-nuclease inhibitor interactions 

with sub-nM dissociation constants. 
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6.1 Background and aims 

As discussed in Section 5.11, recent work on NucB from a marine isolate of Bacillus 

licheniformis has been directed towards its potential as a biofilm dispersal agent, rather than 

towards its function or regulation (Baslé et al., 2018; Shields et al., 2013; Nijland et al., 2010; 

Shakir et al., 2012). The structures of NucA, NucB, and the Nuclease inhibitor, Nin, from the 

bacterial genera Anabaena, Serratia, Bacillus, and Streptococcus have been solved (Baslé et 

al., 2018; Ghosh et al., 2005; Moon et al., 2014; Shlyapnikov et al., 2000), and structural work 

on NucA from the marine cyanobacterium Anabaena has shed some light on the molecular 

intricacies of the interaction between NucA and NuiA, a functional, but not structural, 

homologue of Nin (Ghosh et al., 2007). The structure of Nin from B. subtilis has been solved 

in isolation, 4MQD, an unpublished output from a structural genomics group. To date, no 

structural or in-depth functional information has been published concerning the interactions 

between NucA and NucB with Nin from any Bacillus strain. This chapter describes the 

development and validation of a novel expression/purification strategy for NucA and NucB 

from B. subtilis, the structural basis of NucA and NucB inhibition by Nin, the determination of 

an upper limit of their affinities, and finally the calculated dismantling of the two protein 

complexes by structure-guided mutagenesis. The data generated in this chapter provide insight 

into the essential structural features required for the interaction between NucA/B and Nin, and 

may act as a basis for any structure-based bactericidal/bacteriostatic drug design targeted 

towards this interaction. The work discussed in this chapter also provides insight into essential 

molecular features of sub-nM affinity protein-protein interactions (PPIs), which may be applied 

generally to the study of PPIs in other organisms. 

 

6.2 Recombinant expression and purification of NucA, NucB, and Nin in E. coli 

Prior attempts to express NucA/B proteins using E. coli expression systems were unsuccessful 

(unpublished), likely a result of host genome degradation by NucA/B upon their expression. 

As a result of the difficulties associated with the production of active NucA/B in E. coli, all 

prior work concerning NucB in the Lewis lab had stemmed from a B. subtilis expression system 

that secreted Bacillus licheniformis NucB into the medium, and highly purified protein samples 

had been gifted to the lab for structural and biochemical studies. To ensure a readily-available 

supply of endonuclease for this work, render production of NucA/B more accessible, and 

develop an in-house genetic system for ease of producing site-directed mutants, a methodology 



 169 

for producing NucA and NucB in E. coli was developed, eliminating the need for external 

production of Nuc proteins from Bacillus strains. 

pET-22b(+) (Novagen) is an E. coli expression vector with a pelB signal sequence immediately 

upstream of its multiple-cloning site, and a hexahistidine tag immediately downstream. The 

PelB signal sequence is derived from the N-terminal signal sequence of pectate lyase B from 

Erwinia carotovora CE (Lei et al., 1987). Genetic attachment of the PelB signal sequence to a 

recombinant protein results in its localisation to the periplasm of E. coli through the Sec protein 

secretion pathway (Sockolosky & Szoka, 2013), which translocates proteins through the 

cytoplasmic membrane in an unfolded state. Use of the Sec pathway for translocation renders 

PelB-based expression a useful tool for NucA and NucB production as the endonucleases are 

not functional within the cell upon expression, rendering any self-induced genomic degradation 

highly unlikely. 

NucA and NucB were amplified from Bacillus subtilis gDNA, such that their N-terminal 

transmembrane domain/signal peptide, respectively. The N-terminally truncated sequences of 

NucA and NucB were cloned into the multiple-cloning site of pET-22b(+) using restriction-

based cloning techniques (Section 2.2.6), placing them in frame with the pelB signal sequence, 

replacing their native transmembrane domains/signal peptides with the pelB signal sequence 

(Figure 6.1). pET-22b(+) constructs harbouring NucA or NucB were transformed into 

competent E. coli C43(DE3) cells (Lucigen), a cell-line effective at expressing toxic proteins 

(Dumon-Seignovert et al., 2004). Expression of NucA and NucB was successful, and the two 

endonucleases were purified using successive steps of IMAC, ion-exchange chromatography, 

and gel filtration (Sections 2.); a representative polishing of NucA by gel filtration is shown in 

Figure 6.2. 
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Figure 6.1. Strategy for construction of an expression vector for the endonucleases NucA and NucB. nucA
and nucB were amplified by PCR from B. subtilis gDNA, restriction-digested, and ligated into the multiple-
cloning site (MCS) of pET-22b(+). The transmembrane domain (TMD), or signal sequence (SS), from nucA and
nucB, respectively, were removed from the sequences during the PCR reaction.
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Production of B. subtilis Nin proved to be far more straightforward, perhaps unsurprisingly as 

Nin is presumably a cytoplasmic, globular protein, biochemically inert except for the inhibition 

of the nuclease function of Nuc proteins. Nin was cloned from B. subtilis gDNA into the 

multiple cloning site of pETM-11 (Dümmler et al., 2005), such that the hexahistidine tag and 

TEV protease cleavage site present in pETM-11 were fused to the N-terminus of Nin. Nin was 

expressed in E. coli BL21(DE3) cells and purified by successive steps of IMAC, reverse-

IMAC, and gel filtration (Section 2.3.3-2.3.6). A representative purification of Nin is shown in 

Figure 6.3, all mutants of Nin described in this chapter were expressed and purified in the same 

fashion. 

Figure 6.2. Representative polishing of BsNucA by gel filtration chromatography. A) A typical gel
filtration chromatogram of BsNucA loaded onto a HiLoad Superdex 75 16/60 pg. B) A representative SDS-
PAGE of BsNucA. The major band running at about the 15 kDa molecular weight marker corresponds to
BsNucA (monomeric MW = 14.9 kDa). Based on these data, fractions 11-13 were pooled and concentrated for
further analysis.
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Polycistronic expression vectors were also constructed using pETM-11-Nin in which open 

reading frames encoding NucA or NucB were placed between the T7 promoter and the gene 

for Nin. Expression of NucA:Nin and NucB:Nin complexes using these vectors proved 

successful, however, yields of the complex were far lower than when purified in isolation (data 

not shown), therefore, this methodology for complex production was abandoned in favour of 

the construction of complexes in vitro. The reconstitution of complexes from individual 

components also enables thermodynamic and kinetic parameters of Nuc and Nin complexes to 

be measured. 

To confirm that the purification strategy applied here to NucA and NucB had no adverse effect 

on their structure, NucA and NucB were analysed by circular dichroism (Section 2.4.2). The 

CD spectra of NucA and NucB match that of the predicted CD spectrum of NucB calculated 
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Figure 6.3. Representative polishing of BsNin by gel filtration chromatography. A) A typical gel filtration
chromatogram of BsNin loaded onto a HiLoad Superdex 75 16/60 pg. B) A representative SDS-PAGE of BsNin.
The major band running at about the 15 kDa molecular weight marker corresponds to BsNin (MW = 15.3 kDa).
Based on these data, fractions 12-14 were pooled and concentrated for further analysis.
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by the PDB2CD webserver (Mavridis & Janes, 2017) using the published structure of BlNucB 

(PDB code 5OMT) as the input (Figure 6.4). Based on these data, it was concluded that the 

expression and purification strategy adopted here for NucA and NucB was appropriate for 

study of these proteins, and any concerns of aberrant protein folding was addressed 

successfully. 

 

Although this chapter focusses on work performed on B. subtilis NucA, NucB, and Nin, the 

same expression strategies were applied to the production of B. licheniformis NucA, NucB, 

and Nin. Work on the B. licheniformis proteins was undertaken by Lois Norton, a Master’s 

student under my tutelage in the lab, and our results were highly consistent (see Discussion).  

 

6.3 Interaction studies of NucA/B with Nin 

6.3.1 Nuclease inhibition assays 

In order to assess whether the NucA/B proteins purified in this study were biochemically 

functional, as well as whether Nin acted as a functional nuclease inhibitor in vitro or not, 

endonuclease reactions using NucA/B in the presence or absence of Nin were prepared and the 

Figure 6.4. Circular dichroism of NucA and NucB compared against the structure of BlNucB (PDB code
5OMT). The CD spectra for NucA and NucB were compared against the theoretical CD spectrum of BlNucB
generated from the crystal structure in PDB2CD. NucA and NucB are both similar enough to the theoretical
spectrum of NucB that they were assumed to be properly folded.
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results of these reactions analysed by agarose gel-electrophoresis (Section 2.2.6). NucB and 

NucA are both known to be dependent on divalent cations for their function (Ghosh et al., 

2005; Baslé et al., 2018), therefore, magnesium chloride was included in the reaction mix to 

ensure a sufficient supply of Mg2+ ions for nuclease function. Under these conditions, both 

NucA and NucB were capable of digesting plasmid DNA in vitro, and both were inhibited by 

the presence of Nin (Figure 6.5), suggesting that Nin could indeed inhibit the nuclease action 

of both NucA and NucB in vitro. Interestingly, the electrophoretic profile of the Nin-induced 

inhibition of NucA and NucB were highly comparable in this experiment, suggesting that the 

nature of inhibition may be similar for both complexes. In order to better characterise the 

NucA/B:Nin interaction proposed by the nuclease inhibition assays performed here, SPR and 

ITC were used to characterise the interactions. 

 

6.3.2 Surface plasmon resonance studies of NucA/B against Nin 

For all of the SPR experiments shown here, NucA and NucB were immobilised onto a Ni-NTA 

sensor chip via the non-cleavable His6-tag present at their respective C-termini. Nin was passed 

over the immobilised NucA or NucB and the interaction between the complexes measured 

(Section 2.5.2). For both NucA and NucB, binding was observed by SPR and the kinetic 

parameters for the NucA/B:Nin complex were assessed by a 1:1 binding model (Figure 6.6). 

The SPR data shown here are in agreement with the nuclease interference assay shown above, 

Figure 6.5. Nuclease interference assay of NucA/B with Nin. NucA and NucB were incubated with plasmid
DNA in the presence and absence of Nin and the products of the reaction analysed by agarose gel
electrophoresis. In comparison to the negative controls shown here (Plasmid alone and BSA), NucB and NucA
both show nuclease activity, evidenced by the loss of the longer DNA bands seen in the negative controls. In the
presence of Nin, the activity of NucA and NucB is reduced, and the longer DNA bands are seen in these lanes.
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and confirm that inhibition of NucA and NucB by Nin comes from a direct binding event 

between NucA/B and Nin. The KD calculated by SPR is in the low nanomolar range, 6.5 ± 1.2 

nM for NucA:Nin and 5.7 ± 3.5 nM for NucB:Nin. 

 

6.3.3 Isothermal titration calorimetry of NucA and NucB with Nin 

In order to supplement the binding data shown above with a parallel technique that does not 

rely on the immobilisation of a binding partner onto a surface, the interaction between NucA 

and NucB with Nin was also assessed by ITC. NucA and NucB were taken up into the syringe 

of the ITC instrument each at 200 µM, and 200 µl of Nin was aliquoted into the cell of the ITC 

instrument at 20 µM (Section 2.5.1). A series of 20 injections of 2 µl of NucA or NucB into 

Nin followed. Using this experimental setup, both NucA and NucB were found to interact 

strongly with Nin (Figure 6.7). Fitting of a binding isotherm model to the data suggests a low-

nanomolar KD of 4.4 nM for NucA and 7.1 nM for NucB. Although these calculated KD values 

appear to agree with those generated from the SPR data presented here, closer inspection of the 

ITC data suggest that the interaction between NucA/B and Nin is likely beyond the limits of 

detection for this methodology: as a result of the rapid saturation of all available Nin by 

NucA/B, very few data points are available in the interval between unsaturated and saturated 

states of Nin, 2 or 3 in each case, resulting in a C value outside the required range to calculate 

KD accurately (Section 2.5.1). In an attempt to address this concern, and acquire an accurate 

Figure 6.6. Surface plasmon resonance studies of A) NucA and B) NucB with Nin. NucA or NucB were
immobilised onto the Ni-NTA sensor chip, and Nin was passed over in a concentration series. The binding of
NucA or NucB with Nin was assessed using a 1:1 binding model in the Biacore Evaluation Software (GE
Healthcare). The experimental data are plotted as a black line, the models used to determine the kinetic
parameters of the reaction are plotted as red lines.
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KD, the concentration of NucA/B in the syringe was lowered, however, lowering the 

concentration of the protein in the syringe and increasing the concentration of protein in the 

cell resulted in less measurable heat energy being produced per injection (data not shown), and 

it was not possible to lower the concentration in the syringe sufficiently to measure the kinetics 

of the interaction accurately. The concentration of protein in the cell of the instrument was also 

increased, however, this only resulted in a right-shifting of the binding isotherm, but did not 

lower the C value of the isotherm (data not shown). It was concluded based on these 

experiments that the KD of the NucA/B:Nin interaction is likely to be sub-nanomolar. 

 

6.4 The crystal structure of NucA and NucB in complex with Nin 

Based on the wealth of positive binding data acquired for NucA/B:Nin, crystallisation trials 

were attempted on the protein complexes. Initially, purified NucA, NucB and Nin were 

subjected to crystallisation trials in isolation (Section 2.4.9). Crystals appeared for Nin within 

one week and were subjected to in-house X-ray diffraction experiments (Section 2.4.9) as a 

means by which to become familiar with the structure solution pipeline. The structure of Nin 

was solved by molecular replacement in PHASER (McCoy et al., 2007) using the structure of 

B. subtilis Nin already in the PDB (PDB code 4MQD), before their refinement to convergence 

using Coot, REFMAC5, PDB-REDO and MolProbity (Murshudov et al., 2011; Joosten et al., 

Figure 6.7. Isothermal titration calorimetry studies of A) NucA and B) NucB with Nin. NucA or NucB
were injected into Nin in the ITC instrument. The interchange between unsaturated and saturated Nin is
sufficiently rapid that the kinetics of the interaction between NucA and NucB with Nin are unable to be
accurately determined. Therefore the KD values shown here calculated by the MicroCal Evaluation software
(Malvern Panalytical) are likely to represent an upper-limit for this interaction.
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2014; Williams et al., 2018; Emsley & Cowtan, 2004). The structure of Nin presented here 

confirms the structure of Nin in the PDB, and provides a basis for any comparisons between 

the structure of Nin in isolation with that of the complex (Figure 6.8). Nin’s secondary structure 

is predominantly made up of b-sheets, with 48 % of the structure comprising b-sheet, 4.8 % 

comprising a-helices, and 47.2 % comprising loops/turns/disordered regions. The structure of 

Nin is that of a b-sandwich (Figure 6.8a), the two regions of b-sheet responsible for the 

formation of this b-sandwich arrangement are clearly laid out in the topology diagram for Nin 

(Figure 6.8b). 

 

 

β3
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β2

β4 β5
β6

β7
β8

β9
β10

β11

α1

Figure 6.8. The A) structure and B) topology of Nin. Nin is rendered as a cartoon with beta-sheets coloured
yellow and alpha-helices coloured in red. Nin is composed primarily of beta-sheets, comprising 48 % of the
overall structure.
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By contrast, no crystals of B. subtilis NucA or NucB appeared during the course of these 

experiments, although no further attempts to crystallise these proteins in isolation were made 

as they quickly became redundant, partly because the Lewis lab had already solved the structure 

of isolated B. licheniformis NucB (Baslé et al., 2018) and partly because of progress with the 

structural analysis of the Nuc:Nin complexes (see below). Purified NucA or NucB proteins 

were incubated separately with Nin at a 1:1 molar ratio immediately prior to setting up 

crystallisation trials; an alternative strategy was to purify the protein complexes from the 

mixture by SEC immediately prior to crystallisation, ultimately this approach was not required. 

Crystals for both NucA:Nin and NucB:Nin complexes from B. subtilis appeared after one week 

(Figure 6.9) and were subjected to X-ray diffraction experiments at Diamond Light Source 

(Section 2.4.9) with the help and guidance of Arnaud Baslé (Structural Biology Laboratory, 

Newcastle University). 

 

The structures of NucA:Nin and NucB:Nin were solved by molecular replacement in PHASER 

(McCoy et al., 2007) using the structures of B. licheniformis NucB and B. subtilis Nin (PDB 

codes 5OMT and 4MQD, respectively) simultaneously as search models. Sequence 

mismatches between molecular replacement solutions and B. subtilis NucA/B and Nin were 

automatically fixed using CCP4Build before refinement to convergence using Coot, 

REFMAC5, PDB-REDO and MolProbity (Murshudov et al., 2011; Joosten et al., 2014; 

Williams et al., 2018; Emsley & Cowtan, 2004). The structure of NucA/B in complex with Nin 

is shown in Figure 6.10. Data collection parameters and refinement statistics for NucA:Nin and 

NucB:Nin are shown in Table 6.1. 

Figure 6.9. Crystallisation of A) NucA and B) NucB with Nin. NucA and NucB were incubated at an
equimolar ratio and subjected to crysallisation trials. The crystals shown here appeared after one week.
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Figure 6.10. The crystal structures of BsNucA and BsNucB in complex with BsNin. BsNin, BsNucA, and
BsNucB are rendered as cartoons, with BsNin coloured magenta, BsNucB coloured cyan, and BsNucA coloured
orange. The structure of BsNin rendered here is that of the BsNucB:BsNin complex.

Nin

NucA

NucB
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The overall folds of NucA and NucB are in essence indistinguishable from each other, as well 

as from their non-complexed counterparts (Figure 6.11b), with pairwise r.m.s.d. values in the 

0.50 Å to 0.67 Å range over 104 matched Ca atoms (out of 114 total amino acids visible) 

(RMSD values were calculated in PyMol (Schrödinger)). It follows from their structural 

similarity to B. licheniformis NucB that B. subtilis NucA and NucB are also members of the 

ββɑ family of metal-dependent endonucleases and share an identical topology to BlNucB. 

BsNucA and BsNucB are single-domain globular proteins with five b-strands and three a-

helices. Nin was also found to be superimposable with its non-complexed counterpart, with an 

r.m.s.d. of 0.52 Å (out of 97.7% of total Ca atoms) (RMSD values were calculated in PyMol 

(Schrödinger)), suggesting that no substantial structural re-arrangement appears to occur upon 

binding of any of the proteins to one another (Figure 6.11a). Key active site residues known to 

be essential for BlNucB activity (Baslé et al., 2018) are maintained in BsNucA and BsNucB, 

and are structurally superimposable, supporting the likely importance of these residues for 

nuclease function (Figure 6.12).  

 



 181 

  

Figure 6.11. Superposition of all solved structures of NucB, NucA and Nin. A) BlNucB (PDB code 5OMT),
BsNucB, and BsNucA are rendered as cartoons and coloured in magenta, cyan, and orange, respectively. The
structure of all three proteins is identical, suggesting no major structural rearrangement occurs upon Nin binding.
B) BsNin from the PDB structure (PDB code 4MQD, yellow), the unbound structure presented in this study
(green), and both the NucA (cyan) and NucB-bound (red) structures are overlaid. As is the case for NucA/B,
each structure of Nin is superimposable, therefore no major structural rearrangement occurs for Nin upon
binding to NucA/B. (RMSD values were calculated in PyMol (Schrödinger))
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Figure 6.12. Superposition of active site residues in all solved structures of NucA/B. The residues known to
be essential for nuclease activity in BlNucB and BsNucB are rendered as sticks and overlaid with their
counterparts in BsNucA. Apart from Asp102 in BsNucB, each residue shown is structurally conserved between
all currently solved structures, providing further evidence of the essentiality of these residues for nuclease
activity. Asp102 forms a hydrogen bond with His47 in BsNucB, serving the same purpose as Ser108, which
forms a hydrogen bond with His53 in BlNucB. (RMSD values were calculated in PyMol (Schrödinger))
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Based on the model of DNA-binding proposed for BlNucB and BsNucB (Baslé et al., 2018), it 

is immediately obvious from the structure of the NucA/B:Nin complex that the mechanism of 

inhibition of NucA and NucB by Nin is competitive. Nin fits directly into the DNA-binding 

active site of NucA and NucB, rendering it impossible for DNA to access the residues 

responsible for cleavage of the sugar phosphate backbone at the same time that Nin is bound 

(Figure 6.13). Many conserved residues on NucA, NucB, and Nin sit at the interface between 

the proteins (Figure 6.14), in particular Tyr14, which is situated in a position that is likely to 

sterically occlude DNA-binding as well as displacing the catalytic divalent cation required for 

catalysis, is invariant in Nin orthologues. As the region of interaction on NucA/B is the 

endonuclease active site, the degree of conservation seen in this region of the protein is likely 

a result of the essentiality of residues in this region of the protein for its nuclease activity. 

Indeed, prior structure-guided mutagenesis work in the Lewis lab has already confirmed the 

essentiality of the active site residues His47, Asp87, Glu88, and Asn111 for BsNucB function 

(Baslé et al., 2018). As Nin has no proposed roles in the cell outside of nuclease inhibition, the 

degree of conservation seen at the interaction site of Nin likely points to these residues as 

essential for the interaction between NucA/B and Nin. The structure of Anabaena NucA in 

complex with NuiA is made possible by a metal-ion bridge (Ghosh et al., 2007); no such metal-

dependent interaction is seen for NucA:Nin or NucB:Nin. Instead, Nin residue Tyr14 appears 

to sit in the place of the metal ion in the active-site of NucA/B. 
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Figure 6.13. Mechanism of inhibition of nuclease activity by Nin. A) The model of DNA-binding by NucB,
here modelled using the structure of BsNucB from the NucB:Nin complex structure presented in this study. A
close-up of the active-site is shown highlighting the putative position of the divalent cation essential for
catalysis, as well as some of the residues implicated in catalysis. B) The structure of NucB in complex with Nin,
with a close-up on the active site, where Tyr14 on Nin is buried.
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6.5 Structure-guided dismantling of the NucA/B:Nin complex by site-directed 

mutagenesis 

With the structure of the protein complexes in hand, attempts were made to disrupt the 

interaction between NucA/B and Nin. Initially, single residue point-mutations were made to 

Nin such that easy comparisons could be made between any features found to be important for 

the interaction on both the NucA and NucB complex. Residues to be mutated were chosen 

based on a combination of their conservation and their bonding interactions with NucA/B. Of 

the 22 residues on Nin involved in interactions with NucA/B, eight were chosen to be mutated, 

Ser11 (conservation score (CS) of 6 calculated by the ConSurf webserver, where 9 = conserved 

and 1 = variable), Tyr14 (CS 9), His15 (CS 8), Gln16 (CS 9), Glu50 (CS 8), Glu90 (CS 5), 

Met93 (CS 6) and Arg96 (CS 4), each of which sit in the binding interface between Nin and 

NucA/B (Figure 6.15). Arg96, Glu50, and His15 each form salt bridges with NucA/B residues 

Asp135/Asp130, Arg123/Arg118 and Asp96/Asp91, respectively, and as such were expected 

to confer some degree of essentiality for the NucA/B:Nin interaction. Gln16 and Glu90 form 

hydrogen bonds with NucA/B residues Arg123/Arg118 and His131/His126, respectively, 

rendering these residues likely to contribute significantly to the interaction between the two 

proteins. Ser11, His15, Met93, and Tyr14, whilst only involved in non-bonding contacts with 

Figure 6.14. Conservation of interfacial residues between NucA and Nin. Nin or NucA are represented as a
molecular surface and coloured according to degree of residue conservation. The greatest degree of conservation
in the two proteins is at the interface between the two proteins. Whilst for NucA this is likely due to the
essentiality of these residues for nuclease activity, for Nin, this is likely a result of interfacial residues being
essential to its activity as a nuclease inhibitor.
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residues in NucA/B, are all buried within the NucA/B active-site in the complex structure, 

suggesting that they might contribute in part to complex formation. 

 

 

 

Figure 6.15. The selection of residues chosen for mutation in Nin. A) Nin is rendered as a cyan cartoon, and
NucB rendered as a transparent grey surface plot and cartoon. The residues chosen for mutation are rendered as
sticks and are coloured red. All of the mutations chosen in this study sit directly in the binding interface between
Nin and NucA/B. B) Nin is rendered as a cartoon with the residues chosen for mutation rendered as sticks. Nin
is coloured according to residue conservation. With the exception of Arg96, each mutation chosen in this study
is well conserved. C) Nin is rendered as a cyan cartoon with the residues chosen for mutation rendered as red
sticks.
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Initially, each of the described residues were mutated to alanine, apart from Tyr14 and His15, 

which were both mutated to phenylalanine as well as alanine, resulting in 10 mutants overall. 

The plasmids for each mutant were generated by Hannah Gaimster in Heath Murray’s lab 

(Centre for Bacterial Cell Biology, Newcastle University), and the resulting mutant plasmid 

DNA verified by sequencing before use. Each mutant was expressed in and purified from E. 

coli, following the same expression and purification protocol as described for wild-type Nin 

(Section 6.2). One mutant out of the initial 10, NinGlu90Ala, did not purify as expected, and the 

mutant protein was found in the insoluble fraction following cell lysis. It was assumed based 

on this observation that mutation of this residue has an aberrant effect on protein folding, and 

any further work on Glu90 was abandoned. Glu90 is also one of the least conserved amino 

acids chosen for analysis and therefore is unlikely to play a critical role in driving molecular 

recognition events involving Nin. Inspection of the structure of Nin suggests that the 

intramolecular interaction of Glu90 with Arg96 has been lost with the truncation of the 

former’s side chain to the neutral amino acid alanine, and this interaction would thus seem to 

be critical to either protein folding or protein stability. The remaining nine Nin mutants were 

expressed and purified successfully, and their interactions with NucA and NucB were measured 

by ITC. Of the nine mutants tested, and the 18 experiments performed, no appreciable change 

in binding affinity was observed between any of the mutant Nin proteins and NucA/B by ITC 

and the results are summarised in Table 6.2. It is possible that the mutations tested here did 

have subtle impacts on the interaction between Nin and NucA/B, but because of the limits of 

detection of the methodology, subtle changes in binding affinity between the proteins were not 

detected; furthermore, it was outside the timescale of this project to develop an assay (e.g. 

FRET or other fluorescence-based methods) capable of measuring the sub-nanomolar KD of 

the wild-type proteins, such that any subtle changes arising from the mutations tested here 

could be measured. 
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Following on from the failure of the Nin mutants to elicit any measurable change in binding 

affinity, two charge-flip mutations were constructed in an attempt to increase the magnitude of 

the disruption of the complex. Since Glu50 and Arg96 in Nin form salt bridges with their 

binding partners in NucA and NucB, a charge-flip mutation could repel mutated Nin from 

NucA/B (Figure 6.16). Two charge-flip mutations, NinGlu50Arg,Tyr14Ala, and NinArg96Glu,Tyr14Ala 

were made, both mutations were made in the NinTyr14Ala background in order to increase the 

likelihood of success in these mutants. As with the first round of Nin mutations, plasmids for 

NinArg96Glu,Tyr14Ala and NinGlu50Arg,Tyr14Ala were generated by Hannah Gaimster, and both mutants 

were expressed and purified as described for wild-type Nin (Section 6.2). 
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Figure 6.16. Charge-flipping mutations made to Nin. Nin is rendered as a cyan cartoon with Glu50, Arg96,
and Tyr14 rendered as sticks. NucB is rendered as an electrostatic surface, where red constitutes a negatively
charged region of the structure, and blue represents a positively charged region of the structure. Glu50 and
Arg96 form charge-based interactions with their binding partners on NucA/B, therefore flipping the charges on
these residues should result in repulsion at these sites, weakening the interaction between Nin and NucA/B.
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The interaction between NinArg96Glu,Tyr14Ala and NinGlu50Arg,Tyr14Ala against NucA and NucB was 

measured by ITC and a decrease in affinity was observed (Figure 6.17). The decrease in affinity 

seen between these mutant Nin proteins and NucA/B brings the KD of the protein complexes 

into a measurable range for this methodology, allowing for a more accurate determination of 

KD for these proteins, with at least 6 data points between the two plateaus in the thermograms 

in all cases, enabling a sensible C value to be calculated. NinArg96Glu,Tyr14Ala was found to have 

a KD of 268 ± 57 nM, and 45.2 ± 14 nM for NucA and NucB, respectively, whilst 

NinGlu50Arg,Tyr14Ala was found to have a KD of 812 ± 109 nM, and 121 ± 17 nM for NucA and 

NucB, respectively. Following the success of both charge-flipping mutants in disrupting the 

NucA/B:Nin interaction, a triple mutant of Nin was generated, incorporating all of the 

aforementioned mutations into one Nin mutant, NinArg96Glu,Tyr14Ala,Glu50Arg. Plasmid DNA for 

NinArg96Glu,Tyr14Ala,Glu50Arg was generated by Hannah Gaimster and expressed and purified as 

described for all other Nin constructs described in this study. Purified NinArg96Glu,Tyr14Ala,Glu50Arg 

was subjected to ITC experiments against NucA and NucB as described above, and a complete 

abolition of binding between the two proteins was observed (Figure 6.18). 
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Figure 6.17. Effect of charge-flipping mutations to Nin on the NucA/B:Nin interaction. A) Introduction of
either charge-flipping double mutant to Nin results in a decrease in binding affinity between NucA/B and Nin,
such that an accurate KD is measurable using this methodology. Glu50Arg, Tyr14Ala appears to have a greater
effect on binding between the two proteins, and in both cases, the effect on binding to NucA is greater than for
NucB.

Time (min)

D
P 

(µ
ca

l/s
)

KD = 45.2 nM ± 14.6 nM

Molar Ratio

ΔH
 (k

ca
l/m

ol
)

Time (min)

D
P 

(µ
ca

l/s
)

KD = 268 nM ± 57.6 nM

Molar Ratio

ΔH
 (k

ca
l/m

ol
)

NucB x NinArg96Glu,Tyr14AlaNucA x NinArg96Glu,Tyr14Ala

Time (min)

D
P 

(µ
ca

l/s
)

KD = 812 nM ± 109 nM

Molar Ratio

ΔH
 (k

ca
l/m

ol
)

Time (min)

D
P 

(µ
ca

l/s
)

KD = 121 nM ± 17.0 nM

Molar Ratio

ΔH
 (k

ca
l/m

ol
)

NucB x NinGlu50Arg,Tyr14AlaNucA x NinGlu50Arg,Tyr14Ala



 192 

 

In order to test whether the successful complex-disruptive mutants identified in this study had 

any effect on nuclease inhibition in vitro, nuclease activity assays were carried out in which 

NucA was incubated with wild-type and mutant forms of Nin, and the ability of NucA to 

degrade plasmid DNA assessed by agarose gel electrophoresis (Figure 6.19). 

Figure 6.18. Effect of the triple mutant of Nin on binding to NucA/B. The triple Nin mutant described in this
study abolishes binding of Nin to NucA and NucB, resulting in an inability to fit a binding isotherm to the data.
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Figure 6.19. Nuclease activity assays performed with Nin mutants. NucA was incubated with plasmid DNA
in the presence and absence of Nin, and a selection of the Nin mutants described in this study. WT Nin, as well
as the Tyr14Ala mutant, render NucA incapable of digesting plasmid DNA. In the presence of the three charge-
flipping mutants described in this study, NucA is able to digest plasmid DNA, as the interaction between the
proteins is sufficiently disrupted.
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Unsurprisingly, the mutations shown in this study to disrupt binding of Nin to NucA/B were 

less inhibitive to NucA, whilst wild-type Nin and the Tyr14Ala mutant were still able to inhibit 

NucA activity completely. Interestingly, the NinTyr14Ala,Glu50Arg double mutant, which still 

retained some binding to the two Nuc proteins, is comparable to the triple mutant of 

NinTyr14Ala,Glu50Arg,Arg96Glu, which completely abolished binding between NucA/B and Nin, 

suggesting that the incredibly tight binding seen between the wild-type proteins is likely 

essential for the proper function of Nin as a genomic defender. In order to rule out protein 

misfolding as the cause of any loss of function to Nin, each complex-disruptive Nin mutant 

was subjected to CD analysis and compared against the spectrum for the wild-type protein, as 

well as the predicted spectrum of Nin generated using the PDB2CD webserver using the 

deposited structure of Nin (PDB code 4MQD) (Figure 6.20). The CD spectrum of each Nin 

mutant used in this study is comparable to that of the wild-type protein and the predicted CD 

spectrum, confirming that the effects on binding presented in this study are the result of genuine 

residue-level interaction disruption, rather than protein misfolding. 

 

 

Figure 6.20. Comparison of the CD spectra of Nin mutants with wild-type Nin. The CD spectra of each
mutant found to disrupt the NucA/B:Nin interaction in this study is shown compared with wild-type Nin. Also
shown is the predicted spectrum of Nin based on the structure of Nin deposited in the PDB (PDB code 4MQD).
The CD spectra of each Nin mutant tested are comparable with the spectrum of the wild-type protein,
confirming that the reduction in binding affinity seen in the experiments in this chapter is not a result of the
misfolding of Nin mutants.
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6.6 Discussion 

Unfortunately, time constraints did not allow for the study of the effects of complex-ablative 

Nin mutants on cell growth, however, the work presented here form the basis for further 

experiments testing the effect of the complex-ablative mutants identified here on cell viability 

in vivo. Should any of the mutations presented here convey a lethal phenotype to the host cell, 

future work in this area could focus on the development of a small-molecule inhibitor capable 

of disrupting the NucA/B:Nin interaction, as this may potentially present new avenues for 

bactericidal/bacteriostatic drug design. A small-molecule compound capable of disrupting the 

interaction between NucA/B and Nin may as a result be capable of causing self-induced 

genome degradation by NucA/B. It was not possible to determine an accurate binding affinity 

for wild-type NucA/B with Nin in this study. Few techniques are capable of accurately 

measuring sub-nM protein-protein interactions in any event, however, future work could 

concern the acquisition of an accurate KD value for the wild-type NucA/B:Nin interaction 

through a technique such as Förster Resonance Energy Transfer (FRET), or stopped-flow 

fluorescence spectroscopy. Accurate measurement of a wild-type KD would mean that the 

single-residue alanine mutations described here may be re-tested, and any subtle changes in 

binding affinity in these mutants may become discernible. The NucA/B:Nin interaction could 

provide a new system amenable to genetics, biochemistry and biophysics, and the structural 

biology may enable wider lessons about ultra-tight PPIs to be learned. 

The molecular mechanisms underpinning NucA and NucB secretion in Bacillus strains are not 

yet understood, by extension, whether secretion of NucA/B occurs in a folded or an unfolded 

state is not known. Should NucA or NucB be transported in a folded state, Nin may act as a 

chaperone for NucA and NucB, protecting the genome from degradation during nuclease 

export. The sub-nM binding affinity observed in this study would pose an interesting dilemma 

regarding the mechanism through which the nuclease-inhibitor complex is dismantled at the 

cell membrane to allow for nuclease export. It is also possible that Bacillus NucA and NucB 

are translocated in an unfolded state, like their counterparts in Serratia marcesans (Suh et al., 

1996), and a pool of Nin is present in the cytoplasm in order to “mop-up” any spontaneous 

nuclease folding events prior to export. The mechanism of secretion of NucA/B in Bacillus, as 

well as the exploration of Nin’s potential role as a chaperone to NucA/B is a potentially fruitful 

avenue to explore in the future. 

The absence of a divalent cation in the active site of NucA or NucB in the complex structures 

presented here suggest that, if present upon Nin binding, the active-site cation is ejected from 
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NucA/B prior to or during Nin binding. Analysis of the structures of NucA and NucB using 

CAVER (Chovancova et al., 2012) reveals a channel within NucA and NucB connecting the 

active site of the nucleases, to an exit point on the opposite face of the proteins (Figure 6.21). 

Future modelling of cation exit by molecular dynamics may reveal the molecular intricacies of 

cation exit during Nin binding. 

 

The work presented here provides structural and biochemical insight into structural features 

essential for high affinity protein-protein interactions, and provides a springboard for future 

work regarding the mechanism of NucA and NucB secretion by Bacillus strains, and the 

importance of Nin for this process. Under my supervision, a Master’s student in the lab began 

work on B. licheniformis NucA, NucB, and Nin, however this work was only taken as far as 

protein expression, and the B. subtilis versions of these proteins were chosen for this study. 

Figure 6.21. A potential mechanism for cation exit in NucB. Calculation of channels in NucB using CAVER
(Chovancova et al., 2012) reveals a channel though the protein (rendered in red spheres) through which the
active-site divalent cation may be ejected during a Nin binding event.

90 ° 90 °
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Appendix I. Data published in Eswara et al., 2018 
  

Supplementary Figure 1: CD Data presented in Eswara et al., 2018. The range used during analysis covers 
200-280 nm, and is particularly noisy at the lower wavelengths. 

Supplementary Figure 2: A) SDS-PAGE analysis of SaGpsB and SaGpsBL35S, a clear difference in 
electrophoresis is seen between the wild-type protein and the single point mutant, not rationalised by the 
author 
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Appendix II. List of primers used in this study 

DivIVA_FL_NtermMB

P_EcoRI 

gatgagctctacaaaGGTAGCGGCAGCGGTAGCGGCatgCCGTT

CACCCCGAAC 

DivIVA_MBP_Rv_Xho

I 

ACTCGAGCTGGTCTAGAAAGCTTTATTTCTTGGTGGTT

TCGCTAT 

D4A_56-120_iPCR_rev GTTGGTATCACGTTCCTCGATCACTTT 

D4A_57-120_iPCR_rev AATGTTGGTATCACGTTCCTCGATCAC 

D4A_57-120_iPCR_fwd GATATGAAGCGTCAAAGCAAAGTGTTC 

D4A_57-121_iPCR_fwd ATGAAGCGTCAAAGCAAAGTGTTCCGT 

S59STOP_fwd GAACGTGATACCAACATTAAGTAATACCAGGACGTGC

ACCAAAG 

S59STOP_rev CTTTGGTGCACGTCCTGGTATTACTTAATGTTGGTATC

ACGTTC 

D4A_1-

57_CtermHis_fwd 

GCGGCGCTCGAGAATGTTGGTATCACGTTCCTCG 

D4A_1-

57_CtermHis_fwd 

GCGGCGCATATGCCGTTCACCCCGAACGAGATC 

DivIVA_Cterm_Asp72_

fwd 

GGTCTGGAAGTTCTGTTTCAGGGTCCGGATACCAACA

TTAAGAGCT 

DivIVA_Cterm_Ala88_f

wd 

GGTCTGGAAGTTCTGTTTCAGGGTCCGGCGCTGATCC

AGGCGCAAAAAG 

DivIVA_Cterm_Ala109

_fwd 

GGTCTGGAAGTTCTGTTTCAGGGTCCGGCGATCATTGC

GAAGGCGGA 

DivIVA_Cterm_Met139

_fwd 

GGTCTGGAAGTTCTGTTTCAGGGTCCGATGAAGCGTC

AAAGCAAAGT 

DivIVA_Cterm_rev CGCTTTCCAGTCGGGTCGACGGTTATTTCTTGGTGGTT

TCGCTATCG 

M139STOP_SpeI_fwd gtcgtctggcgtttcagaccgaagactagtagcgtcaaagcaaagtgttc 

M139STOP_SpeI_rev gaacactttgctttgacgctactagtcttcggtctgaaacgccagacgac 

Q157STOP_AflII_fwd gttttcgtatgctggttgaggcttaagtggacctgctgaagaacgaagactg 

Q157STOP_AflII_rev cagtcttcgttcttcagcaggtccacttaagcctcaaccagcatacgaaaac 
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I184STOP_SpeI_fwd GCAAGTGACCCTGGAAAACTAGTACCACCTGCACGAG

AACGAC 

I184_STOP_SpeI_rev GTCGTTCTCGTGCAGGTGGTACTAGTTTTCCAGGGTCA

CTTGC 

S206STOP_AflII_Fwd CGAACGCGCAGAACAACGCTTAAGACACCCCGGACA

ACAACCAG 

S206STOP_AflII_Rev CTGGTTGTTGTCCGGGGTGTCTTAAGCGTTGTTCTGCG

CGTTCG 

nin_NcoI_fwd GCGGCGCCATGGCGATGATCAAATCATGGAAGCCGCA

A 

nin_NdeI_fwd GCGGCGCATATGATCAAATCATGGAAGCCGCAA 

nin_XhoI_rev GCGGCGCTCGAGTTACACAGAAACAGCATCAAT 

nucA_NcoI_fwd GCGGCGCCATGGGAGACTTTTTCTCAGCTGAT 

nucA_XhoI_rev GCGGCGCTCGAGCTGAATTGTGAATAAAACCTT 

nucB_NcoI_fwd GCGGCGCCATGGGCGCATCTTCGTATGACAAA 

nucB_XhoI_rev GCGGCGCTCGAGCTGCACAATAAACAGCACTCT 

E83STOP_SpeI_fwd gaGGAAAACCACAAACTGAAGAAATaactagtGGAACTGC

Gtctgcgtg 

E83STOP_SpeI_rev cacgcagaCGCAGTTCCactagttATTTCTTCAGTTTGTGGTTT

TCCtc 
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Abstract
Bacteria are surrounded by a complex cell envelope made up of one or two mem-

branes supplemented with a layer of peptidoglycan (PG). The envelope is responsible

for the protection of bacteria against lysis in their oft-unpredictable environments and

it contributes to cell integrity, morphology, signaling, nutrient/small-molecule trans-

port, and, in the case of pathogenic bacteria, host–pathogen interactions and virulence.
The cell envelope requires considerable remodeling during cell division in order to

produce genetically identical progeny. Several proteinaceous machines are responsible

for the homeostasis of the cell envelope and their activities must be kept coordinated

in order to ensure the remodeling of the envelope is temporally and spatially regulated

correctly during multiple cycles of cell division and growth. This review aims to high-

light the complexity of the components of the cell envelope, but focusses specifically

on the molecular apparatuses involved in the synthesis of the PG wall, and the degree

of cross talk necessary between the cell division and the cell wall remodeling machin-

eries to coordinate PG remodeling during division. The current understanding of many

of the proteins discussed here has relied on structural studies, and this review concen-

trates particularly on this structural work.

KEYWORD S

cell division, cell wall, divisome, peptidoglycan

1 | INTRODUCTION

Bacteria are classified into two groups, Gram-negative and
Gram-positive, based on their response to the Gram stain.
Gram-negative cell envelopes consist of both an inner and
an outer membrane (IM and OM, respectively), which
encapsulate a relatively thin peptidoglycan (PG) layer a few
nanometers (nm) thick.1 By contrast, Gram-positive bacteria
have only a single membrane surrounded by a much thicker
PG layer, ranging from 30 to 100 nm in thickness.2 It is this
thick, external layer of PG in Gram-positive bacteria that
allows for the retention of the Gram stain. It makes sense
that the Gram nomenclature for bacterial cells has remained
an important classification since its development by Hans

Christian Gram in 1884, as it provides important information
about the gross structure of bacterial cell walls. The PG layer
is a defining feature of bacteria, distinguishing them from
archaea or eukaryotes. The tensile strength of PG allows
bacteria to thrive in a variety of environments, indeed,
targeting the proteins responsible for PG renewal in bacteria
has been central to mankind's fight against infectious dis-
eases.3 While some chemical moieties in PG differ between
species of bacteria, the general structure of PG comprises
repeating disaccharides of N-acetylglucosamine (GlcNAc)
and N-acetylmuramic acid (MurNAc), cross-linked between
MurNAcs via short (four or five residues) peptide stems
(Figure 1), to form a lattice-like arrangement.4 The fifth, ter-
minal D-alanine is normally lost during PG maturation.
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Some variations on this basic theme include additional short
(one to five residue) peptide linkers between the peptide
stems, which normally (but not exclusively) are cross-linked
between the amino group from the sidechain of residue
3 and the carboxyl group of D-alanine at position 4 (a three
to four cross-link). The direct cross-links typically also
involve residues 3 and 4. Differences in the structure and
regulation of PG and its synthesis are responsible for varia-
tions in cell integrity and morphology,4,5 highlighting the
importance of the PG layer to bacteria. The synthesis of PG
is a complex multienzyme process initiated in the cytoplasm
and subsequently linked to the inner (and outer) leaflet of
the cell membrane. PG synthesis has been studied relatively
extensively, particularly in the rod-shaped model organisms
Escherichia coli and Bacillus subtilis, which are representa-
tives of the Gram-negative and Gram-positive groups,
respectively. Consequently, the anabolism of PG is fairly
well understood.6 The coupling of PG hydrolysis and
resynthesis during cell division is essential for the cell to
avoid an untimely death; however, the study of this synergy
is a field that remains in its infancy.

In the majority of cases, bacteria undertake a process of
binary fission through which two identical daughter cells are
produced from a parental cell, which involves the establishment

of a site of division, elongation (in some cases), chromosome
replication and segregation, generation and closure of a sep-
tum, and finally separation of the two cells at the septum. Cell
division is thus an exceptionally complicated cycle of events
requiring a multitude of spatial and temporal backstops for it
to be undertaken successfully. There is, however, insufficient
scope in this review to consider the spatiotemporal coordina-
tion of chromosome replication and segregation with the later
steps of cell division. While the fundamental events in this
process are conserved across the entire bacterial kingdom,
species-specific nuances are observed, often related to the
structure of the cell envelope, variations in morphology, or
the identity and nature of some of the regulators. Defining
mid-cell is a critical step of division and is undertaken differ-
ently depending on the bacterial species. In rod-shaped bacte-
ria, such as B. subtilis and E. coli, the mid-cell is defined at
the mid-point of the longest edge of the cell, where the sep-
tum forms in a ring across the shortest width of the cell. In
spherical bacteria (cocci), such as the Staphylococci, mid-cell
is defined at the point at which there is the longest diameter
of cross section of the spherical cell, and the septum forms
around the circumference of the cell in a ring,7–9 and subse-
quent division planes are placed orthogonally to the previous
because the PG “pie-crust” rings are important topological
markers of past sites of division in Staphylococcus aureus.9

FIGURE 1 The general structure of peptidoglycan (PG). The general structure of the matrix of PG is shown as a cartoon in which sugar
moieties are represented as hexagons and the amino acids that comprise the peptide stems are shown as circles. The identity of the residues present
in the cartoon represent the majority of Gram-negative/Gram-positive peptide stems, respectively. Variability in the presence of the D-Ala residues
in mature PG at positions 4 (which is sometimes lost) and 5 (which is always lost) of the peptide stem is represented by a cross-hatched fill and a
dashed outline with a gradient fill, respectively. The most common peptide linker in PG is formed between positions 3 and 4 of the peptide stem
(as shown here). The chemical structure of the peptide cross-link varies, and may be composed of a direct link between residues in the peptide stem,
or may be comprised of a peptide link, such as the penta-glycine linker present typically in S. aureus
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In ovococci, like Streptococcus pneumoniae, both cell length
and diameter considerations are important for determining mid-
cell.10 The location of septum formation is a good example of
the level of control involved throughout; in many rod-shaped
bacteria (such as E. coli) its position rarely varies in location
beyond a few percent, resulting in progeny that rarely vary in
volume outside of this margin (~4%).11 Placement of the sep-
tum is aided by the Min and nucleoid occlusion systems, which
both act as inhibitors of the septal ring progenitor protein,
FtsZ.12–15 Some bacteria that lack the Min system, such as
Mycobacterium tuberculosis, seem to utilize a different, albeit
less-efficient system for determining mid-cell as cell division
of this species results in daughter cells of different sizes.12 Sep-
tum formation and constriction of the cell into two daughter
cells are common themes between both Gram-negative and
Gram-positive bacteria; however, Gram-positive bacteria form
a complete septum across the mid-cell before division occurs,
whereas a Gram-negative bacterium divides while developing
its septum simultaneously.7 Whether cell elongation occurs
during/prior to this process is also species specific and is not

necessarily predictable by morphology and/or cell wall compo-
sition alone.

There are obviously a great number of fine details rele-
vant to these processes suitable for review but, for the sake
of brevity, we will discuss briefly the make-up of the enve-
lope of both Gram-negative and Gram-positive bacteria,
before discussing the mechanisms through which bacteria
build their wall, the proteins involved in regulating cell divi-
sion in context of the life cycle of the cell, and the signifi-
cance of understanding these processes with regards to their
potential for exploitation in the pursuit of much needed new
antibiotics.

2 | THE GRAM-NEGATIVE
ENVELOPE

The OM of Gram-negative bacteria is an asymmetrical
bilayer (Figure 2) consisting of phospholipids and lipopoly-
saccharides, which assemble into the inner and outer leaflets

FIGURE 2 Comparison of the cell envelopes of Gram-negative (left) and Gram-positive (right) bacteria. The cell envelope of Gram-negative
bacteria comprises of an inner (IM) and outer membrane (OM) decorated with lipopolysaccharide (LPS), sandwiching a relatively thin layer of
peptidoglycan (PG). By contrast, the cell envelope of Gram-positive bacteria is comprised of a single cell membrane surrounded much thicker PG
layer complemented with lipoteichoic acid (LTA) and wall teichoic acid (WTA). Cross-links between peptide stems are shown as three to four
cross-links for the sake of simplicity. Not shown are the multitude of proteins that sit in the inner and OM of Gram-negative bacteria, nor those that
reside in the membrane or the PG of Gram-positive bacteria. The components of PG are displayed using the same scheme as in Figure 1, with the
nascent PG chain containing D-Ala at positions 4 and 5. The mature PG is represented without the D-Ala at position 5 and occasionally also without
the D-Ala at position 4 to represent the natural variability of the peptide stem in the mature PG mesh
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of the membrane, respectively.1,2 The structure, function, and
synthesis of the Gram-negative OM are all complex discus-
sion points appropriate for review in their own right.1,2,16

Broadly speaking, the OM serves as a protective layer for
Gram-negative bacteria, functioning as a semi-permeable bar-
rier to the periplasm,17 and as an added layer of protection
from environmental turgor.2 The OM accommodates a vari-
ety of OM proteins (OMPs), which consist of porins, prote-
ases, lipases, transporters, and various receptors embedded
into the OM.16 Unsurprisingly given their nomenclature, por-
ins and transporters are responsible for the diffusion/transport
of small molecules into the periplasm, respectively,18 and are
responsible for the semi-permeable nature of the OM. Several
members of the porin family of OMPs have been amenable
to structural study by crystallography19–21 and the resulting
structural models have had essential roles in the elucidation
of molecular mechanisms of transport, highlighting the com-
plexity of the OM. The OM also requires remodeling during
cell division and a more complete picture of the OM and its
constituents is thus key to understanding how this is regulated
on a molecular level,22,23 and an integrative approach21 will
lead to a far greater mechanistic understanding than with
structure alone.

3 | THE GRAM-POSITIVE CELL
ENVELOPE

Gram-positive bacteria compensate for the lack of the pro-
tective/stabilizing presence of the OM with a thicker layer
of PG.2,24 As well as the obvious difference in thickness, the
PG layer of Gram-positive bacteria is distinguished from
Gram-negative bacteria by its decoration with anionic
glycopolymers called teichoic acids (TAs).25,26 TAs consti-
tute 30–60% of the Gram-positive cell wall. There are two
types of TA; wall TAs (WTAs), which are covalently
attached to the PG, and lipoteichoic acids (LTAs), which are
attached to the cytoplasmic membrane and extend deep into
the wall (Figure 2).27,28 TAs may act as a functional substi-
tute for the OMPs present in Gram-negative bacteria as they
are also capable of affecting permeability and integrity, and
are responsible for host–pathogen interactions.29 It follows
that TAs are a virulence factor for Gram-positive pathogens
and for this reason are of interest for study, as their synthesis
pathways are also a potential target for future antibiotics.30–32

The TA chemical structure, similarly to PG, also varies from
species to species. The general structure is a β-1 ! 4 linked
N-acetylmannosamine/GlcNAc (ManNAc/GlcNAc) disaccha-
ride, a glycerophosphate linker made of three phospho-
glycerol molecules, followed by a long chain of glycerol- or
ribitol-phosphate repeats.33 In WTAs, the ManNAc/GlcNAc
is linked to the MurNAc residues of the glycan chain of PG
by a phosphodiester bond.34 In LTAs, a lipid anchors the TA

to the cell membrane and the lipid anchor is another example
of a species-specific variable region in the molecule.34

The cell walls of Gram-positive bacteria, not unlike the
OMs of Gram-negative bacteria, also contain surface proteins.
The surface proteins present in the wall are transported out of
the cell by secretory systems such as the Sec or TAT path-
ways.35,36 Following secretion, surface proteins are attached
either to the IM by way of lipid anchors/transmembrane
domains, or to the PG/TAs that make up the cell wall.37

4 | PG SYNTHESIS

4.1 | Cytosolic pathway

The cytosolic reactions of PG synthesis are undertaken
chiefly by a family of ligases designated “Mur” (MurA,
MurB, etc.); these enzymes are involved in the production of
the PG precursor, Lipid II, in the inner leaflet of the IM.38

The first step in the cytosolic pathway of PG synthesis is
undertaken by MurA, which catalyzes the production of uri-
dine diphosphate (UDP)-GlcNAc-enolpyruvate from phos-
phoenolpyruvate (PEP), and UDP-GlcNAc.39 The production
of UDP-GlcNAc-enolpyruvate is followed by its reduction
into UDP-MurNAc, catalyzed by MurB.40 Extension of
UDP-MurNAc by sequential addition of the residues present
in the stem peptide is taken on by the enzymes MurC-F to
produce Park's nucleotide. In Gram-negative bacteria Park's
nucleotide comprises UDP-MurNAc, L-alanine (L-Ala), D-
glutamine (D-Gln), meso-diaminopimelic acid (meso-A2pm),
D-alanine (D-Ala), D-Ala. Park's nucleotide is attached to
undecaprenyl (C55) diphosphate by MraY, resulting in a lipid
PG precursor referred to as Lipid I.41 The final cytoplasmic
enzymatic step involves the formation of the β-1 ! 4 glyco-
sidic bond of MurNAc with GlcNAc via a glycosyltransferase
(MurG) to produce Lipid II,42 which is then flipped to the out-
side of the membrane of the cell by a flippase.43 The structure
of each of the Mur enzymes from at least one species of bacte-
ria have now been solved,38 a process that started with the
structure of MurA in 1996.44 The structure of MurA was
solved in complex with both its substrate UDP-GlcNAc and
the antibiotic fosfomycin,44 revealing both the mechanism of
action45 and the mode of inhibition of MurA. Similar studies
have been carried out on the remainder of the Mur enzymes in
this pathway (Figure 3), lending the entire cytoplasmic pathway
of the process to rational drug design.38,46

4.2 | The elusive flippase

The identity of the flippase responsible for the transfer of
Lipid II across the cell membrane has recently been a subject
of some debate. Three major candidates for the flippase were
initially proposed, FtsW, RodA, and MurJ.47–49 All three
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proteins are integral membrane proteins, with 10 (FtsW/
RodA) and 14 (MurJ) predicted transmembrane domains. All
three proteins are highly conserved and essential50 for growth
in both Gram-positive and Gram-negative bacteria, which
would suggest that they do not play redundant roles in the
cell. The first studies that appeared to observe FtsW as the
Lipid II flippase were in vitro experiments in which the abil-
ity of E. coli FtsW to flip fluorescently Lipid II was measured
using model membranes/liposomes.47 These initial experi-
ments suggested that FtsW was indeed capable of flipping
Lipid II whereas, under the same conditions, MurJ was not.47

Follow-up experiments worked to identify the region of the
protein responsible for the flippase activity by removing
transmembrane domains of FtsW and performing the same
fluorescence-based flipping assays, with concomitant micros-
copy experiments on E. coli cells harboring the same FtsW
mutants.51 The in vitro and in vivo experiments performed in

this study suggested that FtsW likely acted through a pore-like
mechanism.51 MurJ was proposed as an alternative Lipid II
flippase in E. coli through a combination of a bioinformatics
approach coupled with in vivo genetic analyses.52 Mutational
studies of E. coli harboring MurJ mutations revealed an accu-
mulation of intracellular PG precursors,53 suggesting an inabil-
ity to flip Lipid II. More recent work now suggests that both
FtsW and RodA function as PG polymerases,32,54,55 swaying
the flippase argument toward MurJ as the Lipid II flippase.
Aided by recent advancements in membrane protein crystallo-
graphic techniques,56 the crystal structure of MurJ from the
extremophile Thermosipho africanus was solved in an inward
conformation, allowing for the generation of an alternative
access model of Lipid II flipping based on a combination of in
silico docking and in vivo experiments.57 Subsequently, the
structure of MurJ in several different conformations was
solved, allowing for modelling of the mechanism of Lipid II

FIGURE 3 A structural overview of Lipid II construction. The structure of every enzyme involved in the cytoplasmic pathway of Lipid II
synthesis has now been determined by X-ray crystallographic techniques. Here, the structures of every enzyme involved in Lipid II synthesis are
displayed alongside the reaction(s) they are responsible for catalyzing on either face of the cell membrane (IM). For the sake of consistency, the
structures shown here are those derived from E. coli
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flipping.58 The structure of MurJ from E. coli has also since
been solved, and high-throughput mutagenesis performed,
leading to the identification of sites for potential inhibitor
development.59

4.3 | Extracellular pathway

The extracellular members of the PG synthesis pathway are
membrane-associated penicillin-binding proteins (PBPs),
named for their affinity for penicillin. The PBPs are respon-
sible for the polymerization of the growing glycan chain,
and/or for linking the peptide chains extruding from the
glycan backbone; these are glycosyltransferase and tran-
speptidase activities, respectively.60 Some PBPs also have
carboxypeptidase activity; these are responsible for the trim-
ming of the peptide stem as a mechanism of regulating the
number of cross-links formed in the cell wall and are respon-
sible for cell shape maintenance in E. coli.7,61 PBPs can be
separated into two groups, those that solely have tran-
speptidase activity (Class B PBPs), or bifunctional PBPs that
possess both activities (Class A PBPs). Some examples of
bifunctional PBPs include PBP1a, b, and c in E. coli; PBP1,
2c, and 4 in B. subtilis; and PBP1a, 2a, and 1b in S.
pneumonia.62–64 Glycosyltransferases act early in the extra-
cellular pathway to catalyze the polymerization of the non-
lipid region of Lipid II into the nascent glycan chain,60,64

while downstream transpeptidases are responsible for the
linking of the D-Ala residues of the extruding peptide chain
to form the strong and stable PG mesh.60,64 The tran-
speptidase forms an acyl-enzyme intermediate with the D-
Ala residue of the acceptor peptide, before being cross-
linked to the donor peptide via an amino group, which in
Gram-positive organisms is glycine or lysine.4,65 Structural
studies of PBPs have been performed extensively in several
Gram-negative and Gram-positive species of bacteria, and
their activities and inhibition by antibiotics have been
reviewed excellently elsewhere.6,60,64,66,67

4.4 | Differences between PG from Gram-
negative and Gram-positive bacteria

As well as the obvious differences in thickness of the PG
layer and associated macromolecules (TAs/surface proteins)
described above, there are further subtle nuances to the pre-
cise chemical make-up of the PG from Gram-positive and
Gram-negative bacteria. Chemical differences of the glycan
chain between Gram-negative and Gram-positive species
include variations in modifications such as glycosylation,
phosphorylation, and deacetylation.68 In contrast to the lack
of chemical diversity in the glycan chain, differences in the
peptide stems of PG between Gram-negative and Gram-
positive bacteria are far more common.68 The majority of

peptide stems in the PG of Gram-negative bacteria follows
the pattern L-Ala, D-glutamate (D-Glu), meso-A2pm,
followed by two D-Ala residues. In Gram-positive bacteria,
however, the residues present in the stem peptide vary at posi-
tions 2 and 3, at which D-isoglutamine (D-isoGln) and L-
lysine (L-Lys) are prevalent, respectively.68 In both Gram-
positive and Gram-negative bacteria, D-Glu is initially added
to the growing peptide stem by MurD at position 2 during
construction of the peptide stem.4,6 In those Gram-positive
species where D-isoGln is found at Position 2, D-Glu is enzy-
matically deamidated to D-isoGln by an enzyme complex of
MurT/GatD.69 The structure of the MurT/GatD complex has
been solved recently, revealing the mechanism of PG ami-
dation by MurT, and also the mechanism through which GatD
produces and channels the ammonia required for PG ami-
dation to the MurT active site.70

5 | COORDINATION OF CELL
WALL SYNTHESIS WITH CELL
DIVISION

5.1 | The divisome

The collection of ~20–30 proteins responsible for regulating
cell division has come to be known as the “divisome”
(Figure 4). Proteins in the divisome ensure that one round of
division occurs at a time, with one copy of the chromosome
present in each cell, that cell wall synthesis is undertaken
appropriately to circumvent lysis during septum formation,
and that cell separation occurs through the function of cell
wall hydrolases (autolysins).7 Investigation of the divisome
has chiefly been undertaken in rod-shaped bacteria, yet there
is still a lot to learn about divisome formation and organiza-
tion in these bacteria as well as in other bacteria with differ-
ent shapes, such as the spherical cocci. Some archaea with
profound differences in morphology and cell division, such
as the triangular Haloferax volcanii which divides by a pro-
cess of ternary fission, also utilize some of the same proteins
as in bacteria when regulating division.71 The divisome is an
attractive target for the generation of novel antimicrobials, as
disruption of the machinery responsible for organizing cell
division would ultimately result in a reduction and cessation
of propagation. A lack of structural and functional informa-
tion about lesser studied components of the divisome, and
the divisome itself as a dynamic molecular machine, pre-
sents a stumbling block in the antimicrobial pipeline and is
thus a potentially lucrative area of research. The function of
the divisome to coordinate chromosome replication and seg-
regation with cytokinesis is common to both Gram-negative
and Gram-positive organisms, but the precise constituents of
the divisome vary across species.72
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5.2 | The Z-ring

The best studied of the divisome proteins is FtsZ, and it
is arguably the central protein to the function of the
divisome in cell division. FtsZ, named after its mutants' abil-
ities to cause E. coli cells to divide in a filamentous fashion
at nonpermissive temperatures (filamentous temperature
sensitive),73 is a cytosolic protein known to accumulate at
the site of division across all bacterial species.74,75 The dis-
covery of FtsZ set the groundwork for much of the research
conducted on the divisome in the past ~25 years. The crystal
structure of FtsZ provided the first definitive evidence of a
bacterial cytoskeleton, as FtsZ is a clear structural homolog
of tubulin despite sharing no significant amino acid
sequence homology.76 FtsZ polymerizes into filaments in a
GTP-dependent manner rapidly “treadmilling”77 in an agile
and nimble ring-like structure, dubbed the “Z-ring,” adjacent
to the cytoplasmic face of the membrane. Prior to the obser-
vation of the treadmilling of FtsZ, the Z-ring was thought to
represent a semicontinuous ring at the mid-cell which con-
stricted during septum formation.74,75 There are several
molecular mechanisms that govern the placement of the Z-
ring, for instance, the Min system functions in an inhibitory
manner, preventing formation of the Z-ring away from
midcell,12 while Zap proteins function in a stimulatory man-
ner, encouraging the formation of lateral interactions

between filaments of FtsZ.12,78 FtsZ acts as a scaffold onto
which protein–protein interactions with other members of
the divisome come together to stimulate division (Figure 4).
A well-studied protein–protein interaction of FtsZ is with
FtsA, a well-conserved “early” divisome component, which
self-organizes with FtsZ and tethers it to the membrane.79

The FtsA-mediated membrane tethering is essential to
ensure constriction of the membrane at the septum, as FtsZ
does not interact with the membrane of its own accord. ZipA
works alongside FtsA in Gram-negative bacteria to tether
FtsZ to the membrane80; however, no such homolog is pre-
sent in Gram-positive bacteria, instead, SepF has been pro-
posed to fulfil a similar function.81 The combination of the
polymerized FtsZ, along with SepF/ZipA and FtsA forms a
structure called the proto-ring.82

5.3 | Recruitment of downstream proteins to
the divisome

Following the formation of the proto-ring, the “late” division
proteins start to assemble to promote downstream processes
involved in the remodeling of the cell wall. Divisome assem-
bly has perhaps been studied most extensively in E. coli; the
proteins known to accumulate are FtsN, FtsI, FtsEX, FtsQ,
FtsL, FtsB, FtsW, FtsK, and PBP2B.83 However, the conser-
vation of many of these components is not necessarily

FIGURE 4 Structural model of the divisome. A selection of divisome proteins for which atomic structures have been determined are shown in
context of the cell membrane (IM). Where structural data regarding protein–protein interactions are known, this figure reflects this information.
Where available, structures have been taken from the model organism B. subtilis; however, in the cases where there is a lack of structural data from
this organism, the structures with the greatest degree of sequence homology are shown. FtsZ is colored alternately in shades of green to denote
filament formation, FtsA is shown in red, an antiparallel EzrA dimer is colored in shades of pink, SepF is shown in sand (note that the membrane-
anchoring region of SepF was not resolved in its crystal structure analysis), a 2:2 complex of DivIB and DivIC is shown in blue and green,
respectively, a GpsB hexamer is shown in orange, a representative class B PBP is shown in yellow and DivIVA in cyan
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maintained in Gram-positive bacteria, and the essentiality of
the components is also not strictly conserved. One example
of a widely conserved and essential subcomponent of the
divisome is a trimeric complex of DivIB, DivIC, and FtsL in
Gram-positives (FtsQ, FtsB, and FtsL in Gram-negatives,
respectively). DivIB/FtsQ, DivIC/FtsB, and FtsL are trans-
membrane proteins, each with a single transmembrane helix,
and form a complex independent of other divisome proteins
in E. coli and B. subtilis.84,85 DivIB/FtsQ interacts with PG
through its extracellular PASTA domain and is required as a
cell division checkpoint based on studies in S. aureus.86 The
extracellular portion of DivIB/FtsQ is also known to interact
with PBPs, such as PBP2b in B. subtilis.87 It appears that the
DivIB/DivIC/FtsL (FtsQ/FtsB/FtsL) complex links the early
intracellular stages of cell division with PG remodeling,
which is predominantly an extracellular process.88 The struc-
ture of E. coli FtsQ in complex with a fragment of FtsB has
recently been solved.89 Based on the essentiality of the inter-
action between FtsQ/DivIB with FtsB/DivIC, and their loca-
tion of interaction on the outside surface of the cell, the
structure of the complex should allow for the considered
design of antibiotics, without a need to consider cell mem-
brane traversal.

6 | REGULATORS OF CELL
DIVISION AND PG REMODELLING

DivIVA is a member of the Gram-positive divisome with
divergent roles in those bacteria that encode DivIVA
orthologs. One feature common to all DivIVA homologs,
however, is an apparent innate ability to sense membrane cur-
vature.90 The bulk of the published information about
DivIVA comes from studies in B. subtilis where, among other
things, it functions as a topological marker for the Min
system,12 a cell division inhibitor. X-ray crystallographic
studies of the isolated N- and C-terminal domains of DivIVA
revealed that it formed tetramers made up of an antiparallel
arrangement of parallel coiled-coils.91 This model clashes
somewhat with earlier EM studies suggesting that DivIVA
forms higher order oligomers; however, these studies were
performed on mutants of DivIVA purposefully designed to
alter oligomeric state and may not accurately represent the
wild-type protein.92 The crystal structure of the N-terminal
domain of DivIVA also provided some insight into how
membrane binding might be possible; a conserved Phe-Arg
motif oriented outwards from the protein is positioned to
form hydrophobic and electrostatic interactions with the
membrane, respectively.91 Since DivIVA interacts with sev-
eral cytoplasmic proteins through its C-terminal domain, it
may act somewhat promiscuously as a topological marker for
several intracellular systems.93 The situation is complicated
as a result of DivIVA's divergent roles, for instance,

S. aureus lacks MinC/D, and the interactions of DivIVA with
divisome components in S. aureus have yet to be elucidated
fully.

GpsB, a homolog of DivIVA present in Gram-positive
organisms, is also involved in the coordination of PG synthesis
at the septum. GpsB and DivIVA share sequence and struc-
tural homology at their N-termini; however, this homology
between the two proteins decreases significantly in their C-
terminal regions. The difference in C-terminal structure
between the two proteins is responsible for the differences in
oligomeric state between the two proteins.91,94 Integrative
structural and biochemical studies on GpsB from Listeria
monocytogenes and B. subtilis revealed that GpsB binds the
cytoplasmic microdomains of PBPs and forms a hexamer in
solution, allowing for the generation of a model through which
GpsB likely coordinates the activities of PBPs.94,95 Interactions
between GpsB and PBPs from a wider range of Gram-positive
bacteria including B. subtilis, L. monocytogenes, and S.
pneumoniae have since been interrogated structurally and bio-
chemically, leading to the identification of motifs required for
binding.96 A greater mechanistic understanding of the interac-
tions between GpsB and PBP homologs in various species has
aided the identification of novel interactions between GpsB
and the PG remodeling enzymes YpbE and YrrS, leading to
the conclusion that GpsB acts as an adaptor protein.96 Recent
work on GpsB from S. aureus suggests a novel action of GpsB
in the stimulation of lateral interactions between FtsZ fila-
ments.97 No interactions between FtsZ and GpsB have been
detected in any other species of bacteria tested; therefore, this
finding would suggest a divergent role for GpsB in
S. aureus.97

Negative regulation is also necessary in order to prevent
aberrant Z-ring formation; EzrA is an example of such a nega-
tive regulator in Gram-positive bacteria. EzrA was first identi-
fied in B. subtilis, and its colocalization with FtsZ first
observed by fluorescence microscopy.98 EzrA has a predicted
TM helix at its N-terminus to link it, and potentially its interac-
tion partners, to the membrane. B. subtilis EzrA inhibits the
formation of FtsZ filaments in vitro and in vivo, and complete
deletion of EzrA results in an increased frequency of FtsZ ring
formation.98–100 Recent studies in S. aureus and B. subtilis
have implicated EzrA in the control of PG synthesis through
direct interactions with PG synthases.101,102 EzrA has been
found by bacterial two-hybrid to interact with a multitude of
divisome proteins in S. aureus, as well as the PG synthases
PBP1, 2, and 3.102 The crystal structure of EzrA from
B. subtilis revealed that EzrA forms antiparallel dimers for-
ming an overall crescent shape, with each monomer made up
of repeating three-helical bundles that have structural homol-
ogy to the spectrin repeat fold found in eukaryotic cytoskeletal
proteins.103 The space within the arch of the crescent is

8 BOOTH AND LEWIS



sufficient to enclose an FtsZ filament, to sterically hinder the
formation of lateral interactions between filaments.103,104

As stated above, ZipA is involved in the regulation of
divisome assembly and Z-ring placement in Gram-negative
bacteria.105 ZipA has been studied most extensively in
E. coli, where it is essential.106 ZipA is predominantly cyto-
plasmic, with a single transmembrane helix and a micro-
domain in the periplasm. ZipA binds to FtsZ and tethers it to
the cell membrane as well as FtsA.80 The functional signifi-
cance of ZipA was brought into question by a gain of func-
tion mutant of FtsA which allowed for the bypassing of
ZipA107; however, more recent studies have suggested that
ZipA functions by protecting FtsZ from degradation by cyto-
plasmic proteases, a role that cannot be substituted for by
FtsA.108 The stimulatory or inhibitory effects of ZipA on Z-
ring formation and FtsZ bundling are currently unknown;
while early studies on ZipA provided contradictory evidence
for stimulatory109 and inhibitory79 roles of ZipA, more
recent work suggests that ZipA has neither a stimulatory nor
an inhibitory effect on lateral interactions between FtsZ fila-
ments, and that it simply acts as a passive membrane tether
for FtsZ.105 More work is clearly required to elucidate the
functional significance of ZipA for divisome formation in
Gram-negative bacteria.

7 | ANTIBIOTICS TARGETING THE
CELL DIVISION/PG SYNTHESIS
MACHINERY

Beta-lactam antibiotics inhibit the transpeptidase action of
PBPs by mimicking the structure of the terminal D-Ala-D-
Ala residues of the glycan-attached peptide of PG, sequester-
ing the active site serine in a covalent adduct and rendering
the transpeptidase domain of the PBPs inactive.110 The inhi-
bition of the cell wall synthesis machinery ultimately results
in the lysis of the cell due to the inability of the bacteria to
generate new cell wall material to replace the parts it has
degraded; this is the major cause of cell death by beta-lactam
antibiotics.110 Secondary mechanisms of cell death have also
been observed, however, in which nonlytic cells undergo
cell death as a result of futile cycles of PG precursor synthe-
sis, for instance.111 The introduction of beta-lactams ushered
in a golden age of antibiotics, during which many diseases
previously fatal became treatable. The overuse of antibiotics,
combined with the short life cycle and rapid evolution of
bacteria, has resulted in the generation of antibiotic-resistant
strains of bacteria which, in certain clinical scenarios, often
have fatal consequences.3 PG homeostasis and regulation
thus remain an attractive target for antibiotic drug design.

Two major mechanisms of resistance to beta-lactams have
arisen: first, an accumulation of mutations in PBPs renders them
insensitive to beta-lactams and second, enzymes capable of

degrading beta-lactams, the beta-lactamases, have evolved. For
instance, methicillin resistance in methicillin-resistant S. aureus
(MRSA) is caused by the introduction of the mecA gene coding
for PBP2a, where the active site serine is located in a pocket
that is occluded from beta-lactams.112 A multitude of new
PBP2a-targetting antibiotics have been developed, including the
cephalosporin subgroup of beta-lactams, ceftobiprole, and
ceftaroline.113 These molecules appear to target both the PBP2a
active site as well as a putative allosteric site,114,115 but resis-
tance to these new drugs has already emerged.112 Beta-lactam
resistance is also caused by the evolution of new beta-
lactamases, which form acyl-enzyme intermediates with beta-
lactams as in PBPs; however, these enzymes can break open
the beta-lactam ring to form products that do not inhibit
PBPs.116 Beta-lactamases were present in bacteria prior to the
use of antibiotics in clinical and agricultural scenarios, but they
have evolved into a very efficient beta-lactam resistance mecha-
nism thanks to increased selection pressure from antibiotic
overuse by mankind.117,118 The somewhat unfortunately named
New-Delhi metallo-beta-lactamases (NDMs) are one such
example of this type of evolution; NDMs were first isolated and
identified from a patient with a Klebsiella pneumoniae infection
in 2009119 and have since become a cause of global concern.120

Novel antibiotics targeting NDMs are now necessary to combat
the rise of superbugs which harbor these enzymes, and excellent
progress is being made toward this end.121

The gap between antibiotic drug discovery and the devel-
opment of antimicrobial resistance is becoming shorter with
each iteration. In fact, the first report of penicillin resistance
in E. coli appeared in 1940 before penicillin was in general
public use.122 Alternative means of disrupting cell division
to fight infection are, therefore, an attractive method of side-
stepping this problem and there is potential for divisome
components to provide the necessary novel target. Inhibitors
of divisome components have shown promising preliminary
results against bacterial infections, specifically in the case of
FtsZ. An inhibitor of FtsZ, PC190723, causes cell elongation
in B. subtilis, and cell enlargement in S. aureus, and is effec-
tive against MRSA strains.123 Computational ligand docking
of PC190723 has identified a potential site of action at an
allosteric site away from the nucleotide binding region of
FtsZ.124,125 This is the first viable mechanism found for
alternative antibiotics targeting the divisome, but with the
influx of structures becoming available for several divisome
components, there is much promise for antibiotics targeting
cell division to be developed to take back control from the
march of infectious disease.

8 | CONCLUSION

Here, we have shown a brief overview of the complexities
of the cell envelopes of Gram-negative and Gram-positive

BOOTH AND LEWIS 9



bacteria. Although much progress has been made in the last
decade or so in some areas, such as the atomic detail of PG
synthesis, there is still much work to be done. Focus now
should be turned to the molecular nuances of envelope mod-
ification during division and how environmental factors
influence cell division and PG synthesis. From a transla-
tional standpoint, a lack of structural and functional informa-
tion about lesser studied members of the divisome presents a
stumbling block in the antimicrobial pipeline and is thus a
potentially lucrative area of research.
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