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 Abstract 
Lipoteichoic acid (LTA) is an important component of the cell envelope of 

various Gram-positive bacteria. In Staphylococcus aureus it consists of a 

polyglycerolphosphate chain that is decorated with D-alanine esters and anchored to the 

cell membrane via a glycolipid. The lack of D-alanine modifications leads to increased 

susceptibility to cationic antimicrobial peptides and the complete absence of LTA results 

in aberrant positioning of septa, enlargement of cells and eventual cell lysis, indicating a 

link between LTA synthesis and cell division. Although key enzymes required for LTA 

synthesis and D-alanylation have been identified, the full process has not been elucidated 

and is investigated in this study.  

Using a bacterial two-hybrid approach it was shown that the three key LTA 

synthesis enzymes, YpfP, LtaA and LtaS, interact with one another, indicating the 

formation of a multi-enzyme complex. In addition, these three proteins interacted with 

numerous cell division and peptidoglycan synthesis proteins. Fluorescence microscopy 

studies indicated that YpfP and LtaA localise to the membrane, while LtaS appeared to 

accumulate at the site of cell division in cells with fully formed septa. Together, these 

data provide further experimental evidence for the coordination between the processes 

of cell division and LTA synthesis. 

Four proteins, DltA-D, are essential for the D-alanylation of LTA. The 

mechanism begins with DltA transferring D-alanines onto the carrier protein DltC. 

However, Fischer and colleagues, and Neuhaus and Baddiley have proposed two 

conflicting models for the remainder of the mechanism for D-alanylation. Here, using a 

cellular protein localisation analysis it was shown that DltC does not traverse the 

membrane and membrane topology studies indicated that DltD is anchored to the 

outside of the cell, contrary to the Neuhaus and Baddiley model. In summary, the data 

presented in this study are in support of the D-alanine substitution model proposed by 

Werner Fischer. 

  



  3 

 Declaration of Authorship 
 I certify that this thesis entitled "Interaction and Localisation Studies of the 

Lipoteichoic Acid Synthesis Proteins in Staphylococcus aureus" is written entirely by myself 

and that the research to which it refers to is my own. I confirm that all main sources of 

help have been acknowledged and that any ideas or quotations from the work of others 

have always clearly been referenced. 

 

Nathalie T. Reichmann 

  



  4 

 Acknowledgements 
 First and foremost, I would like to thank Angelika for the opportunity she has 

given me. Her guidance, support and understanding throughout this entire PhD have 

been invaluable, and I will always be grateful to have had her as my supervisor. I also 

thank the BBSRC for funding me during my PhD. 

 I've enjoyed my time at CMMI3 thanks to all the wonderful members of the lab, 

who always provided advice or entertainment depending on my needs! In particular, I’d 

like to thank Rebecca, Mirka, Helen, Bea, Alex, Ana, Tim, Sophie, Matt, Tharsh and 

Michaella for being listening ears and treasured friends. 

 I also thank Mariana Pinho for the chance to perform my microscopy 

experiments in her lab at ITQB. Thanks to the welcoming members of the group, my 

experience in Oeiras will always be memorable, and special thanks goes to João not only 

for granting my microscopy wishes, but for being a friend in a foreign land. 

 I wish to thank my family and friends for their constant support in the past 4 

years. I understand that I’ve not always made it easy, so it is greatly appreciated! Most of 

all, I want to thank Andrew for caring for me and keeping me sane throughout my PhD. 

You were always there when I needed support and I couldn't have done it without you.  

Thank you. 

  



  5 

Table of Contents 
 Abstract ............................................................................................................................... 2 

 Declaration of Authorship .................................................................................................. 3 

 Acknowledgements ............................................................................................................. 4 

 Abbreviations ...................................................................................................................... 9 

 List of Figures .................................................................................................................... 12 

 List of Tables ..................................................................................................................... 15 

 Chapter 1 Introduction ....................................................................................................... 16 
1.1Staphylococcus aureus ............................................................................................................................ 17 
1.2 The cell surface of Gram-positive bacteria ................................................................................. 18 

1.2.1 The Staphylococcus aureus polysaccharide capsule ................................................................. 19 
1.2.2 The Staphylococcus aureus peptidoglycan layer ....................................................................... 20 
1.2.3 The Staphylococcus aureus cell membrane ............................................................................... 22 

1.3 The teichoic acids of Gram-positive bacteria ............................................................................. 23 
1.3.1 LTA glycolipid anchor production in S. aureus and B. subtilis .......................................... 25 
1.3.2 LTA polyglycerolphosphate chain production in S. aureus and B. subtilis ...................... 26 
1.3.3 Functions of LTA ................................................................................................................... 27 
1.3.4 D-alanine incorporation into the teichoic acid ................................................................... 30 

1.3.4.1 D-alanylation of LTA ..................................................................................................................... 30 
1.3.4.1.1 The Fischer model for D-alanine incorporation into LTA ............................................. 31 
1.3.4.1.2 The Neuhaus and Baddiley model for D-alanine incorporation into LTA ................... 32 

1.3.4.2 D-alanylation of WTA .................................................................................................................... 32 
1.3.4.3 Functions of D-alanine esters in teichoic acids .......................................................................... 33 

1.4 Cell division in Gram-positive bacteria ....................................................................................... 34 
1.5 Aims and objectives of this study ................................................................................................. 39 

 Chapter 2 Materials and Methods ..................................................................................... 40 
2.1 Bacterial strains, growth conditions and storage ........................................................................ 41 
2.2 Recombinant DNA techniques .................................................................................................... 41 

2.2.1 Purification of plasmid DNA ............................................................................................... 41 
2.2.1.1 Plasmid purification from E. coli ................................................................................................... 41 

2.2.2 Isolation of chromosomal DNA from S. aureus ................................................................. 42 
2.2.3 Estimation of DNA concentration ...................................................................................... 42 
2.2.4 Separation of DNA by agarose gel electrophoresis ........................................................... 42 
2.2.5 Polymerase chain reaction (PCR) ......................................................................................... 43 
2.2.6 Restriction digestion of DNA ............................................................................................... 44 
2.2.7 Ligation of DNA fragments .................................................................................................. 44 



  6 

2.2.8 Recombination with pCR®8/GW/TOPO ........................................................................ 44 
2.2.9 Recombination with pKOR1 ................................................................................................ 44 
2.2.10 Sequencing of clones ............................................................................................................ 45 
2.2.11 Preparation and transformation of rubidium chloride competent E. coli cells ........... 45 

2.2.11.1 Preparation of rubidium chloride competent E. coli cells ....................................................... 45 
2.2.11.2 Transformation of rubidium chloride competent E. coli cells ................................................ 45 
2.2.11.3 Preparation of electrocompetent E. coli DH5α cells ............................................................... 46 
2.2.11.4 Transformation of electrocompetent E. coli cells ..................................................................... 46 
2.2.11.5 Transformation of DHM1 and BTH101 cells .......................................................................... 47 

2.2.11.5.1 Transformation of DHM1 cells and screening on X-gal plate ...................................... 47 
2.2.11.5.2 Transformation of BTH101 cells and screening on X-gal plate ................................... 47 

2.2.12 Transformation of S. aureus cells ........................................................................................ 47 
2.2.12.1 Preparation of electrocompetent S. aureus cells ........................................................................ 47 
2.2.12.2 Electroporation of S. aureus cells ................................................................................................ 48 

2.2.13 Transduction of S. aureus cells ............................................................................................ 48 
2.2.13.1 Preparation of phage lysate ......................................................................................................... 48 
2.2.13.2 Phage transduction of S. aureus ................................................................................................... 49 

2.3 Strain and plasmid construction ................................................................................................... 49 
2.4 S. aureus growth curves ................................................................................................................... 58 
2.5 Cell fractionation ............................................................................................................................. 59 
2.6 Enzyme assays ................................................................................................................................. 60 

2.6.1 β-galactosidase activity assay ................................................................................................. 60 
2.6.1.1 β-galactosidase activity assay in E. coli ......................................................................................... 60 
2.6.1.2 β-galactosidase activity assay in S. aureus ..................................................................................... 61 

2.6.2 D-amino acid oxidase enzyme assay .................................................................................... 62 
2.7 Protein sample preparation ........................................................................................................... 62 

2.7.1 E. coli protein sample preparation for western and far western blot analysis ................ 62 
2.7.2 S. aureus protein sample preparation .................................................................................... 63 

2.7.2.1 S. aureus sample preparation for fluorescence protein analysis ................................................ 63 
2.7.2.2 S. aureus protein sample preparation for detection of LtaS by western blot .......................... 63 
2.7.2.3 S. aureus protein sample preparation for detection of fluorescent protein fusions by 

western blot .................................................................................................................................................. 64 
2.8 Standard techniques for protein analysis ..................................................................................... 64 

2.8.1 Sodium Dodecyl Sulphate Poly-Acrylamide Gel Electrophoresis (SDS-PAGE) ......... 64 
2.8.2 Protein staining with coomassie brilliant blue .................................................................... 64 
2.8.3 Western immunoblot analysis ............................................................................................... 65 
2.8.4 Far western immunoblot analysis ......................................................................................... 65 

2.9 LTA detection by western blot ..................................................................................................... 66 
2.9.1 Preparation of samples for LTA western blot analysis ..................................................... 66 



  7 

2.9.2 LTA western immunoblot analysis ...................................................................................... 66 
2.10 WTA purification and detection ................................................................................................. 67 

2.10.1 Preparation of cell wall for WTA purification ................................................................. 67 
2.10.2 Tris-Boric acid-EDTA Poly-Acrylamide Gel Electrophoresis (TBE-PAGE) ............ 67 
2.10.3 Alcian blue staining .............................................................................................................. 68 
2.10.4 Silver staining ......................................................................................................................... 68 

2.11 Microscopy ..................................................................................................................................... 68 

 Chapter 3 Protein-protein interaction studies of Staphy lo co c cus  aureus  LTA synthesis and 

cell division proteins ........................................................................................................... 77 
3.1 Objective of chapter 3 .................................................................................................................... 78 
3.2 Approach used to determine protein interactions ..................................................................... 79 
3.3 Construction of BACTH fusion proteins ................................................................................... 80 
3.4 Detection of T18 fusions by western blot .................................................................................. 81 
3.5 Investigation of the protein-protein interactions between the LTA synthesis proteins ...... 82 
3.6 Investigation of the domains of LtaS required for protein-protein interactions .................. 86 
3.7 Investigation of the domains of LtaA required for protein-protein interactions ................. 91 
3.8 Investigation of the protein-protein interactions between LTA synthesis and cell division 

proteins ................................................................................................................................................... 92 

 Chapter 4 Discussion of the protein-protein interaction studies of Staphy lo co c cus  aureus  

LTA synthesis and cell division proteins ............................................................................ 94 

 Chapter 5 Localisation studies of the Staphy lo co c cus  aureus  LTA synthesis proteins .... 102 
5.1 Objective of chapter 5 .................................................................................................................. 103 
5.2 Construction of fluorescent protein fusions ............................................................................. 104 
5.3 Testing the functionality of fluorescent protein fusions ......................................................... 108 
5.4 Expression of the fluorescent protein fusions ......................................................................... 113 
5.5 Microscopy analysis ...................................................................................................................... 115 
5.6 Localisation studies of YpfP ....................................................................................................... 119 
5.7 Localisation studies of LtaA ........................................................................................................ 122 
5.8 Localisation studies of LtaS ......................................................................................................... 124 
5.9 Analysis of YpfP localisation in the absence of its substrate ................................................. 129 
5.10 Analysis of LtaA localisation in the absence of YpfP ........................................................... 132 
5.11 Timing of LtaS localisation ....................................................................................................... 133 

 Chapter 6 Discussion of LTA synthesis protein localisation studies .............................. 134 

 Chapter 7 Elucidation of the mechanism of D-alanine modification of LTA & WTA ... 140 
7.1 Objective of chapter 7 .................................................................................................................. 141 
7.2 Cellular localisation studies of DltC ........................................................................................... 143 



  8 

7.3 Membrane topology studies of DltD ......................................................................................... 146 
7.4 Investigation of D-alanine donor for WTA .............................................................................. 153 

7.4.1 Construction of ΔdltD and Δdlt operon deletion strains ................................................ 153 
7.4.2 Determination of the D-alanine content of WTA ........................................................... 154 

 Chapter 8 Discussion of the mechanism of D-alanine modification of LTA and WTA . 157 

 Chapter 9 Final conclusions and perspectives ................................................................ 165 

 Bibliography ..................................................................................................................... 171 
 

  



  9 

 Abbreviations 
 

Ω ohms 

Å angstrom 

aa amino acid 

Amp ampicillin 

Atet anhydrotetracycline 

ATP adenosine triphosphate 

BACTH bacterial adenylate cyclase two-hybrid 

BSA bovine serum albumin 

°C degrees Celsius 

c-di-AMP cyclic diadenosine monophosphate 

CA-MRSA community acquired methicillin resistant Staphylococcus aureus 

Cam chloramphenicol 

cAMP cyclic adenosine monophosphate 

CAP catabolite activator protein 

CFP cyan fluorescent protein 

CL cardiolipin 

D-AAO D-amino acid oxidase 

DAG diacylglycerol 

ddH2O double distilled water 

DNA deoxyribonucleic acid 

Dnase deoxyribonuclease 

ECL enhanced chemi-luminescence 

Erm erythromycin 

F farad 

FR fluorescence ratio 

FRET fluorescence resonance energy transfer 

g gram 

Gal-P-C55 β-galactosyl phosphorylpolyprenol 

GBS group B Streptococcus 

GC guanine and cytosine 

GFP green fluorescent protein 

Glc-1-P glucose-1-phosphate 

Glc-6-P glucose-6-phosphate 
Glc2-DAG diglucosyldiacylglycerol 

  



  10 

GlcDAG monoglucosyldiacylglycerol 

GlcNAc N-acetylglucosamine 

GlcNAc-1-P N-acetylglucosamine-1-phosphate 

GroP glycerol phosphate 

h hour (s) 

HA-MRSA hospital acquired methicillin resistant Staphylococcus aureus 

hBMEC human microvascular endothelial cells 

Hla α-hemolysin 

HRP horseradish peroxidase 

IgG immunoglobulin G 

IPTG isopropyl β-D-thiogalactosidase 

ITC isothermal titration calorimetry 

Kan kanamycin 

kb kilo base pair 

kDa kilodalton 

L litre 

LDH L-lactic Dehydrogenase 

LTA lipoteichoic acid 

Lys-PG lysyl-phosphatidylglycerol 

M molar 

m metre 

mA milliampere 

ManNAc N-acetylmannosamine 

Mb mega base pair 

MBOAT membrane-bound O-acetyltransferases 

mCherry mCherry fluorescent protein 

min minute (s) 

MRSA methicillin resistant Staphylococcus aureus 

MSSA methicillin sensitive Staphylococcus aureus 

MU 4-methylumbilliferone 

MUG β-D-galactopyranoside 

MurNAc N-acetylmuramic acid 

NAD nicotinamide adenine dinucleotide 

NADH nicotinamide adenine dinucleotide, reduced dipotassium salt 

Nal nalidixic acid 

OD optical density 

  



  11 

p probability 

P-C55 undecaprenolphosphate 

PBP penicillin-binding protein 

PCR polymerase chain reaction 

PG phosphatidylglycerol 

PGP polyglycerolphosphate 

PMSF phenylmethanesulfonyl fluoride 

PVDF polyvinylidene difluoride 

RboP ribitol phosphate 

RBS ribosome binding site 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate poly-acrylamide gel electrophoresis 

sec second (s) 

SEDS shape, elongation, division and sporulation protein family 

SOE PCR splicing by overlap extension polymerase chain reaction 

Spec spectinomycin 

Strep streptomycin 

TA teichoic acid 

TAE Tris-acetic acid-EDTA 

TBE Tris-boric acid-EDTA 

TBE-PAGE Tris-boric acid-EDTA poly-acrylamide gel electrophoresis 

Tet tetracycline 

TLC thin layer chromatography 

Tris Tris (Hydroxymethyl) aminomethane 

U unit (s) 

UDP uridine diphosphate 

UDP-Glc uridine diphosphate glucose 

UDP-GlcNAc uridine diphosphate-N-acetylglucosamine 

UDP-MurNAc uridine diphosphate-N-acetylmuramylpentapeptide 

UV ultraviolet 

V volt 

VISA vancomycin intermediate Staphylococcus aureus 

VRSA vancomycin resistant Staphylococcus aureus 

WTA wall teichoic acid 

X-gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

xg times gravity 

 

  



  12 

 List of Figures 
Figure 1.1 Schematic representation of the cell wall in Gram-positive 

bacteria........................................................................................................... 19 

Figure 1.2 The chemical structure of WTA................................................................ 24 

Figure 1.3 The chemical structure of LTA................................................................. 25 

Figure 1.4 LTA synthesis in S. aureus........................................................................... 26 

Figure 1.5 Two-step reaction of D-alanine ligation to the D-alanyl carrier 

protein (DltC)............................................................................................... 30 

Figure 1.6 Models of D-alanine substitution of LTA............................................... 32 

Figure 1.7 Schematic representation of cell division in Gram-positive bacteria.. 34 

Figure 1.8 Localisation of cell division associated and peptidoglycan synthesis 

proteins in B. subtilis..................................................................................... 35 

Figure 1.9 Interaction network of the S. aureus cell division proteins.................... 38 

Figure 2.1 β-galactosidase activity equations.............................................................. 61 

Figure 3.1 Schematic representation of the Bacterial Adenylate Cyclase Two-

Hybrid (BACTH) system............................................................................ 79 

Figure 3.2 Bacterial Adenylate Cyclase Two-Hybrid clones.................................... 80 

Figure 3.3 Detection of T18 protein fusions by far western blot........................... 82 

Figure 3.4 Qualitative analysis of protein-protein interactions between the LTA 

synthesis proteins in DHM1 with X-gal.................................................. 84 

Figure 3.5 Quantitative analysis of protein-protein interactions between the 

LTA synthesis proteins using a β-galactosidase activity assay.............. 85 

Figure 3.6 Qualitative analysis of protein-protein interactions between the LTA 

synthesis proteins in BTH101 with X-gal................................................ 86 

Figure 3.7 Truncated LtaS variants.............................................................................. 87 

Figure 3.8 Interaction network of LtaA and the LtaS variants tested in DHM1.. 88 

Figure 3.9 Qualitative analysis of protein-protein interactions between the LtaS 

variants and LtaA using a β-galactosidase activity assay........................ 89 

Figure 3.10 Interaction network of the core LTA synthesis proteins and LtaS 

variants tested in BTH101.......................................................................... 90 

Figure 3.11 Interaction network of the LtaA10TM variant and the core LTA 

synthesis proteins tested in BTH101........................................................ 91 

Figure 3.12 Interaction network between the core LTA synthesis proteins and 

cell division proteins of S. aureus................................................................ 93 



  13 

Figure 4.1 Schematic representation of the LTA synthesis protein, PBP, and 

cell division protein interactions detected using the BACTH system 95 

Figure 5.1 Schematic representation of fluorescent protein fusions to the  

S. aureus LTA synthesis proteins................................................................ 104 

Figure 5.2 Schematic representation of fluorescent protein fusions to the  

S. aureus YpfP protein.................................................................................. 105 

Figure 5.3 Schematic representation of fluorescent protein fusions to the  

S. aureus LtaA protein.................................................................................. 106 

Figure 5.4 Schematic representation of fluorescent protein fusions to the  

S. aureus LtaS and LtaSS218P proteins.......................................................... 107 

Figure 5.5 YpfP complementation analysis as assessed by LTA western blot 

analysis........................................................................................................... 108 

Figure 5.6 LtaA complementation analysis as assessed by LTA western blot 

analysis........................................................................................................... 109 

Figure 5.7 LtaS complementation analysis as assessed by LTA western blot 

analysis and bacterial growth complementation analysis....................... 111 

Figure 5.8 Detection of fluorescent protein fusions by western blot..................... 114 

Figure 5.9 Schematic representation of the analysis of membrane and septal 

localised fluorescent fusion protein images............................................. 116 

Figure 5.10 Fluorescence microscopy and fluorescence ratio determination of 

FM4-64 membrane stained cells using ImageJ........................................ 118 

Figure 5.11 YpfP localisation in S. aureus as assessed by GFP fluorescence 

microscopy.................................................................................................... 120 

Figure 5.12 YpfP localisation in S. aureus as assessed by CFP fluorescence 

microscopy.................................................................................................... 121 

Figure 5.13 LtaA localisation in S. aureus as assessed by fluorescence microscopy 123 

Figure 5.14 LtaS localisation in S. aureus as assessed by fluorescence microscopy 125 

Figure 5.15 Localisation of the integrated CFP-LtaSS218P fusion protein................. 127 

Figure 5.16 Localisation of YpfP in RN4220 Δspa ΔpgcA as assessed by 

fluorescence microscopy............................................................................ 130 

Figure 5.17 LtaA localisation in S. aureus LAC* ΔypfP mutant as assessed by 

fluorescence microscopy............................................................................ 132 

Figure 5.18 EzrA and LtaS localisation in S. aureus LAC* as assessed by 

fluorescence microscopy............................................................................. 133 



  14 

Figure 6.1 Model of the localisation of the S. aureus LTA synthesis proteins....... 135 

Figure 7.1 Key differences in the models of D-alanine substitution of LTA....... 142 

Figure 7.2 Cellular localisation of DltC as assessed by His western blot analysis 144 

Figure 7.3 Cell fractionation experiment and localisation of DltC as assessed 

by His western blot analysis....................................................................... 145 

Figure 7.4 Cellular localisation of DltD as assessed by His western blot analysis 146 

Figure 7.5 Schematic representation plasmids for the expression of the 

different LacZ fusion proteins in E. coli................................................... 148 

Figure 7.6 Membrane topology of DltD in S. aureus as assessed by LacZ 

fusions and β-galactosidase activity........................................................... 150 

Figure 7.7 Membrane topology of DltD as assessed by His western blot 

analysis........................................................................................................... 152 

Figure 7.8 Schematic representation of the principle for the construction of 

gene deletions in S. aureus using plasmid pKOR1................................... 154 

Figure 7.9 Detection of purified WTA by TBE-PAGE and silver staining.......... 155 

Figure 7.10 D-alanine content of WTA as assessed by a D-amino acid oxidase 

(D-AAO) enzymatic assay.......................................................................... 156 

Figure 8.1 Model of the mechanism of D-alanine incorporation into LTA and 

WTA............................................................................................................... 159 

Figure 8.2 Schematic representation of the DltB protein......................................... 161 

Figure 8.3 Model of the mechanism of D-alanine incorporation into WTA........ 163 

 

  



  15 

 List of Tables 
Table 1  E. coli strains used in this study...................................................................... 70 

Table 2  S. aureus strains used in this study................................................................. 73 

Table 3  Primers used in this study.............................................................................. 75 

 

  



  16 

 

  
Chapter 1 

Introduction 
  



  17 

1.1 Staphylococ cus  aureus 

  Staphylococcus aureus is a Gram-positive, non-motile, facultative anaerobe 

and is the most prevalent human pathogen among the staphylococcal species. It can be 

distinguished from other staphylococci based on the production of coagulase, a surface 

protein that stimulates the clumping of human blood cells (Cheng et al., 2010). In 

addition, S. aureus generates staphyloxanthin, which provides protection against oxidative 

stress and results in the characteristic yellow pigmentation of the cocci (Liu et al., 2005). 

The individual cocci have a cell diameter of 0.7-1.2 µm, and division in three orthogonal 

planes in combination with incomplete cell separation leads to the characteristic grape-

like clusters observed with S. aureus (Tzagoloff & Novick, 1977). Its genome is 

approximately 3 Mb in size and similar to other staphylococci, it has a low guanine and 

cytosine (GC) content.  

 S. aureus occurs as both a commensal and a pathogen and is commonly found on 

the skin and in the anterior nares, resulting in approximately 20 % of healthy individuals 

becoming life-long carriers (Peacock et al., 2001). A wide range of diseases are caused by 

S. aureus, from superficial infections such as impetigo and abscesses, to life-threatening 

conditions (Lowy, 1998). Entry of this pathogen into the bloodstream leads to its 

dissemination around the body, resulting in metastatic infections including endocarditis, 

pneumonia and septic arthritis (Lowy, 1998). The ability to survive in the different 

environments inside and outside the body require the expression of various virulence 

factors, particularly surface proteins and secreted proteins, which enable S. aureus to 

evade the immune system and promote colonisation. 

 S. aureus infections have been treated with a variety of antibiotics including 

vancomycin and the β-lactam methicillin, though the emergence of multi-drug resistant 

strains is becoming an ever-increasing problem.  The majority of infections caused by 

methicillin resistant S. aureus (MRSA) are hospital associated (HA-MRSA), though 

community acquired (CA-MRSA) infections do occur. β-lactam resistance is mediated by 

expression of the penicillin binding protein PBP2A from the mecA gene (Moran et al., 

2006). PBP2A has a low affinity to β-lactams and bacteria expressing this protein are able 

to maintain the high level of peptidoglycan cross-linking, and hence integrity of the 

staphylococcal cell wall, even in the presence of β-lactam antibiotics (Pinho et al., 2001). 

Vancomycin is currently used to treat infections, though strains with intermediate (VISA) 

or high (VRSA) vancomycin resistance have been identified (Howden et al., 2010). VRSA 

strains contain the vanA gene, which encodes a ligase that replaces the D-Ala-D-Ala 
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dipeptide in peptidoglycan with D-Ala-D-Lac (Périchon & Courvalin, 2009). While the 

VISA strains lack vanA, they are thought to increase peptidoglycan production, 

thickening the cell wall and maintaining cell integrity (Pereira et al., 2007b). The 

emergence of these multi-drug resistant strains signifies the need for the identification of 

new antibiotic targets and new antimicrobials. 

 

1.2 The cell surface of Gram-positive bacteria 

 The Gram-positive bacterial cell is surrounded by multiple layers of 

peptidoglycan, and cross-linking of these layers via peptide bridges results in a strong but 

flexible structure, which protects the underlying protoplast against mechanical and 

osmotic lysis (Fig. 1.1) (Scheffers & Pinho, 2005). The peptidoglycan also provides a 

structure to which proteins are covalently and non-covalently bound and WTA is 

tethered to (Fig. 1.1) (Scheffers & Pinho, 2005). Other secondary components include 

the lipoproteins and LTA, which are both anchored to the cell membrane, made up of a 

phospholipid bilayer (Fig 1.1) (Schmaler et al., 2010; Fischer, 1994). Furthermore, the 

majority of S. aureus strains generate a polysaccharide capsule that engulfs the 

peptidoglycan layer, and is important for virulence in animal models of infection (Fig. 

1.1) (O'Riordan & Lee, 2004). The polysaccharide capsule, peptidoglycan, cell membrane 

and teichoic acids (TAs) are discussed in further detail in the ensuing sections. 
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Figure 1.1 Schematic representation of the cell wall in Gram-positive bacteria. S. aureus has 
a typical cell wall that consists of peptidoglycan layer (green and blue hexagons) to which WTA 
with a ribitol phosphate backbone is linked (pink) as well as numerous covalently and non-
covalently anchored proteins. The polyglycerolphosphate LTA (yellow) and lipoproteins are 
tethered to the phospholipid bilayer and the majority of S. aureus isolates produce a 
polysaccharide capsule (red and orange pentagons). Modified from Reichmann and Gründling, 
2011. 
 

1.2.1 The Staphylococ cus aureus  polysaccharide capsule 

 Approximately 90 % of S. aureus isolates generate a polysaccharide capsule and 

strains with differing capsule composition are grouped into serotype classes 

(Sompolinsky et al., 1985). To date, there are 11 capsule serotypes and serotypes 5 and 8 

account for the majority of human infections (Arbeit et al., 1984; Sompolinsky et al., 1985; 

Lowy, 1998). Both these capsules contain N-acetylfucosamine and N-

acetylmannosaminuronic acid subunits, but differ in their sugar linkages and the site of 

O-acetylation of mannosaminuronic acid (Fournier et al., 1987; Fournier et al., 1984; 

Moreau et al., 1990). The capsule synthesis genes are encoded in clusters in serotype 5 

(cap5) and serotype 8 (cap8) and each cluster contains 16 genes (Sau et al., 1997). The 

function of each of the encoded proteins, and the mechanism by which the capsule is 

anchored to the peptidoglycan layer and retained by S. aureus has not been elucidated. 

The global regulators AgrA and SarA both positively regulate cap5 and cap8 gene 

expression, though regulation by SarA is less significant (Dassy et al., 1993; Luong et al., 

2002; van Wamel et al., 2002). Furthermore, expression of cap5 genes is downregulated in 
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response to increased CO2 levels, while capsule polysaccharide 5 production increases as 

the NaCl concentration increases (Herbert et al., 1997; Pöhlmann-Dietze et al., 2000). 

There is a negative correlation between the presence of the capsule and the ability of 

bacteria to adhere to human epithelial cells, but it is important for virulence in animal 

models of infection (Pöhlmann-Dietze et al., 2000). In particular, the bacterial capsule is 

thought to mask the opsonins bound to the peptidoglycan layer, thereby preventing 

recognition by phagocytic cells and opsonisation (Thakker et al., 1998; Wilkinson & 

Holmes, 1979; Wilkinson et al., 1979; Peterson et al., 1978). 

 

1.2.2 The Staphylococ cus aureus  peptidoglycan layer 

 The cell wall of Gram-positive bacteria consists of multiple layers of 

peptidoglycan (also known as murein) that in the case of S. aureus is approximately 19 nm 

thick (Matias & Beveridge, 2006). These layers are cross-linked via peptide bridges, 

strengthening the cell wall, which must withstand high internal osmotic pressure. The 

peptidoglycan polymer is made up of long glycan chains of alternating β-1,4-linked N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) subunits, and 

pentapeptide side chains linked to the carboxyl group of MurNAc (Scheffers & Pinho, 

2005). The S. aureus pentapeptide chains consist of L-alanine (L-Ala), D-glutamine (D-

Gln), L-lysine (L-Lys) and two terminal D-alanine residues (D-Ala-D-Ala), and five 

glycines bound to L-Lys, which are involved in the cross-linking of the peptidoglycan 

layers (Navarre & Schneewind, 1999). The polymer chain length tends to vary between 3-

10 disaccharide units, and cross-linking of the glycine side chain with the penultimate D-

Ala residue of a neighbouring stem peptide takes place, following the removal of its 

terminal D-alanine (Boneca et al., 2000). 

 The synthesis of peptidoglycan occurs in three stages, taking place in the 

cytoplasm, at the cell membrane and on the outer leaflet of the cell membrane. The first 

step involves the production of the nucleotide sugar-linked precursors of the 

peptidoglycan disaccharide. The synthesis of UDP-N-acetylglucosamine (UDP-GlcNAc) 

and UDP-N-acetylmuramylpentapeptide (UDP-MurNAc) occurs in the cytoplasm 

through the actions of the Glm and Mur proteins and is a well-established pathway 

(Barreteau et al., 2008).  

 Following this, the lipid-linked peptidoglycan precursors, lipid I and lipid II, are 

generated, whereby the amino acids of the pentapeptide are consecutively added to 

UDP-MurNAc, resulting in the generation of the pentapeptide stem. MraY then links 
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this subunit to the membrane acceptor undecaprenolphosphate, producing lipid I. Next, 

GlcNAc is added by MurG producing the membrane-bound peptidoglycan precursor 

lipid II (van Heijenoort, 1998). FemA, FemB and FemX are responsible for the addition 

of the five glycine residues to the ε-amino group of L-Lys forming the penta-glycine 

cross bridge (Ehlert et al., 1997; Schneider et al., 2004). Lipid II is translocated across the 

membrane, a process requiring FtsW in E. coli (Mohammadi et al., 2011). This essential 

protein is predicted to have 10 transmembrane helices and is a member of the shape, 

elongation, division and sporulation (SEDS) family (Boyle et al., 1997). Another member 

of this family, RodA, has also been suggested to play a similar function during cell 

elongation and the rod-shaped B. subtilis cells become spherical following RodA 

depletion. 

 Lastly these subunits are inserted into the existing peptidoglycan layers 

(transglycosylation) and subsequently cross-linked to the neighbouring layers 

(transpeptidation), processes involving the penicillin-binding proteins (PBPs). The 

transglycosylation step involves the linking of the C4 carbon of the glucosamine residue 

of the lipid-linked peptidoglycan precursor to the MurNAc of the nascent peptidoglycan 

and concurrent release of undecaprenolphosphate (Scheffers & Pinho, 2005). This carrier 

lipid is afterwards recycled back into the synthesis pathway. Transpeptidation begins with 

the cleavage of the D-Ala-D-Ala peptide bond within the pentapeptide to form a PBP 

enzyme-substrate intermediate. The energy released from this reaction is used to transfer 

the peptidyl moiety to a pentaglycine bridge of a neighbouring peptide chain, resulting in 

cross-linking of the peptidoglycan chains (Scheffers & Pinho, 2005).  

 This final step of peptidoglycan synthesis involves four PBPs in methicillin-

susceptible S. aureus (MSSA) and takes places almost exclusively at the septum (Scheffers 

& Pinho, 2005). PBP1 is a non-essential protein that localises to the cell division site 

(Pereira et al., 2009). It displays transpeptidase activity, and while its depletion does not 

lead to alterations in the composition of the peptidoglycan in the cell, an increase in cell 

size has been observed (Pereira et al., 2007a). Furthermore, PBP1 mutants have thickened 

septa and reduced autolytic activity, pointing to a function during cell separation (Pereira 

et al., 2009). The only PBP with both transglycosylase and transpeptidase activity in S. 

aureus is PBP2, an essential protein in MSSA, which localises into a ring at the start of 

septum formation (Pinho & Errington, 2005). However, PBP2 is delocalised by the 

addition of the β-lactam antibiotic oxacillin, which binds to the transpeptidase domain of 

PBPs, indicating that PBP2 localisation requires recognition of its substrate (Pinho & 

Errington, 2005). This PBP2 delocalisation is prevented by the presence of an additional 
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PBP protein in MRSA strains, named PBP2A (Pinho et al., 2001). PBP2A has a low 

affinity to β-lactams, and maintains transpeptidation activity in the presence of β-lactams, 

possibly by maintaining PBP2 and therefore its activity at the septum (Hartman & 

Tomasz, 1984; Reynolds & Brown, 1985; Pinho & Errington, 2005).  The absence of the 

non-essential protein PBP3 causes an alteration in cell size, cell shape and distorted septa, 

though no difference in peptidoglycan composition, indicating that its role may be linked 

to cell division rather than cell wall synthesis (Pinho et al., 2000). Lastly PBP4 is non-

essential, though plays a key role in the high degree of peptidoglycan cross-linking in S. 

aureus and deletion of pbpD encoding PBP4 leads to an increase in susceptibility to β-

lactam antibiotics (Memmi et al., 2008). Co-localisation studies demonstrated that PBP4 

localised to the cell division site after the WTA synthesis protein TagO, and PBP4 

localisation was dependent on TagO and WTA levels, demonstrating coordination 

between peptidoglycan and WTA synthesis (Atilano et al., 2010). 

 

1.2.3 The Staphylococ cus aureus  cell membrane 

 The S. aureus cell membrane consists of a phospholipid bilayer with integrated 

membrane proteins, and anchors other components including the lipoproteins and 

lipoteichoic acid to the cell. The four major lipids of this membrane bilayer are 

diglucosyldiacylglycerol (Glc2-DAG), diacylglycerol (DAG), phosphatidylglycerol (PG) 

and lysyl-phophatidylglycerol (Lys-PG) making up 8 %, 24 %, 50 % and 10 % of the lipid 

content, respectively (Koch et al., 1984). The lipoteichoic acid (LTA) is a polymer 

anchored on the outer leaflet of the cell membrane via a glycolipid anchor and represents 

6 % of the lipid content (Koch et al., 1984). The structures of Glc2-DAG, DAG, and PG 

are related, and their synthesis and depletion are closely linked to LTA production. The 

polymer of LTA consists of glycerol phosphate subunits cleaved from PG, giving rise to 

the generation of DAG (Koch et al., 1984). DAG can be recycled back into PG via 

production of phosphatidic acid, a reaction performed by the diacylglycerol kinase DgkB 

in B. subtilis (Jerga et al., 2007). Alternatively, the glycosyltransferase YpfP transfers two 

glucose moieties to DAG, generating Glc2-DAG, which acts as the glycolipid anchor of 

LTA (Kiriukhin et al., 2001).  

 The curvature of the membrane itself is affected by the presence of bilayer and 

non-bilayer forming components, and due to the bilayer-forming properties of Glc2-

DAG, membrane curvature has been suggested to be regulated by the Glc2-DAG 

synthase in Acholeplasma laidlawii (Vikström et al., 2000). In addition, DAG favours or 



  23 

induces the transition to a nonbilayer state and so the ratios of these lipids must be 

carefully balanced in order to maintain the integrity of cell membrane (Goñi & Alonso, 

1999). LTA is thought to have a conical shape and its non-bilayer forming property may 

affect membrane fluidity and permeability (Fischer, 1994; Gutberlet et al., 1997). 

 The Lys-PG synthase MprF is responsible for the production of Lys-PG by 

transferring the lysyl group of lysyl-tRNA to PG (Nesbitt & Lennarz, 1968; Staubitz et al., 

2004). S. aureus mprF mutant strains lacking Lys-PG are more susceptible to cationic 

antimicrobial peptides such as β-defensin and CAP18 as well as positively charged 

antibiotic gentamycin (Nishi et al., 2004). In addition, analysis of daptomycin resistant S. 

aureus isolates demonstrated increased Lys-PG content in the outer leaflet of the 

membrane, suggesting that the overall decrease in net negative charge in the presence of 

Lys-PG confers resistance (Jones et al., 2008; Kilelee et al., 2010). 

 As cells exit the logarithmic growth phase, the membrane PG content decreases, 

and cardiolipin (CL) content increases to 30 % (Short & White, 1971). This reaction is 

performed by two CL synthases in S. aureus, and results in the release of glycerol 

following the conversion of two PGs into one CL (Short & White, 1972; Koprivnjak et 

al., 2011). During stress conditions, membrane alterations have been detected and CL is 

required for survival under prolonged high salt stress (Tsai et al., 2011; Koprivnjak et al., 

2011). The reason for this lipid content alteration is unknown, but these observations 

have implications for a role in maintaining membrane stability. 

 

1.3 The teichoic acids of Gram-positive bacteria 

 In addition to the polysaccharide capsule and peptidoglycan, Gram-positive 

bacteria possess the teichoic acids (TAs), which can be subdivided into two types: wall 

teichoic acid (WTA) and lipoteichoic acid (LTA). The chemical structures of the TAs 

vary between bacteria, though they typically consist of zwitterionic polymers anchored to 

the peptidoglycan layer or cell membrane in the case of WTA and LTA, respectively.  

 The S. aureus WTA is composed of repeating polyol phosphate subunits of ribitol 

phosphate (RboP) linked via a phosphodiester bond to the C6 hydroxyl group of 

MurNAc of peptidoglycan (Fig 1.2) (Neuhaus & Baddiley, 2003; Brown et al., 2008). The 

WTA anchor is composed of N-acetylglucosamine-1-phosphate (GlcNAc-1-P), N-

acetylmannosamine (ManNAc) and two glycerol phosphate (GroP) subunits, and many 

of the proteins in the synthesis pathway have previously been identified in S. aureus (Fig. 

1.2) (Neuhaus & Baddiley, 2003; Xia et al., 2010b). However, only recently a class of 
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proteins responsible for anchoring WTA to the peptidoglycan layer have been identified, 

and these proteins are members of the LytR-CpsA-Psr (LCP) protein family (Dengler et 

al., 2012; Kawai et al., 2011). In addition, the ribitol phosphate subunits of S. aureus WTA 

are substituted with D-alanine esters as well as α- and β-O-N-acetylglucosamine (Brown 

et al., 2012). While it is known that the Dlt proteins are required for D-alanylation, those 

involved in the glycosylation of WTA have only been recently identified as TarM and 

TarS (Brown et al., 2012; Xia et al., 2010a). 

 Investigation of the localisation of the WTA synthesis proteins of B. subtilis have 

demonstrated similar localisation patterns within the cell and an intertwined protein-

protein interaction network suggests that this process is mediated by a multienzyme 

complex (Formstone et al., 2008).  

 
Figure 1.2 The chemical structure of WTA. The S. aureus WTA is tethered to the 
peptidoglycan layer via an anchor consisting of N-acetylglucosamine-1-phosphate, N-
acetylmannosamine and two GroP subunits (red). The polymer chain is composed of ribitol 
phosphate subunits, which can be D-alanylated (X) or glycosylated (Y). 
 

 LTA of S. aureus and many other Gram-positive bacteria consist of a 

polyglycerolphosphate (PGP) chain covalently linked to the cell membrane via a 

diglucosyldiacylglycerol (Glc2-DAG) anchor (Fig. 1.3) (Gründling & Schneewind, 2007a). 

The average chain length of the S. aureus LTA is 23 glycerol phosphate repeating units 

and up to 80 % of the hydroxyl groups at the C2 position of these subunits are 

substituted with D-alanine esters (Fig. 1.3) (Fischer, 1994). The WTA of S. aureus is also 

esterified with D-alanine, though usually to a lesser degree (Fischer, 1994). In addition, 

glycosylation of the TAs occurs in some staphylococcal strains, though the process is 

largely unknown (Neuhaus & Baddiley, 2003). 
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Figure 1.3 The chemical structure of LTA. The glycolipid anchor of S. aureus consists of 
diglucosyldiacylglycerol (Glc2-DAG) (red) and tethers the polyglycerolphosphate (PGP) chain to 
the cell membrane. Substitutions with D-alanine esters of the hydroxyl group at the C2 position 
of the glycerol phosphate subunits occur. Modified from Reichmann and Gründling, 2011. 
 

1.3.1 LTA glycolipid anchor production in S. aureus  and B. subt i l i s  

 LTA production begins in the cytoplasm of the cell with the synthesis of the 

glycolipid anchor, which tethers the PGP chain to the cell membrane. Both in S. aureus 

and B. subtilis, the LTA anchor is composed of glucosyl (β1-6) glucosyl (β1-3) 

diacylglycerol (Glc2-DAG), which is generated by the transfer of two glucose moieties 

from uridine diphosphate glucose (UDP-Glc) to the membrane lipid DAG (Fig. 1.3) 

(Kiriukhin et al., 2001; Jorasch et al., 1998; Fischer, 1994). The production of UDP-Glc 

requires the conversion of Glucose-6-phosphate (Glc-6-P) to Glucose-1-Phosphate (Glc-

1-P) by the α-phosphoglucomutase named PgcA (sometimes named Pgm) (Fig. 1.4, step 

1) (Lu & Kleckner, 1994; Lazarevic et al., 2005; Gründling & Schneewind, 2007a). This is 

followed by activation by the UTP:α-glucose-1-phosphate uridyltransferase GtaB (also 

named GalU) (Fig. 1.4, step 2) (Pooley et al., 1987; Gründling & Schneewind, 2007a). The 

cytoplasmic processive glycosyltransferase (YpfP in S. aureus and UgtP in B. subtilis) is 

responsible for the transfer of two glucose moieties from UDP-Glc to DAG, leading to 

the formation of the glycolipid anchor and release of UDP (Fig. 1.4, step 3) (Kiriukhin et 

al., 2001; Jorasch et al., 1998). In the absence of PgcA, GtaB, or YpfP, glycolipid 

production is abolished, though synthesis of the LTA backbone continues. It is believed 

that the PGP chain is instead linked directly to DAG, and this simpler lipid anchor or 

PG is naturally used by some bacteria (Iwasaki et al., 1989; Lazarevic et al., 2005; 

Gründling & Schneewind, 2007a; Rahman et al., 2009b). 
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 Following anchor formation, a fraction of the glycolipids are translocated to the 

outer leaflet of the cell membrane. The S. aureus membrane protein LtaA has been 

hypothesised to be involved in this process and the gene encoding for this protein is 

found in an operon with ypfP (Fig. 1.4, step 4) (Gründling & Schneewind, 2007a). LtaA is 

predicted to consist of 12 transmembrane helices, and it is a member of a major 

facilitator superfamily clan (Gründling & Schneewind, 2007a). In an S. aureus ltaA 

deletion strain, the majority of LTA is linked directly to DAG, despite the presence of 

wild type levels of Glc2-DAG (Gründling & Schneewind, 2007a). However, currently no 

proteins involved in the glycolipid translocation process have been identified in B. subtilis 

and the genome does not contain an LtaA homologue. 

 
Figure 1.4 LTA synthesis in S. aureus . The glycolipid anchor (Glc2-DAG) is synthesised in the 
cytoplasm of the cell by PgcA, GtaB and the YpfP (purple) (steps 1 to 3), and translocated across 
the membrane, possibly with the help of LtaA (orange) (step 4). The production of the 
polyglycerolphosphate chain (yellow) requires the LTA synthase LtaS (blue) (step 5) and the 
DltA-D proteins (green) (step 6) are essential for the incorporation of D-alanine esters into the 
LTA chain. 
 

1.3.2 LTA polyglycerolphosphate chain production in S. aureus  and B. 

subt i l i s  

 Once the glycolipid anchor is located on the outer leaflet of the S. aureus 

membrane, the LTA synthase (LtaS) polymerises the glycerol phosphate subunits, 

generating the PGP chain (Fig. 1.4, step 5) (Gründling & Schneewind, 2007b). This 

membrane protein consists of five transmembrane helices and a large extracellular C-

terminal enzymatic domain. The linker region between these domains contains an AXA 

motif, which has been shown to be cleaved by the signal peptidase SpsB, resulting in the 

release of the extracellular domain into the culture supernatant (Wörmann et al., 2011b). 
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Pulse-chase experiments indicate that the membrane lipid phosphatidyl glycerol is the 

donor of the GroP subunits of the LTA backbone chain and the purified enzymatic 

domain of LtaS was shown to cleave the GroP headgroup of fluorescently labeled PG in 

in vitro enzyme reactions (Koch et al., 1984; Karatsa-Dodgson et al., 2010). Despite this in 

vitro activity, it has been demonstrated that the presence of all five transmembrane helices 

is essential for the LtaS enzymatic activity in vivo (Wörmann et al., 2011b). 

 Two models for the linkage of the PGP chain to the glycolipid anchor have been 

proposed recently, requiring different enzymatic activities (Rahman et al., 2009b; Sutcliffe, 

2011). The first model predicts that LtaS extends the PGP chain on the PG donor before 

an LTA transferase moves the LTA backbone onto the glycolipid anchor. The alternative 

model hypothesises that an LTA primase is capable of adding the first GroP subunit to 

the glycolipid anchor and is followed by LTA synthase activity and extension of the PGP 

chain. The identification of an LTA primase in Listeria monocytogenes supports the second 

model, though no primase has been identified in S. aureus (Webb et al., 2009). In this 

pathogen, LtaS appears capable of acting as both the primase and synthase. 

 PGP synthesis in B. subtilis also supports this model. In contrast to S. aureus, B. 

subtilis encodes four LtaS-type enzymes named LtaS (originally YflE), YqgS, YvgJ, and 

YfnI (Schirner et al., 2009). The extracellular domains of all four homologues can 

hydrolyse fluorescently labeled PG in vitro, though only LtaS, YqgS and YfnI are capable 

of PGP chain synthesis (Wörmann et al., 2011a). However, YvgJ expression in the 

absence of the other LtaS homologues led to the accumulation of a single GroP subunit 

tethered to the Glc2-DAG anchor (GroP-Glc2-DAG), indicating it has a function similar 

to the L. monocytogenes LTA primase (Wörmann et al., 2011a). LtaS appears to be the most 

important synthase, while the other homologues are thought to play overlapping roles in 

changing environmental conditions. 

 

1.3.3 Functions of LTA 

 Various roles have been attributed to LTA based on the analysis of mutants 

lacking the LTA synthesis proteins. Although LTA is essential in S. aureus under normal 

growth conditions, the LTA anchor is dispensable and mutants lacking the glycolipid 

anchor display diverse phenotypes. S. aureus RN4220 ΔypfP mutant cells appear as slightly 

enlarged misshapen cocci, which have increased levels of both cell-associated and 

secreted LTA (Kiriukhin et al., 2001). In addition, an increased rate of autolysis was 

observed (Kiriukhin et al., 2001). In a different strain background, the S. aureus SA113 
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ΔypfP mutant strain has an 87 % reduction in LTA content, though the reason for the 

contradictory phenotypes is unknown (Fedtke et al., 2007). Using these two mutant 

strains, only SA113 ΔypfP had a reduced capacity to survive during late stationary phase, a 

phenotype attributed to the reduced LTA content rather than the lack of the glycolipid 

anchor (Fedtke et al., 2007). Furthermore, compared to wild type S. aureus, the SA113 

ΔypfP bacteria demonstrated reduced efficiency in invading human brain microvascular 

endothelial cells (hBMEC) that make up the blood-brain barrier, though adherence was 

unchanged (Sheen et al., 2010).  

 A study on B. subtilis aimed to identify determinants involved in nutrient-

dependent cell size control showed that ΔpgcA, ΔgtaB and ΔugtP mutant bacteria have a 

decreased cell size while retaining localisation of the essential cell division protein FtsZ, 

which polymerises at the future septum (Weart et al., 2007). Furthermore, it was shown 

that UgtP localisation to the septum was altered in ΔpgcA and ΔgtaB mutant strains and 

that UgtP inhibited FtsZ polymerisation in vitro, indicating that the glycolipid synthesis 

pathway plays a role during cell division (Weart et al., 2007). 

 Important roles for the LTA glycolipid anchor formation have also been 

determined in several other Gram-positive bacteria. Enterococcus faecalis lacking glycolipid 

anchor production displays a reduced ability to form a biofilm and an increase in 

susceptibility to opsonophagocytosis (Theilacker et al., 2009). Adhesion to Caco-2 cells 

was also found to be defective in this mutant and the same group went on to 

demonstrate that purified Glc2-DAG was able to inhibit the binding of E. faecalis to 

Caco-2 cells up to 47 % (Theilacker et al., 2009; Sava et al., 2009). In contrast, the addition 

of LTA and monoglucosyldiacylglycerol (GlcDAG) had no effect, indicating a specific 

role for the LTA glycolipid anchor during invasion (Sava et al., 2009). 

 Interestingly, LTA anchor mutants of Group B Streptococcus (GBS) also showed a 

defect in invasion of the host, in particular the penetration of the blood-brain barrier, 

which results in meningitis (Doran et al., 2005). Analysis of the LTA content in these 

GBS mutant strains highlighted a significant increase in both cellular and secreted LTA, a 

phenotype attributed to weak anchoring of the LTA (Doran et al., 2005). Mortality rates 

in mice infected with the GBS glycolipid mutant strain were significantly reduced 

compared to wild type GBS (Doran et al., 2005).  

 The role of the PGP chain of LTA has been more difficult to investigate due to 

the essentiality of this polymer under normal growth conditions. Strains lacking LTA 

have been constructed in S. aureus, B. subtilis and L. monocytogenes and in all cases bacteria 



  29 

display severe morphological defects. Deletion of the single ltaS gene in S. aureus leads to 

an increase in cell size, aberrant placement of division septa, and defects in cell separation 

(Gründling & Schneewind, 2007b). Cell growth can only occur in the presence of high 

sucrose or NaCl concentrations, conditions that presumably provide osmoprotection 

(Oku et al., 2009). Alternatively, the acquisition of suppressor mutations, in particular 

those affecting the levels of the signaling molecule cyclic diadenosine monophosphate (c-

di-AMP), overcome the need for LTA production (Corrigan et al., 2011). These LTA 

negative suppressor strains still displayed misplacement of septa, as well as an increase in 

susceptibility to a variety of antibiotics such as vancomycin and oxacillin (Corrigan et al., 

2011). The strains demonstrated a slight reduction in cell wall-associated hydrolytic 

enzyme levels, and these levels were increased by the re-introduction of ltaS and LTA 

production, indicating of a function of LTA in autolysin level regulation (Corrigan et al., 

2011). 

 An L. monocytogenes ltaS mutant strain lacking a PGP polymer shows a temperature 

sensitive growth phenotype, forming long filaments at the non-permissive temperature of 

37°C, which eventually lyse (Webb et al., 2009). A similar filamentation phenotype has 

also been observed in a B. subtilis ltaS mutant strain, where assembly of the FtsZ ring 

does not proceed properly (Schirner et al., 2009). However, it should be noted that even 

in the absence of LtaS, PGP-LTA is still synthesised by the remaining LTA synthases. 

Only the combined absence of LtaS, YqgS and YfnI leads to a complete disruption of 

the polymer production (Wörmann et al., 2011a). A quadruple mutant that lacks LTA 

shows more severe morphological defects, forming filaments that spiral along their long 

axes (Schirner et al., 2009). Furthermore the ltaS/yqgS double mutant is incapable of 

sporulation, highlighting the importance of LTA during this developmental process. 

 Microscopic analysis of various bacterial strains lacking LTA highlights a link 

with the process of cell division, particularly obvious in rod-shaped B. subtilis where cells 

become filamentous. Both B. subtilis LTA synthases LtaS and YqgS localise to the site of 

cell division and the absence of LtaS results in altered FtsZ localisation and subsequent 

misplacement of septa (Schirner et al., 2009). Similarly the localisation pattern of UgtP 

was reminiscent of the localisation of FtsZ to the septa (Weart et al., 2007). This septal 

localisation was abolished in pgcA and gtaB mutant strains, demonstrating a dependence 

on the presence of UDP-Glc, the cytoplasmic substrate of UgtP (Weart et al., 2007). In 

addition, purified UgtP was shown to inhibit FtsZ polymerisation in an in vitro assay, 

indicative of a direct physical interaction between these proteins (Weart et al., 2007). 
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1.3.4 D-alanine incorporation into the teichoic acid 

1.3.4.1 D-alanylation of LTA 

 The mechanism of D-alanine incorporation into LTA is not fully understood, 

though proteins encoded in the dlt operon are essential for this process (Neuhaus et al., 

1996). In S. aureus this operon consists of five genes named dltX, A, B, C and D, where 

dltA and dltC encode the D-alanine-D-alanyl carrier protein ligase (DltA) and the D-

alanyl carrier protein (DltC) (Fischer, 1994).  DltA is responsible for ligating D-alanine to 

DltC in a two-step reaction as illustrated in Fig. 1.5 (Fischer, 1994; Heaton & Neuhaus, 

1992; Heaton & Neuhaus, 1994).  

 

 
Figure 1.5 Two-step reaction of D-alanine ligation to the D-alanyl carrier protein (DltC). 
DltA, the D-alanine-D-alanyl carrier protein ligase, is involved in both steps of the reaction, and 
initially ligates the D-alanine (D-Ala) to itself in an energy-dependent reaction (1). The D-alanine 
is then transferred to the carrier protein (DltC) in the second step resulting in the release of ligase 
and AMP (2). 
 

 DltA has homology to acetyl coenzyme A synthetases and is a member of a 

family of enzymes, which activates and transfer amino or fatty acids to a carrier protein 

via a thiol group of the 4-phosphopantetheine prosthetic group (Osman et al., 2009; 

Neuhaus & Baddiley, 2003; Du et al., 2008). DltA catalyses the adenylation of D-alanine, 

before transferring the activated D-alanyl to the 4-phosphopantetheine covalently 

attached to the serine side chain of DltC (Fischer, 1994; Debabov et al., 1996; Heaton & 

Neuhaus, 1994). The DltC carrier protein has homology to the E. coli ACP and DltA is 

able to ligate D-alanine to both DltC and ACP (Debabov et al., 1996; Heaton & 

Neuhaus, 1994). However, only D-Ala-DltC is able to transfer its D-alanine to a 

membrane component of Lactobacillus casei, demonstrating DltC specificity in this 

reaction (Heaton & Neuhaus, 1994). 

 The roles played by the other proteins are undefined, though DltX is dispensable 

for the D-alanine incorporation process. In contrast, mutations in dltB and dltD inhibit 

D-alanylation of LTA. Hydropathy profiles indicate that DltB is a membrane-spanning 
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protein, while DltD is likely to be anchored to the membrane via an N-terminal 

hydrophobic sequence (Perego et al., 1995). Currently, there are two models for the 

functions of these proteins, the first proposed by Fischer and colleagues (1995) and the 

alternative model put forward by Neuhaus & Baddiley (2003) (Fig. 1.6).   

 

1.3.4.1.1 The Fischer model for D-alanine incorporation into LTA 

The model put forward by Fischer and colleagues (1995) is based on the mechanism of 

LTA glycosylation where galactose is translocated across the membrane through an 

undecaprenolphosphate (P-C55) intermediate (Fig. 1.6A) (Perego et al., 1995). The 

evidence for this membrane intermediate was discovered when radiolabelled galactose 

was incubated with the membranes of Bacillus coagulans, resulting in the formation of β-

galactosyl phosphorylpolyprenol (Gal-P-C55) (Yokoyama et al., 1988). Subsequent 

incubation of Gal-P-C55 with membranes in the presence of LTA demonstrated a 

transfer of galactose to the LTA polymer (Yokoyama et al., 1988). Fischer proposed that 

DltB plays multiple roles; firstly facilitating the transfer of D-alanine from DltC to 

undecaprenolphosphate (P-C55) to produce D-Ala-P-C55, and secondly during the 

traversing of the D-Ala-P-C55 complex across the membrane (Fig. 1.6A) (Perego et al., 

1995). The later identification of DltB as belonging to the membrane-bound O-

acetyltransferases (MBOAT) family, which comprises of enzymes that transfer organic 

acids onto hydroxyl groups of membrane-embedded components, supports this 

hypothesis (Hofmann, 2000). In this model, the final step of D-alanylation is thought to 

be catalysed by the positively charged DltD protein located on the outside of the cell, 

which could pick out the negatively charged PGP chain of LTA and aid in the transfer of 

D-alanine to LTA (Fig. 1.6A) (Perego et al., 1995). However, currently there is no 

experimental evidence for the presence of this D-Ala-P-C55 intermediate. 
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Figure 1.6 Models of D-alanine substitution of LTA. (A) Fischer model. The first model 
was proposed by Fischer and colleagues in 1995. It was hypothesised that the D-alanine (small 
green circle) is transferred from the carrier protein (DltC) to undecaprenolphosphate (P-C55) and 
traverses the membrane utilising DltB. DltD is then involved in the final transfer of the D-
alanines to LTA. (B) Neuhaus and Baddiley model. The second model was proposed in 2003, 
suggesting that DltD increases the efficiency of the ligation of D-alanine to DltC. The D-Ala-
DltC complex then crosses the membrane with the help of DltB. 
 

1.3.4.1.2 The Neuhaus and Baddiley model for D-alanine incorporation into LTA 

 The second model was proposed following experiments performed by Debabov 

et al. (2000) on DltD from Lactobacillus rhamnosus. In in vitro experiments, it was shown 

that the rate of ligation of D-alanine from DltA to purified DltC increased two-fold in 

the presence of DltD (Debabov et al., 2000). Neuhaus & Baddiley (2003) hypothesised 

that DltD acts as a platform to bring DltA and DltC in close proximity leading to 

efficient charging of DltC with D-alanine (catalysed by DltA) (Fig. 1.6B) (Neuhaus & 

Baddiley, 2003). Next, the D-Ala-DltC complex is translocated across the membrane via 

a channel produced by DltB (Fig. 1.6B) (Neuhaus & Baddiley, 2003). The D-Ala-DltC 

then binds directly to LTA via a specific site in DltC, allowing for transfer of D-alanine 

to LTA, though there is a need for the activity of a transferase enzyme (Fig. 

1.6B)(Kiriukhin & Neuhaus, 2001; Neuhaus & Baddiley, 2003). 

 

1.3.4.2 D-alanylation of WTA 

 Many bacterial strains contain D-alanine substitutions in their WTA and analysis 

of the B. subtilis dlt mutants found that the esterification was abolished in this mutant 

(Perego et al., 1995). This result indicates that the Dlt proteins also play a role in WTA D-

alanylation. It has been a long-standing view that the D-Ala-LTA is the D-alanine donor 

for WTA, and so the dlt mutant phenotype observed would be an indirect downstream 

effect due to the loss of D-Ala-LTA (Haas et al., 1984). Pulse-chase experiments 
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performed by Haas and colleagues in 1984 using [14C]alanine demonstrated incorporation 

into the LTA fraction, followed by a subsequent decrease in radioactivity synchronised 

with an increase in the radioactivity in the WTA fraction (Haas et al., 1984). These results 

were also verified by using toluenised S. aureus cells (Koch et al., 1985). This evidence, 

though indirect, strongly supports the idea that D-Ala-LTA is the donor for D-alanine 

substitutions in WTA. However, the mechanism for the transfer of D-alanine from LTA 

to WTA and the possible requirement of an enzyme has not been elucidated.  

 

1.3.4.3 Functions of D-alanine esters in teichoic acids 

 The incorporation of D-alanine into both the teichoic acids confers a positive 

charge on the negative polymer, and has been found to play numerous roles in Gram-

positive bacteria. Most evidence has been obtained from studies involving dlt mutants, 

but since these strains lack D-alanine esters on both WTA and LTA, the effect may be 

due to the altered composition of either TA (Perego et al., 1995). A key effect of the 

absence of D-alanine esters is an increase in the susceptibility to defensins, nisin, cationic 

antimicrobial peptides, and killing by phagocytic cells and neutrophils, which in turn 

results in an attenuated virulence observed using animal models (Poyart et al., 2003; 

Walter et al., 2007; Kramer et al., 2008; Peschel et al., 1999; Fabretti et al., 2006; Kovács et 

al., 2006; Kristian et al., 2005; Collins et al., 2002). S. aureus dlt mutant strains are unable to 

colonise polystyrene or glass, are impaired in biofilm formation and show reduced 

adherence to nasal epithelial cells, and similar effects are observed in other bacteria 

(Gross et al., 2001; Weidenmaier et al., 2004; Clemans et al., 1999; Walter et al., 2007). D-

alanine esters also play a role in the regulation of autolytic activity and binding of Mg2+ 

ions within the cell wall (Fischer et al., 1981; Koprivnjak et al., 2006; Lambert et al., 1975). 

The dlt operon is downregulated in the presence of Mg2+ ions in S. aureus, but 

interestingly this does not occur in S. gordonii (Koprivnjak et al., 2006; McCormick et al., 

2011). The level of the D-alanylation of LTA is also lowered in response to an increase in 

NaCl concentration, as well as pH and temperature (Koprivnjak et al., 2006; Boyd et al., 

2000; Novitsky et al., 1974). The ligation of D-alanine to DltC by DltA was affected by 

pH and temperature, and may in part account for this reduction (Heaton & Neuhaus, 

1994). In Streptococcus agalactiae and S. gordonii, dlt gene expression is under the control of 

the two-component systems DltRS and LiaRS, respectively (Poyart et al., 2001; 

McCormick et al., 2011). 
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1.4 Cell division in Gram-positive bacteria 

 The process of cell division in Gram-positive bacteria has been most extensively 

studied in B. subtilis, a rod-shaped bacterium. DNA replication occurs prior to DNA 

segregation, cell elongation, septum formation at the mid-cell and cell separation, 

generating two daughter cells (Fig. 1.7A). Cell division in spherical S. aureus cells takes 

place in three orthogonal planes, whereby the future cell division site is perpendicular to 

the previous septum and incomplete separation results in the typical clustering of the S. 

aureus cells observed during microscopy (Fig. 1.7B) (Tzagoloff & Novick, 1977). The 

mechanism of cell division not only requires the careful coordination with other 

processes including DNA segregation, and peptidoglycan synthesis, but following cell 

separation, a recollection of the previous division plane is needed (Turner et al., 2010).  

 
Figure 1.7 Schematic representation of cell division in Gram-positive bacteria. (A) B. 
subt i l i s  cell division. Rod-shaped cells elongate along their long axes, and DNA replication and 
segregation takes place. The divisome assembles at the midcell forming the septum (orange) and 
cell division and separation results in the generation of two daughter cells, whereby the septum 
becomes the newly-formed cell pole.  (B) S. aureus  cell division. The steps of cell division are 
similar to those of B. subtilis, but takes place in three orthogonal planes over three cycles. Each 
division plane is perpendicular to the previous. 
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 In B. subtilis, the recruitment of proteins to the midcell takes place in two stages, 

where FtsZ, FtsA, ZapA and EzrA assemble at the start of cell division (early stage 

proteins), and are followed by the localisation of GpsB, FtsL, DivIB, and DivIVA (late-

stage proteins) (Gamba et al., 2009). The localisation of these cell division proteins and 

the peptidoglycan synthesis proteins are summarised in Fig. 1.8. 

 
Figure 1.8 Localisation of cell division associated and peptidoglycan synthesis proteins in 
B. subt i l i s . The divisome is made up of the proteins that localise to the midcell, forming the 
septum. Noc associates with the DNA, ParE is evenly distributed throughout the cell and ParC 
localises to the cell pole. DivIVA localises to the midcell at a late stage of cell division and 
remains after cell separation at the newly formed cell pole. The cell division associated proteins 
are shown in pink, and the peptidoglycan synthesis proteins are shown in red.  
 

 In the rod-shaped Bacillus cell, cell division is initiated by the localisation of FtsZ 

to the mid-cell (Errington et al., 2003). Here, FtsZ polymerises to form filaments, and 

together generates the Z-ring, which acts as a framework for the other cell division 

proteins to bind to (Fig. 1.8) (Scheffers & Driessen, 2001; Errington et al., 2003). FtsA 

has been shown to directly interact with FtsZ, and it has been proposed to play a role in 

tethering the FtsZ ring to the cell membrane (Fig. 1.8) (Wang et al., 1997; Szwedziak et al., 

2012).  

 FtsZ assembly is modulated by EzrA, which prevents FtsZ polymerisation, 

ensuring the presence of only one Z-ring per cell cycle (Chung et al., 2007; Haeusser et al., 

2004). EzrA localisation to the septum is FtsZ-dependent, and during cell growth in the 

absence of the FtsZ ring, it is evenly distributed throughout the cell membrane (Fig. 1.8) 

(Levin et al., 1999). 

 In contrast to EzrA, B. subtilis ZapA binds FtsZ and enhances the assembly of 

the Z-ring (Gueiros-Filho & Losick, 2002). Interestingly, the combined absence of both 

the non-essential regulatory cell division proteins ZapA and EzrA is lethal, highlighting 

the complexity of this process (Gueiros-Filho & Losick, 2002).  
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 Synthetic lethality in the absence of FtsA is caused by the deletion of SepF, a cell 

division protein that has been isolated in a complex with FtsZ, FtsA, EzrA and ZapA, 

indicating a role in the early stages of cell division (Adams & Errington, 2009; Hamoen et 

al., 2006; Ishikawa et al., 2006). However, abnormally thick septa have been observed in 

the B. subtilis sepF deletion strain and the initiation of cell separation before completion of 

the septum points to a late stage function during cell division (Hamoen et al., 2006). 

 FtsL is a transmembrane protein, which interacts with DivIB and DivIC, and 

these three proteins appear to be interdependent in B. subtilis (Fig. 1.8) (Sievers & 

Errington, 2000; Daniel & Errington, 2000; Daniel et al., 1998; Daniel et al., 2006; Katis et 

al., 2000). In the absence of DivIB, DivIC is no longer degraded indicating it functions as 

a negative regulator (Daniel et al., 2006). Furthermore, DivIB may be involved in 

protecting FtsL from degradation at higher temperatures, since overexpression of FtsL 

can compensate for the absence of DivIB (Daniel & Errington, 2000). EzrA-depleted 

cells display delayed Z-ring constriction, which can be compensated for by the 

overexpression of FtsL (Kawai & Ogasawara, 2006). Therefore, EzrA and FtsL are 

proposed to work synergistically to regulate the process of constriction. 

 Correct placement of the FtsZ ring at the midcell of B. subtilis involves two 

mechanisms: the Min system and nucleoid occlusion. The Min system is based on the 

prevention of FtsZ polymerisation in the presence of the MinCD complex, which is 

concentrated at the cell poles (de Boer et al., 1992). The recruitment to the cell poles 

involves DivIVA and starts during the later stages of the previous cell division (Cha & 

Stewart, 1997; Edwards & Errington, 1997). DivIVA localises to the septum and 

following cell separation, is maintained at the newly-formed cell pole (Fig. 1.8) (Edwards 

& Errington, 1997). This protein is thought to interact with the MinCD complex, 

ensuring that Z-ring formation does not occur at the cell poles (Errington et al., 2003). 

 Since both daughter cells require complete and segregated copies of the DNA, Z-

ring formation must not occur too early and its correct placement is vital. This spatial 

and temporal regulation is addressed by the nucleoid occlusion mechanism, which 

involves the DNA-binding protein Noc. This B. subtilis protein colocalises with the 

nucleoid thereby preventing the placement of the septum in the vicinity of the DNA 

(Fig. 1.8) (Wu & Errington, 2004; Wu et al., 2009).  

 ParC and ParE make up the DNA topoisomerase IV in various bacteria, and are 

involved in the process of DNA replication and segregation (Barnes et al., 2003). ParC 

localises to the poles of B. subtilis while ParE is evenly distributed throughout the 

growing cell (Fig. 1.8) (Huang et al., 1998). 
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 GpsB is a paralogue of DivIVA and is non-essential in B. subtilis (Tavares et al., 

2008). In contrast to DivIVA, GpsB only localises to the mid-cell and is not retained at 

the newly-formed cell poles, and its localisation to the midcell is dependent on FtsZ, 

FtsA, DivIC and PBP2 (Fig. 1.8) (Tavares et al., 2008). The gene encoding PBP1 is 

frequently located close to the gpsB gene and direct interactions have been detected 

between these proteins (Claessen et al., 2008). In the absence of both GpsB and EzrA, 

defective peptidoglycan synthesis is observed, and this is due to the altered PBP1 

localisation, indicating this protein serves to coordinate peptidoglycan synthesis during 

cell division (Claessen et al., 2008). 

 Less is known about cell division in S. aureus, though recent work investigating 

the protein-protein interactions between cell division proteins has identified most of the 

homologues of the B. subtilis cell division proteins mentioned above (Steele et al., 2011). 

Not all the functions of these proteins are known, though most play similar roles as their 

B. subtilis counterparts. For instance, deletion of ezrA in S. aureus leads to the altered 

localisation of FtsZ, supporting a role in regulation of Z-ring formation (Jorge et al., 

2011). However, in contrast to B. subtilis, EzrA is not essential for cell viability in S. 

aureus, and its absence leads to an increase in cell size and peptidoglycan synthesis no 

longer occurring predominantly at the cell division site (Jorge et al., 2011; Steele et al., 

2011). In addition to preventing FtsZ polymerisation over the nucleoid, the S. aureus Noc 

protein is proposed to be involved in the correct perpendicular placement of the future 

cell division site. This is based on the observation of the aberrant positioning of multiple 

Z-rings in an S. aureus Δnoc mutant strain (Veiga et al., 2011). The study of the protein-

protein interactions between these S. aureus homologues revealed a network of 

interactions, highlighting the complexity of the divisome (Fig. 1.9) (Steele et al., 2011; 

Bottomley, 2011). Together with the PBPs, these results are indicative of a link between 

cell division and peptidoglycan synthesis. 



  38 

 
Figure 1.9 Interaction network of the S. aureus  cell division proteins.  Black lines indicate 
positive interactions and putative interactions are shown as dotted lines. These interaction results 
are from the thesis of A. Bottomley. Adapted from Steele et al 2011. 
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1.5 Aims and objectives of this study 

 Lipoteichoic acid (LTA) is a membrane-bound zwitterionic polymer that is 

present in the cell envelope of various Gram-positive bacteria (Fischer, 1994; Neuhaus & 

Baddiley, 2003; Weidenmaier & Peschel, 2008; Rahman et al., 2009a). S. aureus LTA 

consists of a polyglycerolphosphate (PGP) chain tethered to the membrane via a 

diglucosyldiacylglycerol anchor (Glc2-DAG) and contains D-alanine substitutions at the 

C2 position of the glycerol phosphate subunits. Proteins currently known to be involved 

in LTA synthesis are YpfP, LtaA and LtaS, as well as four proteins encoded by the dlt 

operon, which are required for D-alanylation. Despite this, the complete mechanism of 

LTA synthesis and D-alanine incorporation has not been ascertained. To provide a better 

understanding of the LTA synthesis pathway in the Gram-positive pathogen Staphylococcus 

aureus, protein-protein interactions, the localisation of the LTA synthesis proteins, as well 

as the mechanism of D-alanine incorporation were investigated in this study. 

 Various functions have been attributed to LTA based on the analysis of LTA 

synthesis mutants. Experiments in Bacillus subtilis demonstrated that the production of 

the LTA glycolipid anchor by PgcA, GtaB and UgtP affected cell size, and the 

polymerisation of the key cell division protein, FtsZ, was inhibited by UgtP in vitro (Weart 

et al., 2007; Scheffers & Driessen, 2001). Both UgtP and the B. subtilis LTA synthase LtaS, 

responsible for the extension of the LTA polymer, localised to the site of cell division 

and FtsZ localisation was disrupted in the ΔltaS mutant strain resulting in an increase in 

cell size and chain length (Weart et al., 2007; Schirner et al., 2009). S. aureus lacking LTA 

display aberrant positioning of septa, cell enlargement and eventually lyse. Together, 

these previous studies indicate a link between LTA synthesis and cell division, and an aim 

of this study was to investigate the connection between these two processes by 

performing protein-protein interaction studies and localising the LTA synthesis proteins 

in S. aureus. 

 The absence of D-alanine esters on LTA and wall teichoic acid (WTA) results in 

increased susceptibility to cationic antimicrobial peptides and attenuated virulence using 

animal models, highlighting the importance of teichoic acid modification (Fabretti et al., 

2006; Collins et al., 2002). However, the details of the process of D-alanine incorporation 

remain unknown and this study aimed to provide further mechanistic insight on LTA 

esterification. 

 

  



  40 

 

  
Chapter 2 

Materials and Methods 
  



  41 

2.1 Bacterial strains, growth conditions and storage 

 E. coli and S. aureus strains used in this study are shown in Table 1 (p.70) and 

Table 2 (p.73), respectively. Strains were stored at -80°C by mixing 500 µl overnight 

culture with 500 µl freezer medium consisting of 10 % bovine serum albumin and 10 % 

monosodium glutamate. With the exception of DHM1 and BTH101 cells, which were 

incubated at 30°C, E. coli strains were grown at 37°C with shaking in Luria Bertani (LB) 

broth or on LB agar, supplemented with the following antibiotics, inducers and 

indicators where appropriate: Ampicillin (Amp), 100 µg/ml; Anhydrotetracycline (Atet), 

200 ng/ml; Isopropyl β-D-thiogalactosidase (IPTG), 0.5 mM; Kanamycin (Kan), 30 to 

50 µg/ml; Nalidixic acid (Nal), 30 µg/ml; Spectinomycin (Spec), 100 µg/ml; 

Streptomycin (Strep), 100 µg/ml; Tetracycline (Tet), 10 µg/ml; 5-bromo-4-chloro-3-

indolyl-β-D-galactopyranoside (X-gal), 40 µg/ml.  

 S. aureus strains were grown at 37°C on Tryptic soy agar (TSA) or with shaking in 

Tryptic soy broth (TSB), with the addition of the following antibiotics and inducers when 

necessary: Anhydrotetracycline (Atet), 200 ng/ml; Chloramphenicol (Cam), 5 to 10 

µg/ml; Erythromycin (Erm), 10 µg/ml; Isopropyl β-D-thiogalactosidase (IPTG), 1 mM; 

Kanamycin (Kan), 90 to 200 µg/ml. 

 All optical density (OD) and absorbance readings of cultures were taken using 

the Biochrom Libra S11 spectrophotometer. 

 

2.2 Recombinant DNA techniques 

2.2.1 Purification of plasmid DNA 

2.2.1.1 Plasmid purification from E. co l i  

 Plasmid DNA was extracted from E. coli strains using mini-prep and midi-prep 

kits. Using 5 ml overnight culture, DNA was purified using the Macherey-Nagel plasmid 

DNA purification kit (mini-prep) following the manufacturer's instructions and DNA 

was eluted in 40 µl ddH2O. Larger amounts of plasmid DNA were extracted from 200 

ml overnight cultures using the QIAGEN plasmid midi kit (midi-prep), following the 

manufacturer's instructions and the DNA was rehydrated in 150 µl ddH2O. The plasmids 

were stored at -20°C. 

 



  42 

2.2.2 Isolation of chromosomal DNA from S. aureus 

 To isolate chromosomal DNA from S. aureus strains, 4 ml overnight culture were 

centrifuged for 15 min at 4,000 xg, and the pellet was suspended in 50 µl TSM (100 mM 

Tris-HCl pH 7.5, 0.5 M Sucrose, 10 mM MgCl2) buffer. Bacteria were lysed for 30 min in 

a 37°C water bath by the addition of lysostaphin at a final concentration of 100 µg/ml. 

The subsequent chromosomal DNA purification steps were conducted using the Wizard 

Genomic DNA Purification kit (Promega, Madison USA), according to the 

manufacturer's instructions. The isolated DNA was rehydrated in 40 µl ddH2O for 1 h at 

room temperature and the DNA was stored at -20°C. 

 

2.2.3 Estimation of DNA concentration 

 The presence and quality of isolated DNA was estimated visually by agarose gel 

analysis. When more accurate measurements were required, DNA concentrations were 

determined using a Nanodrop Spectrophotometer ND-1000 (Labtech), which measures 

the absorbance at 260 nm. 

 

2.2.4 Separation of DNA by agarose gel electrophoresis 

 DNA was visualised by gel electrophoresis using 0.8 to 1 % agarose gels. One % 

agarose gels were prepared by dissolving 1 g electrophoresis grade agarose in 100 ml 1x 

Tris-boric acid-EDTA buffer (TBE; 89 mM Tris base, 89 Boric acid, 2 mM EDTA) or 

1x Tris-acetic acid-EDTA buffer (TAE; 40 mM Tris base, 40 mM acetic acid, 1 mM 

EDTA). A 1:20000 dilution of SYBR Safe solution (Invitrogen) was added to the molten 

agarose for subsequent visualisation of the DNA. Agarose gels were immersed in 1x 

TBE or 1x TAE, and electrophoresis was carried out at 100 V using a Biorad mini 

agarose gel cell. DNA samples were mixed with 6x DNA loading dye (0.25 % 

bromophenol blue, 30 % glycerol) and loaded alongside 10 µl of a 1 kb DNA ladder 

(Invitrogen) to indicate DNA fragment size. SYBR Safe-bound DNA was visualised by 

exposure to ultraviolet light using a bioDoc-It (Anachem) and the photos were taken 

using a video graphic printer (Sony). Alternatively, images were taken using a Gel Doc 

EZ Imager (Biorad) with Image Lab 3.0 software. 
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2.2.5 Polymerase chain reaction (PCR) 

 PCR was performed to amplify specific sections of DNA using primers 

purchased from Sigma-Aldrich. All primers used in this work are listed in Table 3 (p.75). 

In general, PCR reactions were carried out in 50 µl volumes consisting of 2 µl dNTPs 

(10 mM of ATP, CTP, GTP and TTP each), 1 µl of each primer (10 µM), 10-100 ng 

template DNA and polymerase enzymes with their corresponding buffers. The enzymes 

used include 0.5 µl Taq (New England Biolabs, NEB) with 5 µl Taq buffer (10 x), 1 µl 

Pfu turbo (stratagene) with 5 µl Pfu turbo buffer (10x) or 1 µl Herculase (Agilent) with 

10 µl Herculase buffer (5 x). The PCR programme consisted of an initial denaturation 

step at 94°C for 2 min preceding five cycles of denaturation (94°C for 30 sec), annealing 

(45°C for 30 sec) and extension  (68°C for Pfu Turbo, or 72°C for Taq and Herculase) 

for a time dependent on the PCR product length (2 min per kb for Pfu Turbo; 1 min per 

kb for Taq and Herculase). This was subsequently followed by 25 cycles where the 

annealing temperature was raised to 53°C. The reaction was then held at the extension 

temperature for an additional 7 min before cooling to 10°C, ready for use or storage. 

PCR reactions were purified using a Machery-Nagel or QIAGEN PCR Clean-up gel 

extraction kit, following the manufacturer’s instructions and eluted in 40 µl 5 mM Tris-

HCl pH 8. 

 Splicing by overlap extension (SOE) PCR was used to fuse two or three 

separately amplified fragments together in a 50 µl reaction volume containing 2 µl of 

each of the purified PCR product (Horton et al., 1989). 

 Colony PCR was used to confirm whether E. coli colonies contained plasmids 

with the required insert, whereby colonies were picked with a pipette tip and emulsified 

into a 25 µl Taq PCR reaction. Colony PCR with S. aureus required lysing of the cells. 

This was done by suspending a colony in 50 µl TSM containing 100 µg/ml lysostaphin, 

and subsequent incubation at 37°C for 30 min. Following centrifugation at 13,000 xg for 

2 min, the pellet was suspended in 30 µl ddH2O and incubated at 100°C for 20 min. 

Samples were centrifuged at 13,000 xg for 2 min and 5 µl of the supernatant was used in 

a 25 µl Taq PCR reaction. 
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2.2.6 Restriction digestion of DNA 

 PCR products and plasmids were digested with restriction enzymes for cloning 

purposes and verification of plasmids containing correct inserts.  For cloning purposes, 

the purified PCR products or 10 µg plasmid DNA were digested with 60 U of each 

restriction enzyme (NEB), 10 µl restriction specific buffer (10 x), 1 µl BSA (100 x) when 

necessary, and ddH2O to give a total volume of 100 µl. The reaction was incubated in a 

37°C water bath for 4 h with the exception of BglII and SalI digestions, where reactions 

were incubated for 16 h.  

 To confirm that plasmid clones contained inserts of the appropriate size prior to 

sequencing, 0.1-1 µg DNA was digested in a 20 µl reaction with 4 U of each enzyme, in 

the presence of 2 µl buffer (10 x) and when appropriate 0.2 µl BSA (100 x). Reactions 

were incubated for 2 h in a 37°C water bath. 

 

2.2.7 Ligation of DNA fragments 

 Ligation reactions were set up in 20 µl volumes consisting of 1 µl T4 DNA 

Ligase (NEB), 2 µl T4 DNA Ligase buffer (10x), 2 µl digested plasmid, 12 µl PCR 

product, and 3 µl ddH2O. Reactions were incubated at 17°C overnight and heat 

inactivated by incubation in a 65°C heat block for 20 min. 

 

2.2.8 Recombination with pCR®8/GW/TOPO 

 PCR products were prepared for recombination into pCR8 by incubating the 20 

µl reaction at 72°C for 15 min with 2 µl ATP (2 mM) and 0.3 µl Taq (NEB), allowing for 

the addition of deoxyadenosine to the 3' ends of the PCR product. Following the 

manufacturer's instructions, 0.5 µl of this reaction was mixed with 0.5 µl 

pCR®8/GW/TOPO vector, 1.5 µl ddH2O, and 0.5 µl salt solution (provided with the 

pCR8 cloning kit) and incubated at room temperature for 5 min. Three microlitres of this 

reaction was then transformed into One Shot chemically competent E. coli cells 

(Invitrogen). 

 

2.2.9 Recombination with pKOR1 

 To recombine PCR products flanked by AttB sites with pKOR1, 300 ng PCR 

product, 200 ng pKOR1 and TE buffer, pH 8.0 were mixed in an 8 µl reaction. 
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Reactions were incubated at 25°C for 1 h following the addition of 2 µl BP Clonase II, 

and transformed into chemically competent E. coli DH5α cells. 

 

2.2.10 Sequencing of clones 

 The sequences of all plasmid inserts produced in this study were verified by 

fluorescent automated sequencing, before use in experiments. Plasmid inserts were 

amplified using 25 µl Taq polymerase PCRs and purified using a Machery-Nagel or 

QIAGEN PCR Clean-up gel extraction kit, following the manufacturer’s instructions and 

eluted in 40 µl 5 mM Tris-HCl pH 8. For sequencing, 100 ng/kb purified PCR product 

was mixed with 2 µl of an appropriate primer (10 mM) and ddH2O added to give a total 

volume of 10 µl. Samples were sequenced at the Hammersmith Hospital Clinical 

Sciences Centre. 

 

2.2.11 Preparation and transformation of rubidium chloride competent 

E. co l i  cells 

2.2.11.1 Preparation of rubidium chloride competent E. co l i  cells 

 In order to produce chemically competent E. coli cells, bacteria were grown 

overnight in 20 ml LB with the addition of antibiotics as required. Ten millilitres of this 

culture were used to inoculate 1 L PSI broth (5 g/L bacto yeast extract, 20 g/L bacto 

trytone, pH 7.6, 20 mM MgSO4) and the culture was incubated at 37°C with shaking until 

an OD600nm between 0.5-0.7 was obtained. The cells were incubated on ice for 15 min, 

before centrifugation at 6,000 xg for 10 min at 4°C. The pellet was suspended in 200 ml 

sterile TfbI buffer (15 % glycerol, 30 mM potassium acetate, 100 mM RbCl, 10 mM 

CaCl2, 50 mM MnCl2, pH 5.8) and incubated on ice for 15 min, prior to a second 

centrifugation step. The pellet was suspended in 20 ml TfbII buffer (15 % glycerol, 10 

mM MOPS, 75 mM CaCl2, 10 mM RbCl) and after incubation for 15 min on ice, 500 µl 

aliquots were snap frozen in a dry ice/ethanol bath and stored at -80°C. 

 

2.2.11.2 Transformation of rubidium chloride competent E. co l i  cells 

 For cloning purposes, 100 µl rubidium chloride competent E. coli cells (XL1 

Blue/CLG190/DH5α) were mixed with 10 µl ligation reaction or 10 µl of the pKOR1 

BP Clonase II reaction, and incubated on ice for 30 min. Cells were heat shocked at 42°C 

for 45 sec, and incubated on ice for a further 5 min, before 900 µl SOC medium (5 g/L 
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bacto yeast extract, 20 g/L bacto tryptone, 3.6 g/L glucose, 2.5 mM KCl, pH 7.0) was 

added and the cells were incubated at 37°C for 1 h. One hundred µl of cells were spread 

on LB plates (with the addition of antibiotics) and the remainder was pelleted at 10,000 

xg for 3 min, before 750 µl of the supernatant was removed. The pellet was then 

suspended in the remaining liquid and plated on LB agar supplemented with the 

appropriate antibiotics. Plates were incubated at 37°C overnight. 

 For cloning with pCR®8/GW/TOPO, 3 µl of the reaction was incubated on ice 

with an aliquot of One Shot chemically competent E. coli cells (Invitrogen) for 30 min. 

Following a heat shock at 42°C for 30 sec, cells were transferred back to ice for 5 min 

prior to the addition of 250 µl SOC medium. Cells were incubated at 37°C for 1 h and 

100 µl was spread onto LB plates supplemented with 100 µg/ml Spec before incubating 

overnight at 37°C. 

 

2.2.11.3 Preparation of electrocompetent E. co l i  DH5α  cells 

 E. coli cells were made electrocompetent by culturing E. coli overnight in 5 ml LB 

with the addition of antibiotics as required. The culture was back-diluted (1:100) into 150 

ml LB and incubated at 37°C with shaking until an OD600nm between 0.5-0.7 was 

obtained. Cells were centrifuged for 10 min at 6,000 xg and the pellet was washed three 

times by suspending in 200 ml ice-cold ddH2O and centrifuged as before. After the final 

centrifugation step, cells were suspended in 1 ml ice-cold ddH2O, and 110 µl was used 

for each electroporation. 

 

2.2.11.4 Transformation of electrocompetent E. co l i  cells 

 Electrocompetent E. coli cells were thawed on ice and 110 µl cells were pipetted 

into 1 mm electroporation cuvettes (Equibio). Meanwhile 20 µl ligation reaction was 

dialysed against ddH2O before mixing it with the cells. A Biolabs Gene Pulser was used 

with the following settings for electroporation: 200 Ω (Resistance), 1.8 kV (Volts) and 25 

µF (Capacitance). Immediately after electroporation, cells were transferred into 900 µl 

SOC medium and incubated at 37°C for 1 h, allowing for recovery. One hundred µl cells 

were spread on LB agar plates supplemented with appropriate antibiotics and the 

remainder was pelleted at 10,000 xg for 3 min. Following the removal of 750 µl of the 

supernatant, the pellet was suspended in the remaining media and plated out. Plates were 

incubated at 37°C overnight. 
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2.2.11.5 Transformation of DHM1 and BTH101 cells 

2.2.11.5.1 Transformation of DHM1 cells and screening on X-gal plate 

 DHM1 cells were transformed simultaneously with a T25-containing vector 

(pKT25/pKNT25) and a T18-containing vector (pUT18/pUT18C). The same 

transformation procedure for chemically competent cells as described above was used 

(section 2.2.11.2), except that 25 ng of each plasmid was added to 50 µl cells and 450 µl 

SOC medium was used. Petri dishes (55 mm) containing LB agar supplemented with 100 

µg/ml Amp, 50 µg/ml Kan, 40 µg/ml X-gal ± 0.5 mM IPTG were used to plate out 50 

µl of the transformations and plates were incubated at 30°C for 36-44 h. 

 

2.2.11.5.2 Transformation of BTH101 cells and screening on X-gal plate 

 Chemically competent BTH101 cells were co-transformed with a T25-containing 

vector (pKT25/pKNT25) and a T18-containing vector (pUT18/pUT18C). The 

procedure described in section 2.2.11.2 was followed, with some alterations. Fifty ng of 

each plasmid was incubated with 25 µl cells and 225 µl SOC medium was used to 

recover the cells. Following incubation at 37°C, cells were pelleted by centrifugation at 

10,000 xg for 3 min and suspended in 100 µl SOC medium. Of this, 5 µl was spotted 

onto 140 mm petri dishes containing LB agar supplemented with 100 µg/ml Amp, 50 

µg/ml Kan, 40 µg/ml X-gal and 0.5 mM IPTG. A maximum of 100 transformations 

were spotted on a plate, including the positive and negative controls. Plates were 

incubated at 30°C for 36-44 h. 

 

2.2.12 Transformation of S. aureus  cells 

2.2.12.1 Preparation of electrocompetent S. aureus  cells 

 S. aureus competent cells were generated by growing S. aureus overnight in 4 ml 

TSB with shaking at 37°C, supplemented with the appropriate antibiotics. The following 

day 1.5 ml culture was diluted into 150 ml TSB and grown at 37°C with agitation until an 

OD600nm of 2.1 was reached. The bacteria were then pelleted by centrifugation at 6,000 xg 

for 10 min at 4°C, and washed three times with 200 ml sterile ice-cold 0.5 M sucrose, 

following centrifugation as before. Following the last centrifugation step, cells were 

suspended in 1 ml ice-cold 0.5 M sucrose. Electroporation of these cells was performed 

immediately using 110 µl cells, or aliquots were snap frozen in a dry ice/ethanol bath and 

stored at -80°C. 
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2.2.12.2 Electroporation of S. aureus  cells 

 Aliquots of 110 µl of electrocompetent S. aureus cells were pipetted into 1 mm 

electroporation cuvettes (Equibio). To this, 20 µl plasmid DNA solution, which has been 

dialysed against ddH2O was added. For electroporation into LAC*, plasmid DNA 

required methylation to prevent the digesting of the DNA in the host, and so plasmid 

DNA were purified from the S. aureus RN4220 strain. For electroporation, a Biorad 

Gene Pulser was used with the following settings: 100 Ω, 2.5 kV and 25 µF. Afterwards, 

cells were recovered by transferring them into 900 µl Brain Heart Infusion (BHI) 0.5 M 

sucrose medium and incubating at 37°C for 1 h. TSA plates supplemented with 

appropriate antibiotics were used to spread 100 µl cells and the remainder were pelleted 

by centrifugation at 10,000 xg for 3 min, suspended in 100 µl BHI 0.5 M sucrose 

medium and plated out. Plates were incubated at 37°C overnight.  

 

2.2.13 Transduction of S. aureus  cells 

2.2.13.1 Preparation of phage lysate 

 Both phage 11 and phage 85 were used for transduction into the S. aureus LAC* 

strain. Donor strains were grown in 4.5 ml LB/TSB (2:1) medium supplemented with 5 

mM CaCl2 and the appropriate antibiotics at 37°C with shaking overnight. The following 

day, 90 µl culture was diluted into the same medium and incubated at 37°C with shaking 

for 3 h.  Next, 500 µl of this culture was added to 100 µl phage lysate at 10-fold dilutions 

of 100 to 10-6, and incubated at room temperature for 30 min, allowing for one cycle of 

phage replication. To this, 5 ml molten top agar (0.8 % NaCl, 0.8 % Bacto-agar) cooled 

to 42°C was added, mixed and immediately poured onto TSA plates pre-warmed to 37°C 

and supplemented with the appropriate antibiotics. Once solidified, plates were 

incubated at 37°C overnight. The next day, plates demonstrating a confluent layer of 

plaques were overlaid with 4 ml TMG buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgSO4, 

0.1 % Gelatin) and incubated at room temperature for 20 min. The liquid was transferred 

to a centrifuge tube and debris was pelleted by centrifugation at 3,220 xg for 20 min. The 

supernatant was filter sterilised using a 0.22 µm filter and phage lysates were stored at 

4°C. 
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2.2.13.2 Phage transduction of S. aureus 

 The recipient strain was grown overnight in 24 ml LB/TSB (2:1) with the 

addition of 5 mM CaCl2 and the appropriate antibiotics at 37°C with shaking. The next 

day, the cells were pelleted by centrifugation at 3,220 xg for 20 min and suspended in 4.5 

ml LB/TSB (2:1) with 5 mM CaCl2. An aliquot of 250 µl cells was incubated with 200 µl 

phage lysate at 37°C with shaking for 20 min, before being placed on ice. The addition of 

24 µl ice-cold 1M sodium citrate reduces the binding affinity of phage to S. aureus, and 

cells were washed twice with 1 ml ice-cold 40 mM sodium citrate following 

centrifugation at 10,000 xg for 3 min. The cells were suspended in a final volume of 300 

µl 40 mM sodium citrate buffer, and 100 µl and 200 µl were spread on TSA plates 

containing 40 mM sodium citrate and the appropriate antibiotics. Plates were incubated 

for 48 h at 37°C and colonies were restreaked once on these TSA plates with 40 mM 

sodium citrate and a second time without sodium citrate. 

 

2.3 Strain and plasmid construction 

  For BACTH studies, ypfP, ltaA, ltaS, dltA, dltB, dltC and dltD were cloned 

into the BACTH vectors pKT25, pKNT25, pUT18 and pUT18C. For cloning into 

pKT25, the genes encoding YpfP, LtaA, LtaS, DltA, DltB, DltC, and DltD were 

amplified from S. aureus Newman chromosomal DNA with primers 605/606, 601/602, 

603/604, 591/592, 593/594, 595/596, and 597/598, respectively. The PCR products and 

pKT25 were digested with BamHI/KpnI before ligation. Each pKT25-gene plasmid was 

initially obtained in E. coli XL1 Blue yielding strains ANG1291, ANG1289, ANG1290, 

ANG1284, ANG1285, ANG1286 and ANG1287. 

 It was then decided to employ the TOPO® cloning kit (Invitrogen) before cloning 

into the remaining vectors. Each gene was amplified from S. aureus Newman 

chromosomal DNA with the primers described above and following the manufacturer's 

instructions, deoxyadenosines were added to the 3' end of the PCR products and ligated 

to the pCR®8/GW/TOPO vector. Plasmids pCR8-ypfP, pCR8-ltaA, pCR8-ltaS, pCR8-

dltA, pCR8-dltB, pCR8-dltC and pCR8-dltD were recovered in One shot E. coli cells 

(Invitrogen) yielding strains ANG1299, ANG1297, ANG1298, ANG1292, ANG1293, 

ANG1294, and ANG1295. These plasmids were extracted using the QIAGEN plasmid 

midi kit and digested with BamHI/KpnI. The gene inserts were gel excised and purified, 

prior to ligation with pKNT25, pUT18 and pUT18C that had been digested with the 

same enzymes, and the plasmids were recovered in E. coli XL1 Blue yielding strains 



  50 

ANG1308, ANG1306, ANG1307, ANG1301, ANG1302, ANG1303, and ANG1304; 

ANG1318, ANG1316, ANG1317, ANG1311, ANG1312, ANG1313, and ANG1314; 

ANG1326, ANG1324, ANG1325, ANG1319, ANG1320, ANG1321, and ANG1322). 

Strain names and BACTH plasmids are summarised in Fig. 3.2, p.80. 

 Plasmids pKT25-ltaS1TM and pUT18C-ltaS1TM were constructed by amplifying the 

sequence encoding the first transmembrane domain fused to the linker region and 

extracellular domain of LtaS from plasmid pCL55itet-1TM719-719 (ANG1212) using 

primers 603/604. The PCR product was digested with BamHI/KpnI and ligated to 

pKT25 and pUT18C that had been digested with the same enzymes. Plasmids pKT25-

ltaS1TM and pUT18C-ltaS1TM were initially obtained in E. coli XL1 Blue yielding strains 

ANG1559 and ANG1561. 

 For construction of plasmids pKT25-ltaS3TM and pUT18C-ltaS3TM, the sequence 

encoding the first three transmembrane domains fused to the linker region and 

extracellular domain of LtaS was amplified from plasmid pCL55itet-3TM719-719 

(ANG1213) using primers 603/604. The PCR product was digested with BamHI/KpnI 

and ligated to pKT25 and pUT18C that had been digested with the same enzymes. 

Plasmids pKT25-ltaS3TM and pUT18C-ltaS3TM were initially obtained in E. coli XL1 Blue 

yielding strains ANG1560 and ANG1562. 

 Plasmids pKT25-ltaA10TM, pKNT25-ltaA10TM, pUT18-ltaA10TM, and pUT18C-

ltaA10TM were constructed by amplifying the first 10 transmembrane helices of LtaA from 

pUT18C-ltaA (ANG1324) using primers 601/1184. The PCR product was digested with 

BamHI/KpnI and ligated to pKT25, pKNT25, pUT18 and pUT18C that had been 

digested with the same enzymes. Plasmids pKT25-ltaA10TM, pKNT25-ltaA10TM, pUT18-

ltaA10TM, and pUT18C-ltaA10TM were initially obtained in E. coli XL1 Blue yielding strains 

ANG1937, ANG1938, ANG1939 and ANG1940. 

 Fluorescent proteins were fused to the N-terminal end of YpfP and expressed 

under the native ypfP promoter. Both the GFP and mCherry fusions were cloned into the 

integration vector, pCL55, which integrates in the S. aureus lipase gene geh. The ypfP 

promoter sequence was amplified from S. aureus Newman chromosomal DNA using 

primers 1326/1327 and 1326/1331 for the GFP and mCherry fusions, respectively. The 

GFP sequence was amplified from pBCB1-GE (ANG2144) using primers 1328/1329 

and primers 1332/1333 were used to amplify the mCherry sequence from pBCB4-ChE 

(ANG2145). Primers 1326/1329 and 1326/1333 were used for SOE PCR to fused the 

ypfP promoter gfp or mCherry PCR fragments. Next, the ypfP sequence was amplified from 

S. aureus Newman chromosomal DNA using primers 1330/258 and all PCR products 
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were digested with SacII. Ligation of the digested PCR products resulted in the 

introduction of a 3xEAAAK linker region between the fluorescent protein and YpfP. 

The ligation products were amplified using primers 1326/258, digested with EcoRI/KpnI 

and ligated to pCL55 that had been digested with the same enzymes. Plasmids 

pCL55ypfP-GFP-ypfP and pCL55ypfP-mCherry-ypfP were initially recovered in E. coli XL1 

Blue yielding strains ANG2195 and ANG2187. Both plasmids were introduced into S. 

aureus RN4220 Δspa yielding strains ANG2199 and ANG2201, and RN4220 Δspa ΔypfP 

resulting in strains ANG2202 and ANG2193. Plasmid pCL55ypfP-GFP-ypfP was 

transduced into S. aureus RN4220 Δspa ΔpgcA and LAC* resulting in the integration of 

the fluorescent protein fusions into the S. aureus chromosome, yielding strains ANG2587 

and ANG2390, respectively. 

 The CFP-YpfP fluorescent protein fusion was expressed from the high copy 

plasmid pCN34. The cfp sequence was amplified from pS10-CFPopt using primers 

767/768. The promoter of ypfP and ypfP gene sequences were amplified from 

pCN34ypfP-CFP-SAV1017 (ANG1159) using primers 257/766 and 769/453, 

respectively. The products were then fused by SOE PCR using primers 257/453, 

digested with BamHI/SalI and ligated to pCN34, which had been digested with the same 

enzymes. Plasmid pCN34ypfP-CFP-ypfP was originally obtained in E. coli XL1 Blue 

resulting in ANG1488, and introduced into S. aureus RN4220 Δspa, RN4220 Δspa ΔypfP 

and LAC* yielding strains ANG1489, ANG1493, and ANG2332, respectively. 

 GFP and mCherry fusions to the C-terminal end of LtaA were cloned using the 

integrative plasmids pBCB1-GE and pBCB4-ChE. The ltaA sequence was amplified 

from S. aureus Newman chromosomal DNA using primers 1324/1325 before digestion 

with KpnI/NheI. The PCR product was ligated to pBCB1-GE (ANG2144) and pBCB4-

ChE (ANG2145), which had been digested with the same enzymes, prior to 

transformation into E. coli XL1 Blue resulting in strains ANG2172 and ANG2173, 

respectively. Integration of pBCB1-GE-ltaA and pBCB4-ChE-ltaA at the ltaA native 

locus in S. aureus RN4220 Δspa gave rise to strains ANG2196 and ANG2197, respectively 

and resulted in fluorescent protein fusions expressed under the native promoter, with an 

additional copy of ltaA under the control of a spac promoter.  The pBCB1-GE-ltaA 

plasmid was introduced by phage transduction into S. aureus LAC* yielding strain 

ANG2389. 

 The LtaA-CFP fusion was cloned into the multi-copy vector pCN34. The 

sequence encoding the ypfP promoter fused to LtaA was amplified from pCL55ypfP-
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SAV1016-YFP (ANG1163) using primers 257/833 and the cfp sequence was amplified 

from pCN34ypfP-CFP (ANG1520) using primers 832/834. The PCR fragments were 

fused by SOE PCR using primers 257/834, digested with BamHI/SalI and ligated to 

pCN34, which had been digested with the same enzymes. Plasmid pCN34ypfP-ltaA-CFP 

was obtained in E. coli XL1 Blue yielding strain ANG1541 and expressed in S. aureus 

RN4220 Δspa, RN4220 Δspa ΔltaA, and LAC* yielding strains ANG1751, ANG1542, 

and ANG2333, respectively. Strain LAC* pCN34ypfP-ltaA-CFP ΔypfP (ANG2588) was 

constructed by transducing the ypfP mutation with phage 11 from strain RN4220 Δspa 

ΔypfP (ANG370) into strain LAC* pCN34ypfP-ltaA-CFP (ANG2333). 

 Fluorescent protein fusions to the N-terminal ends of wild type LtaS and the 

LtaSS218P variant were made in a similar manner to the YpfP protein fusions described 

above.  For construction of wild type LtaS fluorescent protein fusions, the promoter 

sequence of ltaS was amplified from S. aureus Newman chromosomal DNA using 

primers 1334/1335 for the GFP and 1334/1338 for the mCherry fusion. Primers 

1336/1329 and 1339/1333 were used to amplify the sequences encoding GFP and 

mCherry from pBCB1-GE (ANG2144) and pBCB4-ChE (ANG2145), respectively. The 

appropriate PCR products were fused by SOE PCR using primers 1334/1329 and 

1334/1333 resulting in pltaS-GFP and pltaS-mCherry PCR fragments, which were 

digested by SacII. The ltaS sequence was amplified from S. aureus Newman chromosomal 

DNA using primers 1337/317 prior to SacII digestion. Ligation of the appropriate PCR 

products was followed by amplification using primers 1334/317, introducing the 3x 

EAAAK linker region. Ligation to pCL55 was performed following digestion of the 

vector and PCR products with EcoRI/KpnI. Plasmids pCL55ltaS-GFP-ltaS and 

pCL55ltaS-mCherry-ltaS were initially obtained in E. coli XL1 Blue yielding strains 

ANG2194 and ANG2174, before transformation into S. aureus RN4220 Δspa yielding 

strains ANG2198 and ANG2186 and RN4220-iltaS resulting in strains ANG2207 and 

ANG2208. Plasmid pCL55ltaS-GFP-ltaS was transduced into S. aureus LAC* giving 

strain ANG2391. 

 Plasmid pCN34ltaS-CFP-ltaS was constructed by amplifying the sequence 

encoding CFP from pS10-CFPopt using primers 829/830. The ltaS promoter and ltaS 

sequences from pCL55ltaS-YFP-SAV0719 (ANG1162) were amplified using primers 

086/828 and 831/087, respectively. The products were fused by SOE PCR using primers 

086/087. The final PCR product was digested with BamHI/SalI and ligated with plasmid 

pCN34, which had been digested with the same enzymes. Plasmid pCN34ltaS-CFP-ltaS 
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was initially obtained in E. coli XL1 Blue yielding strain ANG1730 and subsequently 

introduced into S. aureus RN4220 Δspa, RN4220-iltaS Δspa, and LAC* resulting in strains 

ANG1731, ANG1733, and ANG2334, respectively. 

 For construction of the LtaSS128P fusions to GFP and mCherry, the ltaSS128P 

sequence was amplified from pOKSAV719cleaveALAP (ANG1242) using primers 

1337/317, and the pltaS-GFP and pltaS-mCherry PCR fragments were amplified from 

plasmids pCL55ltaS-GFP-ltaS (ANG2194) and pCL55ltaS-mCherry-ltaS (ANG2174) 

using primers 1334/1329 and 1334/1333, respectively. Digestion with SalI and ligation 

of the appropriate PCR products was followed by amplification using primers 1334/317, 

introducing the 3x EAAAK linker region. Following digestion with EcoRI/KpnI, the 

vector and PCR products were ligated. Plasmids pCL55ltaS-GFP-ltaSS128P and pCL55ltaS-

mCherry-ltaSS128P were initially obtained in E. coli XL1 Blue yielding strains ANG2315 

and ANG2318, before transformation into S. aureus RN4220 Δspa giving rise to strains 

ANG2316 and ANG2319 and RN4220-iltaS resulting in strains ANG2317 and 

ANG2320. Plasmid pCL55ltaS-GFP-ltaSS128P was transduced into S. aureus LAC* yielding 

strain ANG2392. 

 Plasmid pCN34ltaS-CFP-ltaSS128P was constructed by amplifying the promoter 

sequence of ltaS from pCL55ltaS-YFP-SAV0719 (ANG1162) using primers 086/828, the 

sequence encoding CFP was amplified from pS10-CFPopt using primers 829/830, and 

the ltaSS218P sequence from pOKSAV719cleaveALAP (ANG1242) using primers 

831/087. The resulting products were fused by SOE PCR using primers 086/087, before 

digestion with BamHI/SalI and ligation with plasmid pCN34, which had been digested 

with the same enzymes. Plasmid pCN34ltaS-CFP-ltaSS128P was initially obtained in E. coli 

XL1 Blue yielding strain ANG1734 and subsequently introduced into S. aureus RN4220 

Δspa, RN4220-iltaS Δspa, LAC* and LAC* ezrA:ezrA-mCherry yielding strains 

ANG1735, ANG1736, ANG2335 and ANG2601, respectively. 

 Plasmid pCL55itet-CFP-ltaSS218P was constructed prior to cloning of pCL55ltaS-

CFP-ltaSS218P. The sequence encoding CFP-LtaSS218P was amplified from pCN34ltaS-CFP-

ltaSS218P (ANG1734) with primers 1112/1115, digested with SalI/SacII and ligated with 

plasmid pCL55itet-lacZ (ANG286), which had been digested with the same enzymes. 

Plasmid pCL55itet-CFP-ltaSS218P was obtained in E. coli XL1 Blue yielding strain 

ANG1825. 

 For cloning of pCL55ltaS-CFP-ltaSS218P, both the pCN34ltaS-CFP-ltaSS218P 

(ANG1734) and pCL55itet-CFP-ltaSS218P (ANG1825) plasmids were digested with 

KpnI/NheI, each resulting in the excision of an insert containing the promoter region, 
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CFP and the first 647 base pairs of LtaSS218P. Following gel excision and purification, the 

pltaS-CFP-ltaSS218P (1-647) insert from pCN34ltaS-CFP-ltaSS218P was ligated to the vector 

backbone pCL55-ltaSS218P (648-1938) from pCL55itet-CFP-ltaSS218P. The resulting plasmid 

pCL55ltaS-CFP-ltaSS218P was initially recovered into E. coli XL1 Blue yielding strain 

ANG2766, and then introduced into S. aureus strains RN4220 Δspa RN4220-iltaS and 

LAC* resulting in strains ANG2833, ANG2834 and ANG2835, respectively. 

 As a positive CFP control for fluorescence microscopy, plasmid pCN34ypfP-CFP 

was produced. Primers 257/819 were used to amplify the pypfP-CFP fragment from 

pCN34ypfP-CFP-ypfP (ANG1488) and the PCR product and pCN34 were digested with 

BamHI/SalI, prior to ligation. Plasmid pCN34ypfP-CFP was recovered in E. coli XL1 

Blue resulting in strain ANG1520 and introduced into S. aureus RN4220 Δspa and LAC* 

yielding strains ANG1518 and ANG2331, respectively. For a positive GFP control, 

pCL55tet-GFP (ANG303) was transduced into LAC* resulting in strain ANG2397. 

 Plasmids pCL55itet-dltC-His and pCL55itet-dltD-His were constructed for detection 

of DltC and DltD by western blot analysis. The dltC and dltD genes from S. aureus 

Newman chromosomal DNA were amplified with primers 721/722 and 723/724, 

respectively. This resulted in the addition of 3x CATCAG bases to the 3' end of each 

gene, which when translated generates a six Histidine tag at the C-terminal ends of the 

proteins. The PCR products were digested with AvrII/BglII and ligated with plasmid 

pCL55itet, which had been digested with the same enzymes. Plasmids pCL55itet-dltC-His 

and pCL55itet-dltD-His were initially obtained in E. coli XL1 Blue resulting in strains 

ANG1482 and ANG1483 and subsequently integrated into the lipase gene geh of S. aureus 

RN4220 Δspa giving rise to strains ANG1484 and ANG1485, respectively. 

 In order to increase the expression levels of dltD-His, pCN34itet-dltD-His was 

produced. The sequence encoding the itet promoter and His-tagged DltD was amplified 

from pCL55itet-dltD-His (ANG1483) with primers 159/815. Following digestion with 

KpnI/SalI, the PCR product was ligated to pCN34, which had been digested with the 

same enzymes. Plasmid pCN34itet-dltD-His was initially obtained in E. coli XL1 Blue, 

resulting in strain ANG1486 and subsequently transformed into S. aureus RN4220 Δspa 

giving rise to strain ANG1487. 

 Plasmids pLKC480lac-dltD, pLKC480lac-3aa and pLKC480lac-spaSS were made for 

the investigation of the membrane topology of DltD in E. coli. Plasmid pLKC480lac-dltD 

was constructed by amplifying the lac promoter sequence and the dltD gene from pUT18-

dltD (ANG1314) with primers 801/802 and 803/804, respectively. The resulting 
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products were fused by SOE PCR using primers 801/804. The final PCR product was 

digested with SalI/HindIII and ligated with plasmid pLKC480, which had been digested 

with the same enzymes. Plasmid pLKC480lac-dltD was obtained in E. coli CLG190 

resulting in strain ANG1553. 

 The sequence encoding the lac promoter and the first three amino acids of DltD 

were amplified from pUT18-dltD (ANG1314) with primers 801/805. This PCR product 

was digested with SalI/HindIII and ligated with plasmid pLKC480, which had been 

digested with the same enzymes. Plasmid pLKC480lac-3aa was obtained in E. coli DH5α 

yielding strain ANG1554. 

 Plasmid pLKC480lac-spaSS was constructed by amplifying the lac promoter 

sequence from pUT18-dltD (ANG1314) with primers 801/806 and the sequence 

encoding the protein A signal sequence (spaSS) from S. aureus Newman chromosomal 

DNA with primers 807/808. The resulting products were fused by SOE PCR using 

primers 801/808. The final PCR product was digested with SalI/HindIII and ligated with 

plasmid pLKC480, which had been digested with the same enzymes. Plasmid 

pLKC480lac-spaSS was obtained in E. coli XL1 Blue yielding strain ANG1555. 

 In order to perform membrane topology studies in S. aureus using LacZ fusions, 

plasmids pCL55itet-dltD-lacZ, pCL55itet-dltD40aa-lacZ, pCL55itet-3aa-lacZ, and pCL55itet-

aurSS-lacZ were made. For these plasmids, a ribosome binding site (RBS) was 

incorporated at the 5' end of each sequence. This RBS was designed based on work by 

Vellanoweth & Rabinowitz (1992), who demonstrated increased activity in Gram-

positive B. subtilis using a TAAGGAGG motif flanked by five and eight adenines at the 

5' and 3' ends, respectively. Plasmids pCL55itet-dltD-lacZ and pCL55itet-dltD40aa-lacZ were 

constructed by amplifying the appropriate dltD sequence from pUT18-dltD (ANG1314) 

with primers 882/883 and 882/884, respectively. Following digestion with AvrII/SalI, 

PCR products were ligated to pCL55itet-lacZ (ANG286), which had been digested with 

the same enzymes. Plasmids pCL55itet-dltD-lacZ and pCL55itet-dltD40aa-lacZ were initially 

obtained in E. coli XL1 Blue yielding strains ANG1718 and ANG1719, and subsequently 

transformed into S. aureus RN4220 Δspa resulting in strains ANG1723 and ANG1724, 

respectively. 

 To construct plasmid pCL55itet-3aa-lacZ, the sequence encoding the RBS and the 

first three amino acids of DltD was generated by annealing the primers 887/888, which 

was done by heating the primers at 100°C for 5 min, followed by slow cooling to room 

temperature. The annealed primers were ligated to pCL55itet-lacZ, which had been 
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digested with AvrII/SalI. Plasmid pCL55itet-3aa-lacZ was initially obtained in E. coli XL1 

Blue giving rise to strain ANG1720 and subsequently transformed into S. aureus RN4220 

Δspa yielding strain ANG1725. 

 Plasmid pCL55itet-aurSS-lacZ was constructed by amplifying the sequence encoding 

the signal sequence of aureolysin (aurSS) from S. aureus Newman chromosomal DNA with 

primers 1096/1097. The PCR product was digested with AvrII/SalI and ligated with 

plasmid pCL55itet-lacZ, which had been digested with the same enzymes. Plasmid 

pCL55itet-aurSS-lacZ was initially obtained in E. coli XL1 Blue resulting in strain ANG1722 

and subsequently transformed into S. aureus RN4220 Δspa giving rise to strain ANG1727. 

 The second technique used to perform membrane topology studies involved the 

generation of DltD fusions to the extracellular domain of the inactive LtaS variant 

LtaST300A with an additional 6x Histidine tag, allowing for detection with anti-His 

antibody. Plasmids pCL55itet-dltD40aa-eltaST300A-His, pCL55itet-dltD100aa-eltaST300A-His, 

pCL55itet-3aa-eltaST300A-His and pCL55itet-aurSS-eltaST300A-His were generated for this 

purpose. Plasmid pCL55itet-dltD40aa-eltaST300A-His was constructed by amplifying the 

sequence encoding the first 40 amino acids of DltD from pUT18-dltD (ANG1314) with 

primers 882/889 and the eltaST300A-His sequence from pOK-719-T300A (ANG1103) 

with primers 890/420. The resulting products were fused by SOE PCR using primers 

882/420. The final PCR product was digested with AvrII/BglII and ligated with plasmid 

pCL55itet, which had been digested with the same enzymes. Plasmid pCL55itet-dltD40aa-

eltaST300A-His was initially transformed into E. coli XL1 Blue resulting in strain ANG2041 

and subsequently transformed into S. aureus RN4220 Δspa Δsbi yielding strain ANG2042. 

 Plasmid pCL55itet-dltD100aa-eltaST300A-His was constructed by amplifying the 

sequence encoding the first 100 amino acids of DltD from pUT18-dltD (ANG1314) with 

primers 882/891 and the eltaST300A-His sequence from pOK-719-T300A (ANG1103) 

with primers 892/420. The resulting products were fused by SOE PCR using primers 

882/420 and digested with AvrII/BglII. Following ligation to pCL55itet, which had been 

similarly digested with the same enzymes, plasmid pCL55itet-dltD100aa-eltaST300A-His was 

recovered in E. coli XL1 Blue giving rise to strain ANG2022 and subsequently 

transformed into S. aureus RN4220 Δspa Δsbi resulting in strain ANG2026. 

 In order to generate plasmid pCL55itet-3aa-eltaST300A-His, the eltaST300A sequence 

was amplified from pOK-719-T300A (ANG1103) with primers 1138/420, resulting in 

the addition of the RBS and first three amino acids of DltD to the 5' end and the 6x His-

tag to the 3' end. This PCR product was digested with AvrII/BglII and ligated with 
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plasmid pCL55itet, which had been digested with the same enzymes. Plasmid pCL55itet-

3aa-eltaST300A-His was initially transformed into E. coli XL1 Blue giving rise to strain 

ANG1908 and subsequently transformed into S. aureus RN4220 Δspa Δsbi yielding strain 

ANG2024. 

 Plasmid pCL55itet-aurSS-eltaST300A-His was constructed by amplifying the sequence 

encoding the signal sequence of aureolysin (aurSS) from pCL55itet-aurSS-lacZ (ANG1722) 

with primers 1096/1216 and the eltaST300A-His sequence from pOK-719-T300A 

(ANG1103) with primers 1217/420. The resulting products were fused by SOE PCR 

using primers 1096/420. The final PCR product was digested with AvrII/BglII and 

ligated with plasmid pCL55itet, which had been digested with the same enzymes. Plasmid 

pCL55itet-aurSS-eltaST300A-His was initially transformed into E. coli XL1 Blue resulting in 

strain ANG2021 and subsequently transformed into S. aureus RN4220 Δspa Δsbi yielding 

strain ANG2025. 

 As controls, pCL55itet and pCN34 were introduced by electroporation and 

transduction into numerous S. aureus strains in this study. Plasmid pCL55itet (ANG284) 

was integrated into S. aureus RN4220 Δspa, RN4220 Δspa ΔypfP, RN4220 Δspa Δsbi, and 

LAC* giving rise to strains ANG1729, ANG1827, ANG2034, and ANG2398, 

respectively. Plasmid pCN34 (ANG201) was introduced into S. aureus RN4220 Δspa, 

RN4220 Δspa ΔypfP, RN4220 Δspa ΔltaA, RN4220 Δspa-iltaS, and LAC* yielding strains 

ANG1490, ANG1492, ANG2387, ANG1732, and ANG2330, respectively. 

 Construction of the S. aureus RN4220 Δspa ΔdltD and S. aureus RN4220 Δspa 

ΔdltABCD strains was done with the allelic exchange vector pKOR1 (as described in 

section 7.4.1, p.153). Plasmids pCR8-ΔdltD and pCR8-ΔdltABCD, which contained the 

updltD-Erm-downdltD and updltA-Erm-downdltD inserts, respectively were first 

produced. The 1 kb regions upstream of dltD and dltA, and the 1 kb region downstream 

of dltD were amplified from S. aureus Newman chromosomal DNA using primers 

955/956, 949/950 and 953/954, respectively. The erythromycin (Erm) resistance gene 

was amplified from pMUTIN4 (ANG1635) using primers 957/952 and 951/952 for 

pCR8-ΔdltD and pCR8-ΔdltABCD, respectively. The appropriate PCR products were 

fused by SOE PCR using primers 946/947, resulting in the addition of attB sites at both 

ends of the PCR fragment. Cloning into pCR®8/GW/TOPO was performed following 

the manufacturer's instructions and strains were obtained in E. coli XL1 Blue giving rise 

to strains ANG1932 and ANG1889, respectively. 

 For pKOR1-dltD and pKOR1-dltABCD construction, updltD-Erm-downdltD and 
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updltA-Erm-downdltD inserts were excised from pCR8-ΔdltD and pCR8-ΔdltABCD by 

restriction digestion with EcoRI and recombined with pKOR1. Plasmids pKOR1-dltD 

and pKOR1-dltABCD were obtained in E. coli DH5α. Plasmids were purified from these 

strains and electroporated into electrocompetent S. aureus RN4220 and recovered at 30°C 

for 1 h, before cells were spread on TSA plates supplemented with 10 µg/ml Cam. 

RN4220 pKOR1-dltD and RN4220 pKOR1-dltABCD were obtained from plates that 

were incubated at 30°C for 24-48 h. These strains were grown in 5 ml TSB with 7.5 

µg/ml Cam at 30°C shaking overnight and the following day, 10 µl of culture was diluted 

into 5 ml TSB with 5 µg/ml Cam pre-warmed at 43°C. After overnight incubation at 

43°C shaking, 5 µl was spread on pre-warmed TSA with 5 µg/ml Cam plates and 

incubated overnight at 43°C. Single colonies were used to inoculate 5 ml TSB and strains 

were passed at 30°C twice. Plating of 100 µl of a 10-6 dilution on TSA supplemented with 

200 ng/ml Atet and incubation at 37°C overnight resulted in the recovery of RN4220 

ΔdltD (strain ANG2178) and RN4220 ΔdltABCD (strain ANG2180). These deletions 

were transduced into RN4220 Δspa, yielding RN4220 Δspa ΔdltD (strain ANG2179) and 

S. aureus RN4220 Δspa ΔdltABCD (strain ANG2181). 

 

2.4 S. aureus  growth curves 

 RN4220-iltaS strains were grown in 5 ml TSB containing 1 mM IPTG and the 

appropriate antibiotics at 37°C with shaking overnight. The following day, a 1 ml culture 

aliquot was pelleted by centrifugation at 17,000 xg for 3 min and cells were washed three 

times with 1 ml TSB. The final pellet was suspended in 1 ml TSB and diluted 1:100 in 7 

ml TSB with or without 1 mM IPTG and supplemented with the appropriate antibiotics, 

with the exception of chloramphenicol, which was omitted for the selection of pCL55-

derived chromosomal integration vectors. OD600nm readings were determined at time 

point 0 h and subsequently every 2 h until the 10 h time point. At both the 4 h and 8 h 

time points, cultures were diluted 1:100 in order to maintain them in the logarithmic 

growth phase, with the exception of strains that ceased to grow following the initial 4 h 

dilution. 
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2.5 Cell fractionation 

 Overnight cultures of S. aureus were grown at 37°C with shaking in 5 ml TSB 

supplemented with the appropriate antibiotics and inducers. The next day, cultures were 

diluted 1:100 in 5 ml TSB ± inducer and grown for 4 h at 37°C with shaking.  

 For the supernatant fraction, a 1 ml aliquot was centrifuged at 7,000 xg for 15 

min and 900 µl supernatant was transferred into an eppendorf tube, ready for protein 

precipitation with tricarboxylic acid (TCA). TCA precipitation was performed by 

incubating the samples with 10 % (v/v) ice-cold TCA for 1 h on ice. Following a 

centrifugation step at 17,000 xg for 10 min, the pellet was suspended in 1 ml ice-cold 

acetone and incubated on ice for 10 min. This acetone wash step was repeated twice 

before the pellet was air-dried and suspended in a volume of 2x protein sample buffer 

(62.5 mM Tris-HCl pH 6.8, 2 % Sodium Dodecyl Sulphate (SDS), 10 % glycerol, 0.01 % 

bromophenol blue (BPB), 10 % (v/v) β-mercaptoethanol), where a culture with OD600nm 

of 3 was suspended in 90 µl buffer. Boiling of the samples for 10 min was followed by 

centrifugation at 17,000 xg for 5 min, and 10 µl was analysed on a polyacrylamide gel.  

  A combined cell wall, cell membrane and cytoplasmic fraction was termed the 

cell fraction. To prepare this fraction, cells of a 1 ml culture were pelleted by 

centrifugation at 7,000 xg for 5 min and suspended in cell lysis buffer (100 mM Tris-HCl 

pH 7.5, 10 mM MgCl2, 200 µg/ml lysostaphin) where a culture with OD600nm of 3 was 

suspended in 45 µl buffer.  After incubation for 30 min at 37°C, 2x protein sample 

buffer was added (same volume as cell lysis buffer), samples were boiled for 15 min and 

centrifuged at 17,000 xg for 5 min, before 10 µl was loaded on a polyacrylamide gel. 

 The cell wall fraction was prepared by suspending the pellet of a 1 ml aliquot of 

culture in 1 ml digestion buffer (30 % raffinose, 50mM Tris-HCl pH 7.5, 20 mM MgCl2, 

200 µg/ml lysostaphin) and incubating for 1 h at 37°C. Samples were centrifuged at 

6,000 xg for 20 min, and 900 µl of the supernatant was transferred to an ultra-centrifuge 

tube before centrifugation at 100,000 xg for 1 h at 4°C. This resulted in the pelleting of 

protoplasts consisting of the cell membrane and cytoplasmic fractions. The supernatant 

containing the cell wall fraction was transferred into an eppendorf tube and proteins 

were precipitated with TCA as described above. The pellet was further separated into 

membrane and cytoplasmic fractions by suspension in 1 ml membrane buffer (100 mM 

Tris-HCl pH 7.5, 10 mM MgCl2, 60 mM KCl). For cell lysis, a freeze/boil technique was 

employed, whereby samples were frozen five times in a dry ice/ethanol bath for 5 min 
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and boiled at 100°C for 5 min. Ultracentrifugation at 100,000 xg for 1 h at 4°C resulted 

in the separation of the membrane and cytoplasmic fraction. The cytoplasmic proteins 

from 900 µl of this supernatant fraction were precipitated with TCA as described above. 

The membrane fraction pellet was suspended in 2x protein sample buffer, where a 

culture with OD600nm of 3 was suspended in 45 µl buffer. 

 

2.6 Enzyme assays 

2.6.1 β-galactosidase activity assay 

2.6.1.1 β-galactosidase activity assay in E. co l i  

 E. coli strains were grown in 5 ml LB with 100 µg/ml Amp, 50 µg/ml Kan and 

0.5 mM IPTG at 30°C for 40 h. Uninoculated LB with supplements was used as the 

control throughout this experiment. OD600nm readings of the overnight cultures were 

taken and used to calculate the cell density (Fig. 2.1, as per equation (4)). A 250 µl aliquot 

of these cultures was mixed with 1 ml M63 buffer (15.14 mM (NH4)2SO4, 114.63 mM 

KH2PO4, 1.798 µM FeSO4.7H2O, pH 7.0, 2.965 µM Thiamine) before the addition of 20 

µl chloroform and 20 µl 0.1 % SDS to permeabilise the cells. Samples were vortexed for 

10 sec and incubated at 37°C with shaking for 40 min. A 100 µl aliquot of permeabilised 

cells was added to 100 µl PM2 assay buffer (70 mM Na2HPO4.12H2O, 30 mM 

NaH2PO4H2O, 1 mM MgSO4, 0.1 mM MnSO4, pH 7.0) containing 100 mM β-

mercaptoethanol in a 96-well plate (Falcon) and five 2-fold dilutions were made, resulting 

in a total volume of 100 µl per well. Twenty-five µl substrate solution (0.4 % o-

nitrophenol-β-galactosidase (ONPG) in PM2 assay buffer) was pipetted into each well 

and samples were incubated at 30°C for 30 min. The reaction was then stopped by the 

addition of 50 µl 1 M Na2CO3 and OD420nm and OD600nm readings were taken. 

 To correct for the effect of cell debris on light scattering in the OD420nm reading, 

1.5 x OD600nm reading was subtracted (Fig. 2.1, equation (1) (Euromedex BACTH System 

Kit Manual). This calculation was applied to the uninoculated LB control to give 

ODcontrol, which was then subtracted from the sample OD reading (Fig. 2.1, equation (2)). 

This normalised OD reading was converted into an absorbance measurement based on 

the correlation between the nmol of hydrolysed ONPG and OD420nm. The equation (3) 

shown in Fig. 2.1 shows this conversion calculation, whereby the factor 200 takes into 

account the nmol of ONPG hydrolysed per minute, the factor 30 indicates the 
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incubation time in minutes, and the two-fold dilutions in the 96-well plate gave dilution 

factors of 2, 4, 8, 16, 32 and 64 (Euromedex BACTH System Kit Manual). Lastly, the β-

galactosidase activity was determined as absorbance units per mg of cells, where an 

OD600nm reading of 1 of non-permeabilised cells is equal to 0.3 mg dry weight (Fig. 2.1, 

equation (4)). 

 

 
Figure 2.1 β-galactosidase activity equations. (1) The measurements are corrected for the 
effect of cell debris on light scattering. (2) The measurements are normalised using the 
uninoculated LB as a control. (3) The absorbance is calculated in order to take into account the 
nmol of ONPG hydrolysed per minute (200), the time of incubation (30), and the dilution factor 
of the sample. (4) β-galactosidase activity measurements are given as absorbance values 
normalised against the cell density, as determined by an OD600nm reading. 
 

2.6.1.2 β-galactosidase activity assay in S. aureus 

 The different S. aureus strains were grown in 5 ml TSB supplemented with 200 

ng/ml Atet and the appropriate antibiotics at 37°C with shaking overnight. Cultures were 

diluted 1:100 the following day in TSB containing 200 ng/ml Atet. After 4 h of growth at 

37°C with shaking, 1 ml aliquots were centrifuged at 17,000 xg for 10 min and the pellet 

was frozen at -20°C overnight. Samples were thawed and pellets were suspended in 1 ml 

ABT buffer (60 mM K2HPO4, 40 mM KHPO4, 100 mM NaCl, pH 7, 1 % Triton X-100) 

containing 20 µg/ml lysostaphin and incubated at 37°C for 30 min in order to lyse the 

cells. Cell debris was pelleted by centrifugation at 17,000 xg for 10 min and 100 µl of the 

supernatant was mixed with 20 µl 0.4 mg/ml 4-methyl umbelliferyl β-D-

galactopyranoside (MUG) using a black 96-well polystyrene fluorescence maxisorp 

surface plate (Thermo Scientific Nunc). Here, 100 µl ABT buffer alone was used as the 
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background control. Following an incubation in the dark at room temperature for 1 h, a 

20 µl sample was mixed with 180 µl ABT buffer and fluorescence readings were detected 

at an excitation wavelength of 336 nm and emission wavelength of 445 nm. 

 A standard curve was generated using serial dilutions of 4-methylumbilliferone 

(MU) in ABT buffer at known concentration and subsequently these values were used to 

determine the concentration (in µM) of product in each sample.  

 

2.6.2 D-amino acid oxidase enzyme assay 

 The D-amino acid oxidase (D-AAO) enzyme assay was used to determine the D-

alanine content of WTA. To this end, 40 µl of purified cell wall samples with an OD600nm 

reading of 200 were incubated with 40 µl 0.4 M sodium hydroxide for 1 h at 37°C to 

release the WTA. The reaction was then neutralised with hydrochloric acid, and verified 

using litmus paper. Meanwhile, the reaction buffer (101.8 mM Tris-HCl pH 8.5, 182.2 

µg/ml β-Nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH) (Sigma), 

10 U/ml L-lactic Dehydrogenase (LDH) (Sigma), 9.3 U/ml catalase (Sigma)) was 

prepared and 917 µl was aliquoted into semi-micro PMMA UV Grade cuvettes (Kartell). 

To this, 50 µl neutralised sample (containing released WTA and D-alanine) was added 

and the absorbance at 339 nm was measured. Samples were then incubated at room 

temperature for 20 min with 66.6 µl 37.5 U/ml D-AAO (Sigma), which leads to an 

increase in absorbance in the presence of D-alanine. 

 To calculate the concentration of D-alanine from the absorbance readings, 40 µl 

D-alanine standards at 10 mM, 5 mM, and 2.5 mM concentrations as well as 0 mM 

(ddH2O) were tested and plotting of the absorbance against the concentration provided a 

linear regression line.    

 

2.7 Protein sample preparation 

2.7.1 E. co l i  protein sample preparation for western and far western 

blot analysis 

 E. coli protein samples were prepared from culture grown overnight in LB 

supplemented with appropriate antibiotics and inducers, at 37°C with shaking. One ml 

was pelleted at 17,000 xg for 10 min and suspended in 2x protein sample buffer 

normalised to OD600nm, where a culture with OD600nm of 2 was suspended in 90 µl 2x 

protein sample buffer (equal to 45 x OD600nm). Samples were boiled for 30 min, 
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centrifuged at 17,000 xg for 5 min and 10 µl was loaded on a 10 % polyacrylamide gel. 

Following addition of 2x protein sample buffer, samples could also be stored at -20°C. 
 

2.7.2 S. aureus  protein sample preparation 

2.7.2.1 S. aureus  sample preparation for fluorescence protein analysis 

 S. aureus strains were grown in 5 ml TSB containing the appropriate antibiotics at 

37°C with shaking overnight. The next day, the cultures were diluted 1:200 into 200 ml 

TSB. Cultures were incubated at 37°C and 50 ml samples were pelleted by centrifugation 

at 3,220 xg for 10 min at OD600nm readings of 0.4, 0.8 and 1.2 representing the early, mid 

and late stages of the exponential phase. The pellets were washed once with 50 ml 

phosphate buffered saline (PBS) before suspension in 250 µl PBS supplemented with 1 

mM phenylmethanesulfonyl fluoride (PMSF). The samples were transferred to 2 ml 

freezer vials containing a volume of approximately 50 µl of 0.1 mm glass beads. Using 

the Fast-Prep machine (Thermo Servant), cells were disrupted twice at setting 6 for 30 

sec at 4°C and the tubes were subsequently placed on ice. This disruption step was 

repeated a total of four times before centrifugation of samples at 17,000 xg for 15 min at 

4°C. The supernatant fractions were pipetted into fresh eppendorf tubes, and 40 µl was 

mixed with 10 µl of 5x protein sample buffer. Following incubation at 37°C for 5 min, 

15 µl was loaded on a 7.5 % SDS-PAGE gel with 5 µl Precision Plus Protein All Blue 

Standards (Biorad). Gels were scanned with blue laser light at 395 nm using a 

fluorescence imager FLA-5100. 

 

2.7.2.2 S. aureus  protein sample preparation for detection of LtaS by 

western blot 

 Overnight cultures of S. aureus strains grown at 37°C with shaking in 5 ml TSB 

containing the appropriate antibiotics were diluted 1:100 into 5 ml of the same medium 

and grown for 4 h at 37°C with shaking. A 1 ml sample was vortexed upside-down for 45 

min at 4°C in an eppendorf tube containing a volume of approximately 0.5 ml of 0.1 mm 

glass beads before the tubes were centrifuged at 200 xg for 1 min to sediment the beads. 

A 500 µl aliquot of the supernatant was transferred into a fresh eppendorf tube and 

centrifuged at 17,000 xg for 15 min. The pellet was suspended in 2x protein sample 

buffer, where a culture with OD600nm of 3 was suspended in 45 µl buffer. Following 
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boiling for 20 min and centrifugation at 17,000 xg for 5 min, 10 µl was loaded on a 10 % 

polyacrylamide gel.  

 

2.7.2.3 S. aureus  protein sample preparation for detection of fluorescent 

protein fusions by western blot 

 S. aureus strains were grown in 5 ml TSB supplemented with the appropriate 

antibiotics at 37°C with shaking overnight and diluted 1:100 into 5 ml of the same 

medium the following day. After 4 h of growth at 37°C with shaking, a 1 ml culture 

aliquot was centrifuged at 17,000 xg for 5 min and the pellet was suspended in TSM 

buffer with 200 µg/ml lysostaphin and 100 µg/ml DNase, where a culture with OD600nm 

of 3 was suspended in 45 µl buffer. The samples were incubated at 37°C for 30 min 

before the addition of an equal volume of 2x protein sample buffer and centrifugation at 

17,000 xg for 5 min. Ten µl were separated on a 10 % polyacrylamide gel. 

 

 

2.8 Standard techniques for protein analysis 

2.8.1 Sodium Dodecyl Sulphate Poly-Acrylamide Gel Electrophoresis 

(SDS-PAGE) 

 In order to separate proteins and LTA by molecular weight for Western blot 

analysis, SDS-PAGE was carried out using 10 % and 15 % polyacrylamide gels, produced 

as described in Sambrook et al. 1989. Five µl protein ladder (BenchMarkTM Prestained, 

Invitrogen) was loaded next to 10 µl of the different samples. Proteins were separated by 

electrophoresis at 200 V using a Hoefer Mini Protein Electrophoresis system in 1x SDS 

running buffer (14.4 g/L glycine, 3 g/L Tris-base, 1 g/L SDS). Following this, proteins 

were visualised by coomassie staining or transferred to a polyvinylidene difluoride 

(PVDF) membrane, in preparation for Western blot analysis.  

 

2.8.2 Protein staining with coomassie brilliant blue 

 Gels were stained for 1 h at room temperature with moderate shaking immersed 

in coomassie brilliant blue staining solution (2.5 g/L coomassie brilliant blue R250, 45 % 

methanol, 10 % acetic acid). The stain was removed by washing repeatedly with a 

destaining solution (45 % methanol, 10 % acetic acid) until proteins were visualised. 
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2.8.3 Western immunoblot analysis 

 The electrotransfer of proteins and LTA onto a PVDF membrane was 

performed for 1 h at 1000 mA in transfer buffer (3 g/L Tris-base, 14.5 g/L glycine, 20 % 

(v/v) methanol) using a Hoefer electrophoretic transfer cell system. Once transferred, 

the membrane was blocked for 1 h with 20 ml 5 % milk in 1x Tris buffered saline (TBS) 

containing 0.1 % tween pH 7.4 (TBST) and where appropriate, binding to S. aureus 

protein A was inhibited by the addition of 10 µg/ml human IgG (Sigma) during 

membrane blocking and antibody incubation steps.  

 Primary antibodies were added to the membrane and incubated overnight at 4°C 

in 5 % milk in TBST. Three wash steps were performed, each time for 10 min using 20 

ml 1x TBST, and if required, membranes were incubated for 3 h with a secondary 

antibody. The membranes were washed as described above before incubation for 2 min 

with ECL (100 mM Tris-HCl pH 8.5, 2.5 mM luminol, 2.5 mM P-coumaric acid) with 

the addition of 0.009 % (v/v) hydrogen peroxide. The chemiluminescent signal was 

captured using an ECL Hyperfilm (GE Healthcare) and the film was developed using an 

automated developer (AGFA-Healthcare N. V.). 

 For LtaS detection, a 1:20000 dilution of rabbit polyclonal LtaS antibody was 

used (Lu et al.). The secondary antibody was an HRP-linked anti-rabbit IgG antibody 

(NEB) used at a dilution of 1:10000. 

 Fluorescent protein fusions were detected using a mouse monoclonal GFP 

antibody (Invitrogen) and HRP-conjugated anti-mouse IgG antibody (NEB) at 1:4000 

and 1:10000 dilutions, respectively. 

 For detection of His-tagged proteins, membranes were incubated overnight with 

an anti-His antibody (Sigma) at a 1:10000 dilution, before washing and incubation with 

ECL containing hydrogen peroxide. 

 Cell fractionation techniques were assessed using antibodies raised against the 

control proteins L6 (cytoplasmic), SrtA (membrane), SdrD (wall) and α-hemolysin (Hla) 

(supernatant) at 1:20000 dilutions, prior to incubation with HRP-conjugated anti-rabbit 

IgG antibody at a dilution of 1:10000. 

 

2.8.4 Far western immunoblot analysis 

 Far western blot analysis was used for detecting the T18 fragment of adenylate 

cyclase in pUT18 and pUT18C containing strains. Following SDS-PAGE and transfer 

onto a PVDF membrane (as described in sections 2.8.1 and 2.8.3), the membrane was 
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blocked for 1 h with 5 % milk in TBSCT (1x TBST with 8 mM CaCl2) before washing 

five times with TBSCT and once with 1x TBS with 8 mM CaCl2 (TBSC) each for 10 min. 

Membranes were then incubated with 0.3 µg /ml biotinylated calmodulin (Calbiochem) 

in TBSC at 4°C overnight. The following day, the membrane was washed as described 

above, and incubated with a 1:4000 dilution of HRP-conjugated streptavidin (Thermo 

Scientific) in 20 ml TBSC for 6 h at room temperature. The membrane was washed and 

the blots developed by ECL and the chemiluminescent signal captured as described 

above. 

 

2.9 LTA detection by western blot 

2.9.1 Preparation of samples for LTA western blot analysis 

 To prepare LTA samples for Western immunoblot analysis, cultures were grown 

at 37°C overnight in 5 ml TSB supplemented with the appropriate antibiotics. The 

following day, cultures were diluted 1:100 in 5 ml TSB containing the appropriate 

antibiotics (with the exception of Cam, which was omitted for strains containing pCL55-

derived integrated plasmids) and incubated at 37°C for 4 h. A 1 ml aliquot was 

transferred to an eppendorf tube containing a volume of approximately 0.5 ml of 0.1 mm 

glass beads. The cells were lysed by vortexing upside-down for 45 min at 4°C. In order to 

sediment the glass beads, the tubes were centrifuged at 200 xg for 1 min and 500 µl of 

the supernatant was transferred into a new eppendorf tube. Cell debris was collected by 

centrifugation at 17,000 xg for 15 min and the pellet containing LTA was suspended in 

2x protein sample buffer, where a culture with OD600nm of 3 was suspended in 45 µl 

buffer. Samples were boiled for 20 min and centrifuged at 17,000 xg for 5 min prior to 

loading 10 µl on a 15 % polyacrylamide gel.  

 

2.9.2 LTA western immunoblot analysis 

 LTA was detected by separating the samples prepared as described above on a 15 

% polyacrylamide gel, followed by transfer to a PVDF membrane, as described in 

sections 2.8.1 and 2.8.3. A 1:5000 dilution of mouse monoclonal LTA antibody (clone 55 

from HyCult Biotechnology) and a 1:10000 dilution of horseradish peroxide HRP-

conjugated anti-mouse secondary antibody were used to detect LTA.  
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2.10 WTA purification and detection 

2.10.1 Preparation of cell wall for WTA purification 

 S. aureus cell wall samples were prepared from culture grown at 37°C with 

shaking overnight in 200 ml TSB supplemented with appropriate antibiotics. The culture 

was cooled in an ice bath, pelleted by centrifugation at 6,000 xg for 10 min and the pellet 

was suspended in a total of 3 ml 20 mM sodium acetate buffer pH 4.6. In a waterbath, 2 

ml 10 % SDS were brought to a boil in a 15 ml falcon tube and subsequently the cell 

suspension was added. The samples were boiled for 30 min, cooled to room temperature 

and the cell wall was collected by centrifugation at 30,000 xg for 10 min. The pellet was 

washed five times by suspending in 4 ml 20 mM sodium acetate buffer pH 4.6 and 

centrifuging at 30,000 xg for 10 min, to remove the SDS. The cell wall was suspended in 

20 mM sodium acetate buffer pH 4.6, transferred to a 2 ml eppendorf tube containing a 

volume of approximately 1 ml of 0.1 mm glass beads and 20 mM sodium acetate buffer 

pH 4.6 was added to give a total volume of 1.8 ml. Samples were vortexed upside down 

for 15 min at 4°C and centrifuged at 200 xg for 1 min to settle the beads. The 

supernatant was transferred to a centrifugation tube and stored on ice. The remaining 

beads were suspended in 1 ml 20 mM sodium acetate buffer pH 4.6 and the vortexing 

and centrifugation steps were repeated as described above. The supernatant was pelleted 

by centrifugation at 38,729 xg for 20 min and suspended in 3 ml ddH2O, and the 

centrifugation step was repeated. The final cell wall sample was suspended in 200 µl 

ddH2O and stored at -20°C. The OD600nm readings were taken using 1:100 dilutions. 

WTA was released from this preparation by incubation with sodium hydroxide as 

described later. 

 

2.10.2 Tris-Boric acid-EDTA Poly-Acrylamide Gel Electrophoresis 

(TBE-PAGE) 

 A 40 µl sample of purified cell wall with an OD600nm reading of 200 was prepared 

for TBE-PAGE analysis by centrifugation at 17,000 xg for 10 min and suspension in 200 

µl 0.1 M sodium hydroxide, in order to release the WTA. Following incubation at 65°C 

for 2 h, samples were centrifuged at 17,000 xg for 10 min and the supernatant was 

transferred to a new eppendorf tube. Equal volumes of released WTA were mixed with 2 

M sucrose, and 15 µl was loaded on a 15 % TBE polyacrylamide gels. Gels were run at 

100 V for 1 h 30 using a Hoefer's Mini Protein Electrophoresis system in 0.5 x TBE 
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running buffer. The WTA was initially visualised by alcian blue staining before 

destaining, fixing with a 40 % methanol, 10 % acetic acid solution, and silver staining. 

 

2.10.3 Alcian blue staining 

 TBE-PAGE gels were immersed in 0.5 % alcian blue (Sigma) in 1 % acidic acid 

and incubated for 1 h with gentle shaking. Excess alcian blue was removed by washing 

with ddH2O, and incubating with ddH2O destained the gel. 

 

2.10.4 Silver staining 

 Destained and fixed TBE-PAGE gels were silver stained to visualise the 

separated WTA. Gels were immersed in ddH2O and gently shaken twice for 10 min to 

ensure the removal of all acetic acid. Oxidation solution (3.4 mM potassium dichromate, 

3.2 mM nitric acid) was added to the gel and incubated for 10 min with gentle shaking. 

The solution was discarded and the gel was rinsed briefly three times with ddH2O before 

incubation in ddH2O for 2 min with gentle shaking. This was followed by a 20 min 

incubation step in a 12 mM silver nitrate solution with gentle shaking, a brief wash step 

with ddH2O and a 10 sec incubation with developing solution (0.28 M sodium carbonate, 

12.32 M formaldehyde). More developing solution was added and the gel was gently 

shaken until the WTA was visualised. To prevent further colour development, the 

developing solution was removed and replaced by the stop solution (5 % acetic acid). 

Images were taken using a Gel Doc EZ Imager (Biorad) with Image Lab 3.0 software. 

 

2.11  Microscopy 

 Strains were prepared for fluorescence microscopy by growing the different S. 

aureus strains in 5 ml TSB supplemented with the appropriate antibiotics at 37°C with 

shaking overnight. The next day, cultures were diluted 1:200 into 5 ml TSB and grown to 

an OD600nm of 0.8 (mid-exponential phase). A 1 ml aliquot was pelleted by centrifugation 

at 17,000 xg for 1 min and suspended in 1 ml PBS. Strains requiring membrane staining 

were incubated for 5 min at 37°C with shaking, with the addition of 0.5 µg/ml nile red 

(Invitrogen) or 2 µg/ml FM4-64 (Invitrogen). Meanwhile, 1 % PBS agarose slides were 

prepared. Samples were centrifuged at 17,000 xg for 1 min, washed with 1 ml PBS and 

the pellet was suspended in 100 µl PBS. Two µl was spotted on the slide and covered 

with a coverslip, before observation on a Zeiss Axio Observer microscope equipped with 

a Photometrics CoolSNAP HQ2 camera (Roper Scientific) and Metamorph software. 
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Figure images were processed using ImageJ and a background of 50 pixels was 

subtracted from each GFP and CFP image.  
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Table 1: E. co l i  strains used in this study 
Strain Relevant Features Reference 
XL1 Blue Cloning strain. TetR - ANG127 Stratagene 
DH5α Cloning strain - ANG397 (Hanahan, 1983) 
CLG190 Cloning strain - ANG1141 (Gründling et al., 2003) 
One Shot Cloning strain - ANG1409 Invitrogen 
DHM1 BACTH Δcya strain. NalR - ANG1310 Euromedex 
BTH101 BACTH Δcya strain. StrepR - ANG1309 Euromedex 
   
   
201 pCN34 in DH5α; E. coli/S. aureus shuttle vector. KanR, AmpR (Charpentier et al., 

2004) 
243 pCL55 in XL1 Blue; S. aureus single-site integration vector. AmpR (Lee et al., 1991) 
284 pCL55itet in XL1 Blue; pCL55 containing Atet inducible promoter. AmpR (Gründling & 

Schneewind, 2007a) 
286 pCL55itet-lacZ in XL1 Blue. pCL55itet containing lacZ. CamR Lab strain collection 
1103 pOK-719-T300A in XL1 Blue. KanR (Lu et al., 2009) 
1159 pCN34ypfP-CFP-SAV1017 in XL1 Blue. KanR, AmpR Lab strain collection 
1162 pCL55ltaS-YFP-SAV0719 in XL1 Blue. AmpR Lab strain collection 
1163 pCL55ypfP-SAV1016-YFP in XL1 Blue. AmpR Lab strain collection 
1212 pCL55itet-1TM719-719 in XL1 Blue. AmpR (Wörmann et al., 

2011b) 
1213 pCL55itet-3TM719-719 in XL1 Blue. AmpR (Wörmann et al., 

2011b) 
1242 pOKSAV719cleaveALAP in XL1 Blue. KanR (Wörmann et al., 

2011b) 
1265 pKT25 in XL1 Blue; BACTH vector containing an IPTG inducible promoter, T25 and 

multiple cloning site. KanR 
(Karimova et al., 2001) 

1266 pKNT25 in XL1 Blue; BACTH vector containing an IPTG inducible promoter, multiple 
cloning site and T25. KanR 

(Karimova et al., 2005) 

1267 pUT18 in XL1 Blue; BACTH vector containing an IPTG inducible promoter, multiple 
cloning site and T18. AmpR 

(Karimova et al., 2001) 

1268 pUT18C in XL1 Blue; BACTH vector containing an IPTG inducible promoter, T18 and 
multiple cloning site. AmpR 

(Karimova et al., 2001) 

1269 pKT25-zip in XL1 Blue; T25 fused to N-terminus of the leucine zipper of GCN4. KanR (Karimova et al., 1998) 
1270 pUT18C-zip in XL1 Blue; T18 fused to N-terminus of the leucine zipper of GCN4. AmpR (Karimova et al., 1998) 
1284 pKT25-dltA in XL1 Blue; T25 fused to N-terminus of DltA. KanR This study 
1285 pKT25-dltB in XL1 Blue; T25 fused to N-terminus of DltB. KanR This study 
1286 pKT25-dltC in XL1 Blue; T25 fused to N-terminus of DltC. KanR This study 
1287 pKT25-dltD in XL1 Blue; T25 fused to N-terminus of DltD. KanR This study 
1289 pKT25-ltaA in XL1 Blue; T25 fused to N-terminus of LtaA. KanR This study 
1290 pKT25-ltaS in XL1 Blue; T25 fused to N-terminus of LtaS. KanR This study 
1291 pKT25-ypfP in XL1 Blue; T25 fused to N-terminus of YpfP. KanR This study 
- pCR8/GW/TOPO in One Shot E. coli. SpecR Invitrogen 
1292 pCR8-dltA in XL1 Blue; DltA expressed from a high-copy plasmid. SpecR This study 
1293 pCR8-dltB in XL1 Blue; DltB expressed from a high-copy plasmid. SpecR This study 
1294 pCR8-dltC in XL1 Blue; DltC expressed from a high-copy plasmid. SpecR This study 
1295 pCR8-dltD in XL1 Blue; DltD expressed from a high-copy plasmid. SpecR This study 
1297 pCR8-ltaA in XL1 Blue; LtaA expressed from a high-copy plasmid. SpecR This study 
1298 pCR8-ltaS in XL1 Blue; LtaS expressed from a high-copy plasmid. SpecR This study 
1299 pCR8-ypfP in XL1 Blue; YpfP expressed from a high-copy plasmid. SpecR This study 
1301 pKNT25-dltA in XL1 Blue; T25 fused to C-terminus of DltA. KanR This study 
1302 pKNT25-dltB in XL1 Blue; T25 fused to C-terminus of DltB. KanR This study 
1303 pKNT25-dltC in XL1 Blue; T25 fused to C-terminus of DltC. KanR This study 
1304 pKNT25-dltD in XL1 Blue; T25 fused to C-terminus of DltD. KanR This study 
1306 pKNT25-ltaA in XL1 Blue; T25 fused to C-terminus of LtaA. KanR This study 
1307 pKNT25-ltaS in XL1 Blue; T25 fused to C-terminus of LtaS. KanR This study 
1308 pKNT25-ypfP in XL1 Blue; T25 fused to C-terminus of YpfP. KanR This study 
1311 pUT18-dltA in XL1 Blue; T18 fused to C-terminus of DltA. AmpR This study 
1312 pUT18-dltB in XL1 Blue; T18 fused to C-terminus of DltB. AmpR This study 
1313 pUT18-dltC in XL1 Blue; T18 fused to C-terminus of DltC. AmpR This study 
1314 pUT18-dltD in XL1 Blue; T18 fused to C-terminus of DltD. AmpR This study 
1316 pUT18-ltaA in XL1 Blue; T18 fused to C-terminus of LtaA. AmpR This study 
1317 pUT18-ltaS in XL1 Blue; T18 fused to C-terminus of LtaS. AmpR This study 
1318 pUT18-ypfP in XL1 Blue; T18 fused to C-terminus of YpfP. AmpR This study 
1319 pUT18C-dltA in XL1 Blue; T18 fused to N-terminus of DltA. AmpR This study 
1320 pUT18C-dltB in XL1 Blue; T18 fused to N-terminus of DltB. AmpR This study 
1321 pUT18C-dltC in XL1 Blue; T18 fused to N-terminus of DltC. AmpR This study 
1322 pUT18C-dltD in XL1 Blue; T18 fused to N-terminus of DltD. AmpR This study 
1324 pUT18C-ltaA in XL1 Blue; T18 fused to N-terminus of LtaA. AmpR This study 
1325 pUT18C-ltaS in XL1 Blue; T18 fused to N-terminus of LtaS. AmpR This study 
1326 pUT18C-ypfP in XL1 Blue; T18 fused to N-terminus of YpfP. AmpR This study 
1429 pKOR1 in DB3.1; E. coli/S. aureus allelic exchange vector. AmpR (Bae & Schneewind, 

2006) 
1482 pCL55itet-dltC-His in XL1 Blue; dltC-His under Atet inducible promoter. AmpR This study 
1483 pCL55itet-dltD-His in XL1 Blue; dltD-His under Atet inducible promoter. AmpR This study 
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1486 pCN34itet-dltD-His in XL1 Blue; dltD-His under Atet inducible promoter. KanR, AmpR This study 
- pS10-CFPopt in XL1 Blue; (Sastalla et al., 2009) 
1488 pCN34ypfP-CFP-ypfP in XL1 Blue; CFP fused to ypfP under ypfP promoter control. KanR, 

AmpR 
This study 

1495 pLKC480 in DH5α; E. coli multi-copy plasmid containing an IPTG inducible lac promoter, 
multiple cloning site and lacZ. AmpR 

(Tiedeman & Smith, 
1988) 

1520 pCN34ypfP-CFP in XL1 Blue; CFP under ypfP promoter control. KanR, AmpR This study 
1541 pCN34ypfP-ltaA-CFP in XL1 Blue; CFP fused to ltaA under ypfP promoter control. KanR, 

AmpR 
This study 

1553 pLKC480lac-dltD in CLG190; dltD fused to lacZ  under IPTG inducible promoter. AmpR This study 
1554 pLKC480lac-3aa in DH5α; 3aa fused to lacZ under IPTG inducible promoter. AmpR  This study 
1555 pLKC480lac-spaSS in XL1 Blue; spa signal sequence fused to lacZ under IPTG inducible 

promoter. AmpR 
This study 

1559 pKT25-ltaS1TM in XL1 Blue; T25 fused to N-terminus of first transmembrane helix fused to 
linker and extracellular domain of LtaS. KanR 

This study 

1560 pKT25-ltaS3TM in XL1 Blue; T25 fused to N-terminus of first three transmembrane helices 
fused to linker and extracellular domain of LtaS. KanR 

This study 

1561 pUT18C-ltaS1TM in XL1 Blue; T18 fused to N-terminus of first transmembrane helix fused to 
linker and extracellular domain of LtaS. AmpR 

This study 

1562 pUT18C-ltaS3TM in XL1 Blue; T18 fused to N-terminus of first three transmembrane helices 
fused to linker and extracellular domain of LtaS. AmpR 

This study 

1635 pMUTIN4 in XL1 Blue. AmpR Bacillus genetic stock 
center 

1718 pCL55itet-dltD-lacZ in XL1 Blue; dltD fused to lacZ  under Atet inducible promoter. AmpR This study 
1719 pCL55itet-dltD40aa-lacZ in XL1 Blue; first 40aa of dltD fused to lacZ  under Atet inducible 

promoter. AmpR 
This study 

1720 pCL55itet-3aa-lacZ in XL1 Blue; first 3aa of dltD fused to lacZ  under Atet inducible promoter. 
AmpR 

This study 

1722 pCL55itet-aurSS-lacZ in XL1 Blue; aur signal sequence fused to lacZ  under Atet inducible 
promoter. AmpR 

This study 

1730 pCN34ltaS-CFP-ltaS in XL1 Blue; CFP fused to ltaS under ltaS promoter control. KanR, 
AmpR 

This study 

1734 pCN34ltaS-CFP-ltaSS218P in XL1 Blue; CFP fused to ltaSS218P variant under ltaS promoter 
control. KanR, AmpR 

This study 

1825 pCL55itet-CFP- ltaSS218P in XL1 Blue; CFP fused to ltaSS218P variant under Atet inducible 
promoter. AmpR 

This study 

1889 pCR8-ΔdltABCD in XL1 Blue; erm flanked by 1kb upstream and downstream of dltABCD. 
AmpR 

This study 

- pKOR1-ΔdltABCD in DH5α; erm flanked by 1kb upstream and downstream of dltABCD. 
AmpR 

This study 

1908 pCL55itet-3aa-eltaST300A-His in XL1 Blue; first 3aa of dltD fused to extracellular domain of 
ltaST300A variant and His-tag under Atet inducible promoter. AmpR 

This study 

1932 pCR8-ΔdltD in XL1 Blue; erm flanked by 1kb upstream and downstream of dltD. AmpR This study 
- pKOR1-ΔdltD in DH5α; erm flanked by 1kb upstream and downstream of dltD. AmpR This study 
1937 pKT25-ltaA10TM in XL1 Blue; T25 fused to N-terminus of first 10 transmembrane helices of 

LtaA. KanR 
This study 

1938 pKNT25-ltaA10TM in XL1 Blue; T25 fused to C-terminus of first 10 transmembrane helices of 
LtaA. KanR 

This study 

1939 pUT18-ltaA10TM in XL1 Blue; T18 fused to C-terminus of first 10 transmembrane helices of 
LtaA. AmpR 

This study 

1940 pUT18C-ltaA10TM in XL1 Blue; T18 fused to N-terminus of first 10 transmembrane helices of 
LtaA. AmpR 

This study 

2021 pCL55itet-aurSS-eltaST300A-His in XL1 Blue; aur signal sequence fused to extracellular domain 
of ltaST300A variant and His-tag under Atet inducible promoter. AmpR 

This study 

2022 pCL55itet-dltD100aa-eltaST300A-His in XL1 Blue; first 100aa of dltD fused to extracellular domain 
of ltaST300A variant and His-tag under Atet inducible promoter. AmpR 

This study 

2041 pCL55itet-dltD40aa-eltaST300A-His in XL1 Blue; first 40aa of dltD fused to extracellular domain 
of ltaST300A variant and His-tag under Atet inducible promoter. AmpR 

This study 

2144 pBCB1-GE in XL1 Blue; S. aureus integrative vector for GFP fusions. ErmR, AmpR (Pereira et al., 2010) 
2145 pBCB4-ChE in XL1 Blue; S. aureus integrative vector for mCherry fusions. ErmR, AmpR (Pereira et al., 2010) 
2172 pBCB1-GE-ltaA in XL1 Blue; GFP fused to ltaA. ErmR, AmpR This study 
2173 pBCB4-ChE-ltaA in XL1 Blue; mCherry fused to ltaA. ErmR, AmpR This study 
2174 pCL55ltaS-mCherry-ltaS in XL1 Blue; mCherry fused to ltaS under ltaS promoter control. 

AmpR 
This study 

2187 pCL55ypfP-mCherry-ypfP in XL1 Blue; mCherry fused to ypfP under ypfP promoter control. 
AmpR 

This study 

2194 pCL55ltaS-GFP-ltaS in XL1 Blue; GFP fused to ltaS under ltaS promoter control. AmpR This study 
2195 pCL55ypfP-GFP-ypfP in XL1 Blue; GFP fused to ypfP under ypfP promoter control. AmpR This study 
2315 pCL55ltaS-GFP-ltaSS218P in XL1 Blue; GFP fused to ltaSS218P variant under ltaS promoter 

control. AmpR 
This study 

2318 pCL55ltaS-mCherry-ltaSS218P in XL1 Blue; mCherry fused to ltaSS218P variant under ltaS 
promoter control. AmpR 

This study 

2353 p25N-divIVA in XL1 Blue; T25 fused to C-terminus of DivIVA. KanR (Bottomley, 2011) 
2354 p25N-ezrA in XL1 Blue; T25 fused to C-terminus of EzrA. KanR (Steele et al., 2011) 
2355 p25N-ftsZ in XL1 Blue; T25 fused to C-terminus of FtsZ. KanR (Steele et al., 2011) 
2356 pKT25-divIB in XL1 Blue; T25 fused to N-terminus of DivIB. KanR (Steele et al., 2011) 
2357 pKT25-divIC in XL1 Blue; T25 fused to N-terminus of DivIC. KanR (Steele et al., 2011) 
2358 pKT25-ftsA in XL1 Blue; T25 fused to N-terminus of FtsA. KanR (Steele et al., 2011) 
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2359 pKT25-ftsL in XL1 Blue; T25 fused to N-terminus of FtsL. KanR (Steele et al., 2011) 
2360 pKT25-ftsW in XL1 Blue; T25 fused to N-terminus of FtsW. KanR (Steele et al., 2011) 
2361 pKT25-gpsB in XL1 Blue; T25 fused to N-terminus of GpsB. KanR (Steele et al., 2011) 
2362 pKT25-noc in XL1 Blue; T25 fused to N-terminus of Noc. KanR (Bottomley, 2011) 
2363 pKT25-parC in XL1 Blue; T25 fused to N-terminus of ParC. KanR (Bottomley, 2011) 
2364 pKT25-parE in XL1 Blue; T25 fused to N-terminus of ParE. KanR (Bottomley, 2011) 
2365 pKT25-pbp1 in XL1 Blue; T25 fused to N-terminus of PBP1. KanR (Steele et al., 2011) 
2366 pKT25-pbp2 in XL1 Blue; T25 fused to N-terminus of PBP2. KanR (Steele et al., 2011) 
2367 pKT25-pbp3 in XL1 Blue; T25 fused to N-terminus of PBP3. KanR (Steele et al., 2011) 
2368 pKT25-rodA in XL1 Blue; T25 fused to N-terminus of RodA. KanR (Steele et al., 2011) 
2369 pKT25-sepF in XL1 Blue; T25 fused to N-terminus of SepF. KanR (Steele et al., 2011) 
2371 pKT25-zapA in XL1 Blue; T25 fused to N-terminus of ZapA. KanR (Bottomley, 2011) 
2372 pUT18-divIVA in XL1 Blue; T18 fused to C-terminus of DivIVA. AmpR (Bottomley, 2011) 
2373 pUT18-ezrA in XL1 Blue; T18 fused to C-terminus of EzrA. AmpR (Steele et al., 2011) 
2374 pUT18-ftsZ in XL1 Blue; T18 fused to C-terminus of FtsZ. AmpR (Steele et al., 2011) 
2375 pUT18C-divIB in XL1 Blue; T18 fused to N-terminus of DivIB. AmpR (Steele et al., 2011) 
2376 pUT18C-divIC in XL1 Blue; T18 fused to N-terminus of DivIC. AmpR (Steele et al., 2011) 
2377 pUT18C-ftsA in XL1 Blue; T18 fused to N-terminus of FtsA. AmpR (Steele et al., 2011) 
2378 pUT18C-ftsL in XL1 Blue; T18 fused to N-terminus of FtsL. AmpR (Steele et al., 2011) 
2379 pUT18C-ftsW in XL1 Blue; T18 fused to N-terminus of FtsW. AmpR (Steele et al., 2011) 
2380 pUT18C-gpsB in XL1 Blue; T18 fused to N-terminus of GpsB. AmpR (Steele et al., 2011) 
2381 pUT18C-noc in XL1 Blue; T18 fused to N-terminus of Noc. AmpR (Bottomley, 2011) 
2382 pUT18C-pbp2 in XL1 Blue; T18 fused to N-terminus of PBP2. AmpR (Steele et al., 2011) 
2383 pUT18C-rodA in XL1 Blue; T18 fused to N-terminus of RodA. AmpR (Steele et al., 2011) 
2384 pUT18C-sepF in XL1 Blue; T18 fused to N-terminus of SepF. AmpR (Steele et al., 2011) 
2386 pUT18C-zapA in XL1 Blue; T18 fused to N-terminus of ZapA. AmpR (Bottomley, 2011) 
2555 p25PBP4 in DH5α; T25 fused to C-terminus of PBP4. KanR (Reed et al., 2011) 
2766 pCL55ltaS-CFP-ltaSS218P in XL1 Blue; CFP fused to ltaSS218P variant under ltaS promoter 

control. AmpR 
This study 
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Table 2: S. aureus  strains used in this study 
Strain Relevant Features Reference 
RN4220 Transformable laboratory strain - ANG113 (Kreiswirth et al., 1983) 
SEJ1 RN4220 ∆spa - ANG314 (Gründling & 

Schneewind, 2007a) 
AH1263 LAC* - ANG1575 (Boles et al., 2010) 
342 RN4220 ∆tagO (Gründling & 

Schneewind, 2006) 
359 RN4220 ∆spa ∆ltaA. ErmR (Gründling & 

Schneewind, 2007a) 
370 RN4220 ∆spa ∆ypfP. ErmR (Gründling & 

Schneewind, 2007a) 
371 RN4220 ∆spa ∆pgcA. ErmR (Gründling & 

Schneewind, 2007a) 
499 RN4220iltaS; strain with IPTG-inducible ltaS expression. ErmR, IPTG (Gründling & 

Schneewind, 2007b) 
557 RN4220 ∆spa-iltaS; strain with IPTG-inducible ltaS expression. ErmR, IPTG Lab strain collection 
1755 RN420 ∆spa ∆sbi Lab strain collection 
1786 4S5; derivative of RN4220 Δspa ΔltaS with suppressor mutations, lacking LTA (Corrigan et al., 2011) 
2597 LAC* ezrA:ezrA-mCherry This study 
   
   
- NCTCΔspaTetRmCh (Pereira et al., 2010) 
303 pCL55tet-GFP integrated in strain ANG113. CamR Lab strain collection 
586 pCL55 integrated in strain ANG499. CamR, ErmR, IPTG Lab strain collection 
1484 pCL55itet-dltC-His integrated in strain ANG314. CamR This study 
1485 pCL55itet-dltD-His integrated in strain ANG314. CamR This study 
1487 ANG314 with pCN34itet-dltD-His. KanR This study 
1489 ANG314 with pCN34ypfP-CFP-ypfP. KanR This study 
1490 ANG314 with pCN34. KanR This study 
1492 ANG370 with pCN34. ErmR and KanR This study 
1493 ANG370 with pCN34ypfP-CFP-ypfP. KanR, ErmR This study 
1518 ANG314 with pCN34ypfP-CFP. KanR This study 
1542 ANG359 with pCN34ypfP-ltaA-CFP. KanR This study 
1723 pCL55itet-dltD-lacZ integrated in strain ANG314. CamR This study 
1724 pCL55itet-dltD40aa-lacZ integrated in strain ANG314. CamR This study 
1725 pCL55itet-3aa-lacZ integrated in strain ANG314. CamR This study 
1727 pCL55itet-aurSS-lacZ integrated in strain ANG314. CamR This study 
1729 pCL55itet integrated in strain ANG314. CamR This study 
1731 ANG314 with pCN34ltaS-CFP-ltaS. KanR This study 
1732 ANG557 with pCN34. KanR, ErmR, IPTG This study 
1733 ANG557 with pCN34ltaS-CFP-ltaS. KanR, ErmR, IPTG This study 
1735 ANG314 with pCN34ltaS-CFP-ltaSS218P. KanR This study 
1736 ANG557 with pCN34ltaS-CFP-ltaSS218P. KanR, ErmR, IPTG This study 
1751 ANG314 with pCN34ypfP-ltaA-CFP. KanR This study 
1827 pCL55itet integrated in strain ANG370. CamR, ErmR This study 
2024 pCL55itet-3aa-eltaST300A-His integrated in strain ANG1755. CamR This study 
2025 pCL55itet-aurSS-eltaST300A-His integrated in strain ANG1755. CamR This study 
2026 pCL55itet-dltD100aa-eltaST300A-His integrated in strain ANG1755. CamR This study 
2034 pCL55itet integrated in strain ANG1755. CamR This study 
2042 pCL55itet-dltD40aa-eltaST300A-His integrated in strain ANG1755. CamR This study 
- ANG113 with pKOR1-∆dltD. ErmR This study 
2178 RN4220 ∆dltD This study 
2179 RN4220 ∆spa ∆dltD This study 
- ANG113 with pKOR1-∆dltABCD. ErmR This study 
2180 RN4220 ∆dltABCD This study 
2181 RN4220 ∆spa ∆dltABCD This study 
2186 pCL55ltaS-mCherry-ltaS integrated in strain ANG314. CamR This study 
2193 pCL55ypfP-mCherry-ypfP integrated in strain ANG370. CamR, ErmR This study 
2196 pBCB1-GE-ltaA integrated in strain ANG314. ErmR This study 
2197 pBCB4-ChE-ltaA integrated in strain ANG314. ErmR This study 
2198 pCL55ltaS-GFP-ltaS integrated in strain ANG314. CamR This study 
2199 pCL55ypfP-GFP-ypfP integrated in strain ANG314. CamR This study 
2201 pCL55ypfP-mCherry-ypfP integrated in strain ANG314. CamR This study 
2202 pCL55ypfP-GFP-ypfP integrated in strain ANG370. CamR This study 
2207 pCL55ltaS-GFP-ltaS integrated in strain ANG499. CamR This study 
2208 pCL55ltaS-mCherry-ltaS integrated in strain ANG499. CamR This study 
2316 pCL55ltaS-GFP-ltaSS218P integrated in strain ANG314. CamR This study 
2317 pCL55ltaS-GFP-ltaSS218P integrated in strain ANG499. CamR, ErmR, IPTG This study 
2319 pCL55ltaS-mCherry-ltaSS218P integrated in strain ANG314. CamR This study 
2320 pCL55ltaS-mCherry-ltaSS218P integrated in strain ANG499. CamR, ErmR, IPTG This study 
2330 ANG1575 with pCN34. KanR This study 
2331 ANG1575 with pCN34ypfP-CFP. KanR This study 
2332 ANG1575 with pCN34ypfP-CFP-ypfP. KanR This study 
2333 ANG1575 with pCN34ypfP-ltaA-CFP. KanR This study 
2334 ANG1575 with pCN34ltaS-CFP-ltaS. KanR This study 
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2335 ANG1575 with pCN34ltaS-CFP-ltaSS218P. KanR This study 
2387 ANG359 with pCN34. KanR, ErmR This study 
2389 pBCB1-GE-ltaA integrated in strain ANG1575. ErmR This study 
2390 pCL55ypfP-GFP-ypfP integrated in strain ANG1575. CamR This study 
2391 pCL55ltaS-GFP-ltaS integrated in strain ANG1575. CamR This study 
2392 pCL55ltaS-GFP-ltaSS218P integrated in strain ANG1575. CamR This study 
2397 pCL55tet-GFP integrated in strain ANG1575. CamR This study 
2398 pCL55itet integrated in strain ANG1575. CamR This study 
2587 pCL55ypfP-GFP-ypfP integrated in strain ANG371. CamR, ErmR This study 
2588 LAC* ∆ltaA with pCN34ypfP-ltaA-CFP. KanR, ErmR This study 
2601 ANG2597 with pCN34ltaS-CFP-ltaSS218P. KanR This study 
2833 pCL55ltaS-CFP-ltaSS218P integrated in strain ANG314. CamR This study 
2834 pCL55ltaS-CFP-ltaSS218P integrated in strain ANG499. CamR This study 
2835 pCL55ltaS-CFP-ltaSS218P integrated in strain ANG1575. CamR This study 
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Table 3: Primers used in this study 
Number Primer Sequence 
ANG086 5'-BamHI +P SAV0719 CGGGATCCGGAATAGAATATAGAATGCAATTAGAAATG 
ANG087 3-SalI SAV0719 ACGCGTCGACCCGAGTTCGTGTTTAAATATTATTTTTTAG 
ANG159 5-KpnI-tet GGGGTACCTTGGTTACCGTGAAGTTACCATCACGG 
ANG257 5-BamHI-P-SAV1017 CGGGATCCGCTCCTTTTTCTACAATATGTTTATTATACACG 
ANG258 3-KpnI-SAV1017 GGGGTACCTTATTTAACGAAGAATCTTGCATATAAAGGAACC 
ANG317 3-KpnI-SAV719 GGGGTACCCCGAGTTCGTGTTTAAATATTATTTTTTAG 
ANG420 3-BgIII-His6-719 GAAGATCTttaGTGATGGTGATGGTGATGaccTTTTTTAGAGTTTGCTTTA

GGTCCTG 
ANG453 3-Sal-SAV1017 ACGCGTCGACTTATTTAACGAAGAATCTTGCATATAAAG 
ANG591 5'-BamHI-DltA CGGGATCCCACAGATATTATTAACAAGCTGCAAGC 
ANG592 3'-KpnI-DltA GGGGTACCCGTCCGTTAATTACCTCTGCAATTTTCTTTC 
ANG593 5'-BamHI-DltB CGGGATCCCATTCCATATGGTGATTTTACATTCTTC 
ANG594 3'-KpnI-DltB GGGGTACCCGTATAAGTTTACCTGAGAAGATTAAAAAG 
ANG595 5'-BamHI-DltC CGGGATCCCGAATTTAGAGAACAAGTATTAAATTTATTAG 
ANG596 3'-KpnI-DltC GGGGTACCCGTCGTAACTCTTCTAATGCTTCAACG 
ANG597 5'-BamHI-DltD CGGGATCCCAAATTAAAACCTTTTTTACCCATTTTAATTAG 
ANG598 3'-KpnI-DltD GGGGTACCCGATTTTTAGGTTTATCTACTTCAGGTTG 
ANG601 5'-BamHI-LtaA CGGGATCCCCAAGATTCTTCGTTAAATAATTACGC 
ANG602 3'-KpnI-LtaA GGGGTACCCGCTTAGCTTTTTCTCTATTTACTATAAAG 
ANG603 5'-BamHI-LtaS CGGGATCCCAGTTCACAAAAAAAGAAAATTAGTC 
ANG604 3'-KpnI-LtaS GGGGTACCCGTTTTTTAGAGTTTGCTTTAGGTCCTG 
ANG605 5'-BamHI-YpfP CGGGATCCCGTTACTCAAAATAAAAAGATATTGATTATTAC 
ANG606 3'-KpnI-YpfP GGGGTACCCGTTTAACGAAGAATCTTGCATATAAAGG 
ANG721 5'-AvrII-DltC CCGCCTAGGCTTATATAATAAAGGAGAATTTAATTATG 
ANG722 3'-BglII-His tag-DltC GAAGATCTttaGTGATGGTGATGGTGATGaccTCGTAACTCTTCTAATGCT

TCAACG 
ANG723 5'-AvrII-DltD CCGCCTAGGCGTTGAAGCATTAGAAGAGTTACGATG 
ANG724 3'-BglII-His tag-DltD GAAGATCTttaGTGATGGTGATGGTGATGaccATTTTTAGGTTTATCTACTT

CAGG 
ANG766 Front-pypfP-CFPopt cttttgaaaccatTAATAGCCACCCTCCGTTAGTTTG 
ANG767 Back-pypfP-CFPopt GGGTGGCTATTAatggtttcaaaaggagaagaatta 
ANG768 Front-CFPopt-YpfP TATTTTGAGTAACcttatataattcatccattccgtgtg 
ANG769 Back-CFPopt-YpfP gaattatataagGTTACTCAAAATAAAAAGATATTGATTATTAC 
ANG801 P1 SalI-plac For ACGCGTCGACGATACCGCTCGCCGCAGCCGAACG 
ANG802 P2 plac-ATG-DltD Rev AGGTTTTAATTTcatAGCTGTTTCCTGTGTGAAATTGTT 
ANG803 P3 plac-ATG-DltD For CAGGAAACAGCTatgAAATTAAAACCTTTTTTACCCATT 
ANG804 P4 DltD-HindIII Rev CGGAAGCTTGATTTTTAGGTTTATCTACTTCAGG 
ANG805 P5 plac-ATG-3aa-HindIII Rev CGGAAGCTTGTTTTAATTTcatAGCTGTTTCCTGTGTGAAATTGTTATC 
ANG806 P6 plac-spa Rev ATGTTTTTCTTTTTCATagctgtttcctgtgtgaaattgttatc 
ANG807 P7 plac-spa For caggaaacagctATGAAAAAGAAAAACATTTATTCAATTCG 
ANG808 P8 spa-HindIII rev CGGAAGCTTGCGCAGCATTTGCAGCAGGTGTTAC 
ANG815 DltD-His-TAA-SalI Rev CGGGTCGACTTAGTGATGGTGATGGTGATGaccATTTTTAGG 
ANG819 3'-SalI-CFPopt ACGCGTCGACTTActtatataattcatccattccgtgtg 
ANG828 R-3'pltaS-5'CFPopt (440) cttttgaaaccatGATTCTTTCCCCCGTTATTTAGATAATAAATC 
ANG829 F-3'pltaS-5'CFPopt (441) GGGGAAAGAATCatggtttcaaaaggagaagaattatttac 
ANG830 R-5'ltaS-3'CFP (445) TTTTTGTGAACTcttatataattcatccattccgtgtg 
ANG831 F-3'CFPopt-5'ltaS (446) gaattatataagAGTTCACAAAAAAAGAAAATTAGTCTTTTTGC 
ANG832 F-3'LtaA-5'CFPopt GAAAAAGCTAAGATGGTTTCAAAAGGAGAAGAATTATTTAC  
ANG833 R-5'CFPopt-3'LtaA CTTTTGAAACCATCTTAGCTTTTTCTCTATTTGCTAT  
ANG834 R-SalI-CFPopt ACGCGTCGACTTACTTATATAATTCATCCATTCCGTGTGTAATTC  
ANG882 5'-AvrII-RBS-dltD for CCGCCTAGGAAAAAATAAGGAGGAAAAAAAATGAAATTAAAACCTTTTT

TACCC  
ANG883 3'-SalI-dltD rev ACGCGTCGACATTTTTAGGTTTATCTACTTCAGG 
ANG884 3'-SalI-dltD 40aa rev ACGCGTCGACAGTTCTATTATCTTCTACAGTCTTTTC  
ANG887 AvrII-RBS-3aa-SalI for P-CTAGGAAAAAATAAGGAGGAAAAAAAATGAAATTAAAAG  
ANG888 AvrII-RBS-3aa-SalI rev P-TCGACTTTTAATTTCATTTTTTTTCCTCCTTATTTTTTC 
ANG889 dltD 40aa-eLtaS rev GTCTGTCAGTTTCAGTTCTATTATCTTCTACAGTCTTTTC  
ANG890 dltD 40aa-eLtaS for GATAATAGAACTGAAACTGACAGACCAGAATTATTAACACG  
ANG891 dltD 100aa-eLtaS rev GTCTGTCAGTTTCAGAACCACCAGCACCTAATAAGAATGC  
ANG892 dltD 100aa-eLtaS for GCTGGTGGTTCTGAAACTGACAGACCAGAATTATTAACACG 
ANG946 F-attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTC 
ANG947 R-attB2  GGGGACCACTTTGTACAAGAAAGCTGGGTC 
ANG949 attB2-updltA for ACAAAAAAGCAGGCTTCTAAAGATGCAGAGGCGGACTTTAATG  
ANG950 updltA-ermAM rev GAAAAAGGAAGAGTATTAAGTCTCCCTCATTAGAACTC 
ANG951 updltA-ermAM for GGGAGACTTAATACTCTTCCTTTTTCAATATTATTG 
ANG952 ermAM-downdltD rev GCTATTTGTATTTTATTTCCTCCCGTTAAATAATAG  
ANG953 ermAM-downdltD for GGGAGGAAATAAAATACAAATAGCACATAACTCAACG  
ANG954 downdltD-attB1 rev ACAAGAAAGCTGGGTCTCATAATGGTTAAAATTAAAAAGC 
ANG955 attB2-updltD for ACAAAAAAGCAGGCTTCAAATTAAAGTATGGAAATTAATTC  
ANG956 updltD-ermAM rev GAAAAAGGAAGAGTTCATCGTAACTCTTCTAATGCTTC  
ANG957 updltD-ermAM for GAGTTACGATGAACTCTTCCTTTTTCAATATTATTG  
ANG1096 5'-AvrII-RBS-aur for CCGCCTAGGaaaaaaTAAGGAGGaaaaaaaATGAGGAAATTTTCAAGATATGC 
ANG1097 3'-SalI-aur rev ACGCGTCGACCGCTAATGCTGCTGGTGATAAAG 
ANG1112 SalI-CFPopt for TGCGGTCGACGTTTCAAAAGGAGAAGAATTATTTAC 
ANG1115 ltaS-TAA-SacII rev GGGCCGCGGTTATTTTTTAGAGTTTGCTTTAGG 
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ANG1138 AvrII-RBS-3aa-eltaS CCGCCTAGGAAAAAATAAGGAGGAAAAAAAATGAAATTAAAAGAAACT
GACAGACCAGAATTATTAAC 

ANG1184 3'-KpnI-1008LtaA GGGGTACCCGTTCTTCTTGTTCATCTGATTTGATAAATC 
ANG1216 aur sig seq-eltaS rev GTCTGTCAGTTTCCGCTAATGCTGCTGGTGATAAAG 
ANG1217 aur sig seq-eltaS for GCAGCATTAGCGGAAACTGACAGACCAGAATTATTAAC 
ANG1324 5'-KpnI-ltaA for CGGGGTACCATGCAAGATTCTTCGTTAAATAATTAC 
ANG1325 ltaA-linker NheI-3' rev CCTAGCTAGCTTTTGCGGCAGCTTCTTTAGCCGCGGCTTCTTTCGCAGC

TGCTTCCTTAGCTTTTTCTCTATTTACTATAAAG 
ANG1326 5'-EcoRI-pypfP for CCGGAATTCGCTCCTTTTTCTACAATATGTTTATTATAC 
ANG1327 pyfpP-GFP(pBCB) rev CTTTGCTAGCCATTAATAGCCACCCTCCGTTAGTTTG 
ANG1328 pyfpP-GFP(pBCB) for GGGTGGCTATTAATGGCTAGCAAAGGAGAAGAACTTTTC 
ANG1329 GFP(pBCB)-linker-SacII rev TCCCCGCGGCTTCTTTCGCAGCTGCTTCTTTGTAGAGCTCATCCATGCCA

TG 
ANG1330 SacII-linker-ypfP for TCCCCGCGGCTAAAGAAGCTGCCGCAAAAGTTACTCAAAATAAAAAGAT

ATTG 
ANG1331 pypfP-mCherry(pBCB) rev  CTTTAATGATAGCCATTAATAGCCACCCTCCGTTAGTTTG 
ANG1332 pypfP-mCherry(pBCB) for GGGTGGCTATTAATGGCTATCATTAAAGAGTTCATG 
ANG1333 mCherry-linker-SacII rev TCCCCGCGGCTTCTTTCGCAGCTGCTTCCTTGTACAGCTCGTCCATGCCA

CC 
ANG1334 5'-EcoRI-pltaS for CCGGAATTCGGAATAGAATATAGAATGCAATTAG 
ANG1335 pltaS-GFP(pBCB) rev CTTTGCTAGCCATGATTCTTTCCCCCGTTATTTAG 
ANG1336 pltaS-GFP(pBCB) for GGGGAAAGAATCATGGCTAGCAAAGGAGAAGAACTTTTC 
ANG1337 SacII-linker-ltaS for GGCCGCGGCTAAAGAAGCTGCCGCAAAAAGTTCACAAAAAAAGAAAAT

TAGTC 
ANG1338 pltaS-mCherry(pBCB) rev CTTTAATGATAGCCATGATTCTTTCCCCCGTTATTTAG 
ANG1339 pltaS-mCherry(pBCB) for GGGGAAAGAATCATGGCTATCATTAAAGAGTTCATG 
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3.1 Objective of chapter 3 

 The aim of this chapter was to investigate the protein-protein interaction network 

involving the LTA synthesis proteins of S. aureus. The synthesis of LTA requires the 

coordination of multiple proteins to function in an ordered process. Investigation of the 

proteins involved in the synthesis of the secondary wall polymer WTA in B. subtilis found 

that several of these proteins localised to the membrane in a similar pattern. The same 

study identified multiple protein-protein interactions indicating the presence of a WTA 

synthesising protein complex (Formstone et al., 2008). In a similar manner, it was decided 

to determine whether there is a multi-protein complex dedicated to the generation of the 

LTA polymer in S. aureus, and if so, to determine which domains within the different 

proteins are required for these protein-protein interactions. 

 Furthermore, deletion of one of the B. subtilis LtaS homologues was shown to 

alter the localisation pattern of FtsZ, an essential cell division protein, which polymerises 

to form a ring and initiates cell division (Schirner et al., 2009). In addition, UgtP, the B. 

subtilis homologue of YpfP, inhibited FtsZ ring formation in an in vitro assay, presenting a 

link between this protein and the cell division process (Weart et al., 2007). To investigate 

this link further, protein-protein interactions between the core S. aureus LTA synthesis 

proteins YpfP, LtaA and LtaS and numerous cell division proteins were assessed. 

  



  79 

3.2 Approach used to determine protein interactions 

 In order to detect protein-protein interactions, the Bacterial Adenylate Cyclase 

Two-Hybrid (BACTH) approach was employed. This system works by exploiting the 

fact that the two fragments T25 and T18 that make up the catalytic domain of adenylate 

cyclase from Bordetella pertussis are inactivate when physically separated (Ladant & 

Ullmann, 1999). By fusing the proteins of interest to each of these fragments, only 

interactions between the proteins of interest will bring these fragments in close 

proximity, resulting in the generation of cyclic adenosine monophosphate (cAMP) (Fig. 

3.1). Next, cAMP binds to the catabolite activator protein (CAP) and this leads to the 

upregulation of various genes including the lac operon encoding β-galactosidase 

(Karimova et al., 1998). Expression of β-galactosidase can be detected qualitatively using 

X-gal, a chromogenic substrate that turns blue in the presence of β-galactosidase, while 

its absence results in colonies remaining white in colour (Fig. 3.1). These interaction 

studies are performed in E. coli Δcya strains lacking endogenous adenylate cyclase activity, 

thereby relying solely on the reassembly of the T25 and T18 fragments into the catalytic 

domain of adenylate cyclase. It is important to note that ATP has not been detected in 

the periplasm of E. coli, and so cAMP will only be generated and interactions detected if 

both T25 and T18 fragments remain in the cytoplasm. 

 
Figure 3.1 Schematic representation of the Bacterial Adenylate Cyclase Two-Hybrid 
(BACTH) system. Proteins of interest (A, B, X & Y) are fused to the adenylate cyclase 
fragments T25 and T18. Non-interacting proteins (A & B) maintain the separation of these 
fragments, while interacting proteins (X & Y) will bring T25 and T18 into close proximity, 
producing an active enzyme and resulting in the production of cyclic adenosine monophosphate 
(cAMP). cAMP forms a complex with the catabolite activator protein (CAP) and upregulates 
various genes including the lac operon. β-galactosidase activity can be detected on LB agar 
containing X-gal, a chromogenic substrate that turns blue in the presence of this enzyme. Empty 
vectors are used as negative interaction controls, resulting in white colony formation. pKT25 and 
pUT18C vectors containing the leucine zipper of GCN4 provide a positive control, giving rise to 
the blue colonies. 
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3.3 Construction of BACTH fusion proteins 

 To begin with, the protein-protein interactions involving the core LTA synthesis 

proteins YpfP, LtaA, and LtaS, and the D-alanine incorporation proteins DltA-D were 

investigated. In order to use the BACTH system, the genes encoding the proteins were 

cloned into four BACTH vectors, each containing the coding sequence for the T25 or 

T18 fragment at the 5' or 3' end of the multiple cloning site resulting in N- or C-terminal 

fusions and placing each fusion under an IPTG-inducible lac promoter (Fig. 3.2). The 

ypfP, ltaA, ltaS, and dltA-D genes were PCR amplified from S. aureus Newman 

chromosomal DNA, inserted into the vector pKT25, and initially transformed into E. coli 

XL1 Blue strain (Fig. 3.2). For cloning into the remaining BACTH vectors, the TOPO® 

cloning kit (Invitrogen) was employed. The genes of interest were cloned into 

pCR®8/GW/TOPO, prior to insert excision by digestion with BamHI and KpnI. These 

inserts were ligated to digested pKNT25, pUT18 and pUT18C and the resulting plasmids 

were transformed into E. coli XL1 Blue strain (Fig. 3.2). Of these seven proteins, only the 

C-terminal end of LtaS is known to traverse the membrane. Since this system requires 

both the T25 and T18 fragments to be located in the cytoplasm, fusions at the C-

terminal end of LtaS ought to be located in the periplasm and act as a negative control, 

where interactions should not be detected. 

 
Figure 3.2 Bacterial Adenylate Cyclase Two-Hybrid clones. Genes of interest were cloned 
into the four BACTH vectors, giving rise to fusions at the N- or C-terminal end of the adenylate 
cyclase fragment, T25 or T18. E. coli XL1 Blue strain names containing the indicated fusions are 
given in the table. 
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3.4 Detection of T18 fusions by western blot 

 The next step was to confirm the expression of each of these fusions in E. coli. 

Since the T18 fragment of adenylate cyclase contains a calmodulin-binding domain, a far 

western blotting technique with biotinylated calmodulin and HRP-conjugated 

streptavidin was performed to detect the different T18 LTA synthesis protein fusions. E. 

coli XL1 Blue strains were grown at 37°C for 16 h, and samples were prepared as 

described in the Materials and Methods chapter, before protein separation on a 10 % 

SDS-PAGE gel. Using this technique, nine out of the 14 fusion proteins were detectable. 

Full-length T18 fusions to both the N- and C- terminal ends of DltA, DltD and YpfP 

were observed, though some degraded products were also seen (Fig. 3.3). Only C-

terminal fusions of DltB, DltC and LtaS to T18 were detected, but no LtaA fusions were 

observed in this manner (Fig. 3.3). Far western blotting was also performed on the 

corresponding DHM1 strains grown in the presence of 0.5 mM IPTG, though no 

fusions were detected when grown at 30°C or 37°C for 5 h or 16 h (data not shown). 

Battesti & Bouveret recommended against the detection of fusion protein in the E. coli 

Δcya mutant strains, DHM1 and BTH101, since the expression from the lac promoter in 

the absence of adenylate cyclase and cAMP is low, even when induced by IPTG (Battesti 

& Bouveret, 2012). 
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Figure 3.3 Detection of T18 protein fusions by far western blot. The E. coli XL1 Blue strain 
without a vector and strains containing the indicated pUT18 (X-T18) (A) and pUT18C (T18-X) 
(B) derived vectors were grown for 16 h at 37°C, and prepared for far western blot analysis as 
described in the Materials and Methods chapter. Membranes were incubated with biotinylated-
calmodulin and HRP-conjugated streptavadin in the presence of CaCl2 at 1:333 and 1:4000 
dilutions, respectively. Full-length fusions are indicated by the asterisk (*) and degraded products 
are indicated by white squares. These experiments were performed twice. (C) Table of 
predicted fusion protein size. Expected sizes of the T18 fusions to each protein are given in 
kDa and detected full-length fusions are indicated by the asterisk (*). 
 
 
3.5 Investigation of the protein-protein interactions between 

the LTA synthesis proteins 

 Two strains of E. coli deficient in adenylate cyclase activity were tested in this 

study and the first strain obtained for testing was a ΔrecA strain named DHM1. The 

second Δcya strain acquired later was BTH101, which demonstrates some instability of 

plasmids due to its Rec+ character. However, in comparison to DHM1, this strain grows 

faster and has demonstrated a higher efficiency of Δcya complementation by the 

reconstituted catalytic domain of adenylate cyclase (Euromedex BACTH System Kit 

Manual).  

 In order to test the protein-protein interactions, rubidium chloride competent E. 

coli cells were co-transformed with a T25-containing vector and a T18-containing vector 

and plated out on LB agar supplemented with 100 µg/ml Amp, 50 µg/ml Kan, 0.5 mM 

IPTG and 40 µg/ml X-gal. Following 36 - 44 h of incubation at 30°C, colouration of the 
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colonies were assessed. Cells co-transformed with pKT25 and pUT18C containing the 

leucine zipper of GCN4 were used as a positive control (blue) and empty vectors 

provided the negative control (white).  

 Using the E. coli DHM1 strain, seven interactions were detected involving LtaA, 

LtaS, DltA and DltC. Two LtaA self-interactions and an interaction between LtaA and 

LtaS appeared to be strong interactions, as indicated by the dark blue colouration of the 

colonies (Fig. 3.4). LtaA is predicted to consist of 12 transmembrane helices (using 

TMHMM prediction server), where both the N- and C-terminal ends are located in the 

cytoplasm. The role of LtaA is not completely understood, though it is hypothesised to 

be involved in the flipping of the glycolipid anchor from the inside to the outside of the 

cell, prior to the transfer of the glycerol phosphate subunits by LtaS. The possible 

formation of a heterodimer between LtaA and LtaS provides further evidence of LtaA's 

involvement in LTA synthesis, potentially in a sequential step to LtaS activity. It is 

important to also note that despite the lack of detectable full-length LtaA fusions 

proteins by far western blot analysis, interactions involving LtaA were detected using this 

system. 

 The four weak interactions resulted in pale blue colonies and included another 

LtaA self-interaction, an LtaS self-interaction and two DltA/DltC interactions (Fig. 3.4). 

There is no evidence to date suggesting that LtaS forms multimers, and these interactions 

provide the first indication of the formation of a multi-enzyme complex involving LtaA 

and LtaS. As expected, only protein fusions to the N-terminal end of LtaS resulted in 

interactions, due to the extracellular location of the C-terminal end. Similarly, the 

predicted topology of DltB (based on TMHMM prediction server) indicates that fusions 

to both N- and C-terminal ends of DltB are expected to be extracellular. Therefore, 

interactions were not expected to be detected involving the DltB fusions.  

 The interactions between DltA and DltC were expected, due to their roles during 

D-alanine incorporation. During this process, D-alanine is initially linked to the D-

alanine-D-alanyl carrier protein ligase (DltA) before being transferred to the carrier 

protein (DltC) (Fischer, 1994). In order for this two-step reaction to occur and be 

efficient, these two proteins must be in close proximity. 
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Figure 3.4 Qualitative analysis of protein-protein interactions between the LTA synthesis 
proteins in DHM1 with X-gal. Rubidium chloride competent E. coli DHM1 cells were co-
transformed with a T25-containing (pKT25/pKNT25) vector and a T18-containing 
(pUT18/pUT18C) vector and plated on LB agar supplemented with Amp, Kan, IPTG and X-gal. 
The colour of the colonies is shown in the grid, where white squares indicate no interactions, pale 
blue indicate a weak interaction and strong interactions resulted in dark blue colonies. 
Interactions involving fusions predicted to be inactive due to membrane topology are indicated 
by red ≠. These experiments were performed in triplicate. 
 

 To verify these qualitative results, a quantitative analysis was performed by 

measuring the β-galactosidase activity from liquid cultures grown for 40 h at 30°C 

agitating. In addition to the positive and negative controls (pKT25-zip/pUT18C-zip and 

pKT25/pUT18C, respectively), two white colony combinations involving the predicted 

membrane protein DltB with DltD and YpfP were also tested. As shown in the graph in 

Fig. 3.5, all the strong interactions resulted in β-galactosidase activity significantly higher 

than the negative control. However only one of the weak interactions obtained on plates 

resulted in a statistically significant 9-fold increase in activity as compared to the negative 

control. It has been suggested that the sensitivity of the β-galactosidase assay is reduced 

by using the PM2 assay buffer at a pH of 7, and that this may account for the lack of 

detectable β-galactosidase activity for weak interactions (Battesti & Bouveret, 2012). The 

white colonies displayed activity levels similar to the negative control, indicating that the 

X-gal is a good method for the initial screening for interactions. 
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Figure 3.5 Quantitative analysis of protein-protein interactions between the LTA 
synthesis proteins using a β-galactosidase activity assay. DHM1 cells containing pKT25-
zip/pUT18C-zip (positive), pKT25/pUT18C (negative), co-expressing T25 and T18 protein 
fusions found to interact on plates and pKT25-dltD/pUT18-dltB, pKNT25-dltB/pUT18C-ypfP 
were grown at 30°C for 40 h. Samples were prepared and β-galactosidase activity measured as 
described in the Materials and Methods chapter. The assay was performed in triplicate and the 
mean and standard deviation is shown. T-test analysis was performed and values which are 
significantly different from the negative control are indicated with asterisks as follows: * p<0.05, 
** p<0.01, *** p<0.001. 

 

 A second E. coli Δcya strain, BTH101, was obtained later, and it was decided to 

also perform the interaction studies in this strain to confirm the DHM1 results. Using 

this strain, interactions were visually assessed for blue colony formation and 22 strong 

interactions were detected (Fig. 3.6). In addition, T25-YpfP was found to weakly 

interactions with T18-LtaA and T18-DltD (Fig. 3.6).  

 Only six of the seven interactions detected with the DHM1 strain were observed 

in BTH101, where the DltC-T25/DltA-T18 interaction was absent. This suggests that 

the differences in growth rate and complementation efficiency are factors altering the 

ability to detect interactions and both strains ought to be tested to detect all interactions.

 The additional interactions demonstrated that YpfP self-interacts and interacts 

with LtaA and LtaS, indicating that these three proteins responsible for the production of 

the basic LTA structure may form a dedicated LTA synthesising multi-protein complex 

in S. aureus.   
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 While DltD has been proposed to act as a platform for the efficient ligation of 

D-alanine to the carrier protein (DltC) by the action of the D-alanine-D-alanyl carrier 

protein ligase (DltA), interactions involving DltA or DltC with DltD were not detected 

using this system. Instead, DltD was found to interact with the core LTA synthesis 

proteins, providing a physical link between LTA synthesis and D-alanine incorporation. 

 Lastly, a DltA self-interaction was detected, indicating this enzyme may form a 

multimer.  

 
Figure 3.6 Qualitative analysis of protein-protein interactions between the LTA synthesis 
proteins in BTH101 with X-gal. Rubidium chloride competent E. coli BTH101 cells were co-
transformed with a T25-containing vector (pKT25/pKNT25) and a T18-containing vector 
(pUT18/pUT18C) and plated on LB agar supplemented with Amp, Kan, IPTG and X-gal. 
Interactions are identified by the light or dark blue colonies, highlighted by boxes. These 
experiments were performed in triplicate. 
 

3.6 Investigation of the domains of LtaS required for protein-

protein interactions 

 LtaS consists of five transmembrane helices attached via a linker region to the 

extracellular enzymatic domain, which is cleaved by the signal peptidase SpsB in S. aureus 

(Wörmann et al., 2011b). It has been shown that the transmembrane helices are required 

in vivo for LtaS activity. Since the extracellular domain is released from the membrane, 

and interactions were detected involving the cytoplasmic protein YpfP, it is likely that the 

interactions involving LtaS are via its transmembrane helices. Therefore, it was decided 
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to investigate the role the transmembrane helices play in the ability to interact with LtaA 

and YpfP, as well as itself.  

 To this end, truncated LtaS variants lacking two or four transmembrane helices 

were cloned directly into pKT25 and pUT18C, resulting in fusions to the C-terminal 

ends of the T25 and T18 fragments. The LtaS1TM variant consists of the first 

transmembrane helix attached via the linker region to the extracellular enzymatic domain, 

and the LtaS3TM variant contains the first three transmembrane helices, linker region and 

the extracellular domain (Fig. 3.7A). The expression of these fusions was tested in E. coli 

XL1 Blue strain by western blot analysis using polyclonal eLtaS specific antibody and all 

full-length protein fusions were observed (Fig. 3.7B). As with the far western blot 

analysis, fusions were not detected when expressed in the DHM1 strain.   

 
Figure 3.7 Truncated LtaS variants. (A) Schematic representation of LtaS and the 
truncated LtaS variants. Full-length LtaS consists of five transmembrane helices and an 
extracellular domain. The LtaS1TM variant is made up of the first transmembrane helix linked to 
the extracellular domain, while the LtaS3TM variant consists of the first three transmembrane 
helices and the extracellular domain. (B) Detection of LtaS protein fusions by western blot. 
E. coli XL1 Blue strains containing pKT25, pUT18C, and pKT25 and pUT18C expressing the 
above LtaS constructs were grown for 16 h at 37°C, and prepared for western blot analysis as 
described in the Materials and Methods chapter. Western blot analysis was performed using 
polyclonal eLtaS specific antibody and HRP-conjugated anti-rabbit IgG antibody at 1:4000 and 
1:10000 dilutions, respectively. Full-length fusions are indicated by an asterisk (*). This 
experiment was performed once. 
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 Interaction studies were first performed in the E. coli Δcya DHM1 strain, and 

found that both truncated LtaS variants were capable of interacting with the full-length 

LtaS, as well as LtaA. However, the lack of self-interactions and interactions between 

these variants indicated that the interaction required the missing transmembrane helices 

to be detected in this strain. 

 
Figure 3.8 Interaction network of LtaA and the LtaS variants tested in DHM1. Black lines 
indicate detectable interactions involving both truncated LtaS variants, the full-length LtaA and 
LtaS. These experiments were performed in triplicate. 
 

 These interactions were quantified by measuring the β-galactosidase activity as 

described earlier. All interactions resulted in >29 fold increase in activity, and only the 

interaction between LtaA and LtaS1TM variant was not significant (p=0.052) due to the 

large variability in results (Fig. 3.9).  
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Figure 3.9 Qualitative analysis of protein-protein interactions between the LtaS variants 
and LtaA using a β-galactosidase activity assay. DHM1 cells containing pKT25-
zip/pUT18C-zip (positive), pKT25/pUT18C (negative), and cells co-expressing T25 and T18 
protein fusions found to interact were grown at 30°C for 40 h, and measured for β-galactosidase 
activity as described in the Materials and Methods chapter. The assay was performed in triplicate 
and the mean and standard deviation is shown. T-test analysis indicates results are significantly 
different from the negative control with varying p values: * p<0.05, ** p<0.01. 
 

 Since more interactions were detected using the E. coli Δcya BTH101 strain, these 

truncated LtaS variants were tested against the full-length LtaS, LtaA and YpfP fusions 

with BTH101 and plated on LB agar containing X-gal for visual assessment. The 

interaction network shown in Fig. 3.10 demonstrates that all five of these constructs 

were capable of interacting with one another as well as self-interacting, indicating that an 

LtaS variant containing the first transmembrane helix and extracellular domain is 

sufficient for interactions to occur.  
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Figure 3.10 Interaction network of the core LTA synthesis proteins and LtaS variants 
tested in BTH101. Black lines indicate detectable interactions involving the LtaS variants, and 
full-length YpfP, LtaA and LtaS. These experiments were performed in triplicate. 
  



  91 

3.7 Investigation of the domains of LtaA required for protein-

protein interactions 

 LtaA is predicted to consist of 12 transmembrane helices and to begin with, it 

was decided to remove the last two transmembrane helices from the C-terminal end to 

determine whether this region was required for the protein-protein interactions to occur. 

The sequence encoding this LtaA10TM variant was cloned into all four BACTH vectors as 

described above.  Since no antibody against LtaA is available and the full-length protein 

fusions were undetectable using far western blot analysis, the expression of this fusion 

could not be tested. Co-transformation of these constructs with the full-length LtaA and 

all LtaS variants in E. coli Δcya DHM1 strain resulted in no detectable interactions (data 

not shown). Although this loss of interactions may highlight the importance of the C-

terminal end for LtaA interactions, it may in fact be due to numerous factors including 

conformational changes, instability of the protein fusion or low expression levels. 

Therefore no clear conclusions regarding LtaA regions involved in protein-protein 

interactions could be drawn at this point. 

 In contrast, when tested using the E. coli Δcya BTH101 strain, interactions were 

detected by blue colony formation and are shown in Fig. 3.11. These results indicate that 

this protein fusion is expressed and capable of interacting with full-length LtaA, though it 

does not self-interact. In addition, weak interactions with all three LtaS constructs were 

detected, though the lack of YpfP interaction indicates that the last two transmembrane 

helices of LtaA are required for interactions with YpfP to be detected in this system. 

 
Figure 3.11 Interaction network of the LtaA10TM variant and the core LTA synthesis 
proteins tested in BTH101. Black lines indicate strong interactions and dotted lines highlight 
weak interactions between the LtaA10TM variant and the full-length YpfP, LtaA and LtaS, as well 
as the LtaS variants. These experiments were performed in triplicate. 
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3.8 Investigation of the protein-protein interactions between 

LTA synthesis and cell division proteins 

 Research into the synthesis of LTA demonstrated that LTA depletion in S. aureus 

results in aberrant positioning of the septa, cell enlargement and eventual cell lysis, 

indicating a role of this polymer in both cell growth and cell division. In addition, both 

YpfP and LtaS homologues in B. subtilis have been shown to affect the cell division 

protein FtsZ, by altering its polymerisation or localisation (Schirner et al., 2009; Weart et 

al., 2007).  In order to investigate this link between LTA synthesis and cell division 

further, the BACTH system was employed to detect whether proteins in these pathways 

interact. To this end, cell division proteins cloned into the BACTH vectors were 

obtained from Simon Foster's research group (Bottomley, 2011; Steele et al., 2011). These 

included early stage cell division proteins (FtsZ, EzrA, FtsA, and ZapA) and late stage 

cell division proteins (SepF, FtsL, GpsB, DivIB and DivIC). Furthermore, the process of 

cell division is coordinated with DNA segregation and peptidoglycan synthesis, and so 

the chromosomal segregation proteins (ParC and ParE), septum placement determinants 

(Noc and DivIVA), cell elongation protein RodA, and peptidoglycan synthesis associated 

proteins (FtsW, PBP1, PBP2, PBP3) were also tested. In addition, PBP4 cloned into the 

BACTH vector was obtained from Mariana Pinho's research group (Reed et al., 2011). 

Once again, the interactions were tested in both DHM1 and BTH101 strains and visually 

assessed for blue colony formation. While all protein-protein interactions observed in 

DHM1 were seen using BTH101, the latter strain detected additional interactions, shown 

in Fig. 3.12. As can be seen, all three core LTA synthesis proteins were capable of 

interacting with early stage cell division proteins, late stage cell division proteins and 

penicillin-binding proteins, providing evidence of a link between these processes. 
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Figure 3.12 Interaction network between the core LTA synthesis proteins and cell 
division proteins of S. aureus . Black lines indicate detected interactions. Proteins listed below 
were tested, though no interactions were detected. These experiments were performed in 
triplicate. 
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Chapter 4 

Discussion of the protein-protein interaction 

studies of Staphylococcus aureus  LTA 

synthesis and cell division proteins 
  



  95 

 LTA is a cell envelope component found in many Gram-positive bacteria 

including S. aureus. It consists of a polyglycerolphosphate chain tethered to the cell 

membrane via a glycolipid anchor, and this basic LTA structure is synthesised by the 

three proteins YpfP, LtaA and LtaS. The proteins encoded by the dlt operon (DltA-D) 

are required for the incorporation of D-alanines into the polyglycerolphosphate chain. It 

has been shown that depletion of LTA leads to aberrant positioning of the septa, an 

increase in cell size and eventual cell lysis, indicating that this polymer is important for 

both cell growth and cell division (Gründling & Schneewind, 2007b). The other teichoic 

acid found among Gram-positive bacteria is WTA, and the S. aureus polymer consists of 

a polyribitolphosphate chain covalently attached to the cell wall (Neuhaus & Baddiley, 

2003). Investigation of the proteins involved in the synthesis of WTA in B. subtilis 

identified protein-protein interactions, and together with localisation studies indicated 

that WTA is synthesised by a large multienzyme complex.  

 In chapter 3, the protein-protein interaction network of the S. aureus LTA 

synthesis proteins was investigated, in order to determine whether similar to WTA 

synthesis, a multienzyme complex is dedicated to LTA synthesis. Using the BACTH 

system, numerous interactions involving the LTA synthesis proteins were detected and 

are summarised in the model shown in Fig. 4.1. The core LTA synthesis proteins, YpfP, 

LtaA and LtaS, were found to self-interact and interact with one another. In addition, 

DltD interacted with these three proteins and together YpfP, LtaA, LtaS and DltD may 

form a dedicated LTA synthesising multi-protein complex (Fig. 3.4, p.84 and Fig. 3.6, 

p.86). 

 
Figure 4.1 Schematic representation of the LTA synthesis protein, PBP, and cell division 
protein interactions detected using the BACTH system. Protein-protein interactions 
between LTA synthesis proteins are shown to the left. YpfP, LtaA or LtaS also interacted with 
the cell division (pink) and PBP (red) proteins shown on the right. The FtsZ ring is indicated in 
grey, but no interactions were detected with the LTA synthesis proteins.  
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 In order to examine these interactions more closely, truncated variants of LtaA 

and LtaS were constructed and tested to narrow down the regions involved in these 

protein-protein interactions. An LtaA variant lacking the final two transmembrane 

helices interacted with LtaS and LtaA, but no longer interacted with YpfP (Fig. 3.11, 

p.91). Since the variant is capable of protein-protein interactions with LtaS and LtaA, the 

protein fusion must be appropriately expressed and demonstrate sufficient protein 

stability. Therefore, the loss of interaction with YpfP more likely indicates a direct 

involvement of the last two transmembrane helices in the LtaA/YpfP interaction. 

 The LTA synthase LtaS consists of five transmembrane helices attached to an 

extracellular domain via a linker region. While the enzymatic region of LtaS is located in 

the extracellular domain, enzymatic activity in vivo requires all five transmembrane helices 

(Wörmann et al., 2011b). In contrast, this study has shown that the LtaS1TM variant 

consisting of the first transmembrane helix and the extracellular domain of LtaS is 

sufficient for protein-protein interactions with YpfP and LtaA, as well as for a self-

interaction (Fig. 3.8, p.88 and Fig. 3.10, p.90). Therefore, the loss of functionality shown 

for this LtaS1TM variant (Wörmann et al., 2011b) is independent of the ability to form 

protein-protein interactions. 

 In addition to the interactions between the core LTA synthesis proteins, 

interactions involving the Dlt proteins were also detected. The process of D-alanine 

incorporation begins with the ligation of D-alanine to the carrier protein DltC, which is 

performed by the D-alanine-D-alanyl carrier protein ligase DltA. Based on this reaction, 

the interactions detected between DltA and DltC were unsurprising (Fig. 3.4, p.84 and 

Fig. 3.6, p.86). However, there is no evidence to date suggesting that DltA forms a 

multimer, as suggested by the self-interaction detected. 

 Two models for the remainder of the mechanism of D-alanine substitution in 

LTA suggest two opposing roles for DltD. The Fischer model predicts the anchoring of 

this protein on the outside of the cell and its involvement in the transfer of D-alanine to 

LTA (Perego et al., 1995). In E. coli, the expression of DltD would result in the 

periplasmic location of the C-terminal end of this protein. Therefore, protein-protein 

interactions would only be detected when the adenylate cyclase fragments are fused to 

the cytoplasmic N-terminal end. The second model suggests a function for DltD 

anchored on the inside of the cell, and its role in bringing together DltA and DltC to 

increase the efficiency of the D-alanine ligation reaction (Neuhaus & Baddiley, 2003). 

Therefore interactions with DltD should only be detected with fusions to the C-terminal 

end of DltD.  
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 No interactions between DltD and the other Dlt proteins were detected using the 

BACTH system, but interestingly, DltD was found to interact with YpfP, LtaA and LtaS 

(Fig. 3.6, p.86). Since the interacting protein fusions were only at the N-terminal end of 

DltD, the results are in agreement with the Fischer model. The interactions with the core 

LTA synthesis proteins were unexpected and this result indicates that DltD may be part 

of this multi-protein complex. While DltD is not required for basic LTA synthesis, its 

proposed function to transfer the D-alanine to LTA would require its close association 

with the PGP backbone chain of LTA. Therefore, DltD interactions with the core LTA 

synthesis proteins YpfP, LtaA and in particular LtaS, may ensure the correct localisation 

of DltD and efficient ligation of D-alanine to the PGP chain, either during the extension 

of the chain or once LtaS has completed its function. 

 Investigation of the protein-protein interactions were performed in this study 

using the BACTH system, which relies on the reassembly of adenylate cyclase to be 

detected in E. coli Δcya strains DHM1 and BTH101. While the interaction studies using 

the E. coli DHM1 strain resulted in seven detectable interactions involving LtaA, LtaS, 

DltA and DltC, the use of the alternative E. coli Δcya BTH101 strain proved to be 

necessary for the detection of interactions involving YpfP and DltD. Reasons for the 

discrepancy in the results from these two E. coli strains may be due to the efficiency of 

the reconstituted catalytic domain of adenylate cyclase from the T25 and T18 fragments 

to complement the Δcya phenotype. The higher efficiency of the reconstituted adenylate 

cyclase in BTH101 explains why this strain is more sensitive and more interactions are 

detected in this strain compared to DHM1 (Euromedex BACTH System Kit Manual). 

However, the disadvantage of the BTH101 strain compared to the DHM1 strain is the 

presence of the recA gene, which can result in plasmid instability. This may explain why 

the DltC-T25/DltA-T18 interaction was only detected using DHM1 cells. 

 The BACTH system has distinct advantages over other two-hybrid systems such 

as the yeast two-hybrid approach. Firstly, it allows for the detection of protein-protein 

interactions in a bacterial background, increasing the likelihood of correct protein folding 

of the S. aureus proteins and protein stability. Secondly, the generation of the adenylate 

cyclase catalytic domain can take place anywhere inside the cell, unlike the chimeric 

operator recognition system which requires binding to the DNA (Di Lallo et al., 2001). 

This also means that interactions between membrane proteins can be investigated with 

the BACTH system, since the produced cAMP can diffuse through the cytoplasm and 

bind the catabolite activator protein. However, there are still prerequisites for this 

methodology to be effective. The proteins must be expressed, correctly folded and stable 
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in E. coli, and the T18 and T25 fragments must remain fused to the proteins of interest, 

since its cleavage would prevent the formation of the catalytic domain of adenylate 

cyclase. The fusion of the fragment must not alter the protein folding, nor hide the site 

of interaction. Also, the fragment itself must remain in the cytoplasm, preventing analysis 

of terminal domains that are exposed on the outside of the membrane. Therefore, there 

are numerous reasons why protein-protein interactions might not be detected using the 

BACTH approach, and so conclusions should be drawn from the positive interaction 

results instead. 

 Another important point to note is that despite the inability to detect full-length 

LtaA protein fusions, both fusions resulted in strong interactions (Fig. 3.3, p.82, Fig. 3.4, 

p.84 and Fig. 3.6, p.86). One reason for this may be that the expression of the full-length 

fusion may be low and transient. Alternatively, the LtaA fusion protein may be unstable 

when singly expressed, though stabilised through interactions with other proteins 

(Battesti & Bouveret, 2012). In addition, interactions result in an increase in cAMP levels, 

leading to the upregulation of the lac promoter and increased expression levels of the 

fusion proteins (Battesti & Bouveret, 2012). Therefore, while detection of a protein 

fusion by far western blot analysis proves that the fusion is expressed, the absence may 

be caused by a variety of reasons and conclusions about expression levels and protein 

stability cannot be drawn. 

 In order to confirm the protein-protein interactions detected using the BACTH 

system, alternative methods should be used, such as co-immunoprecipitation, protein 

affinity chromatography and affinity blotting. Co-immunoprecipitation involves the 

purification of one protein from cell lysates, followed by the detection of the second 

protein, most commonly by western blot analysis (Phizicky & Fields, 1995). Protein 

affinity chromatography uses purified protein covalently coupled to a matrix and only 

interacting proteins will then bind to the matrix (Phizicky & Fields, 1995). Lastly, affinity 

blotting involves the separation of proteins by PAGE, and transfer to a nitrocellulose 

membrane, before incubation with the protein of interest (Phizicky & Fields, 1995). The 

drawback to each of these methods is the requirement for purified protein, and since 

both LtaA and LtaS are membrane proteins, alternative approaches are needed to detect 

interactions between these proteins. In contrast, YpfP is a cytoplasmic protein and L. 

rhamnosus DltD lacking the N-terminal membrane anchor has been previously purified 

(Debabov et al., 2000), and so the above methods could be used to confirm protein-

protein interactions with these two S. aureus proteins in the future.   
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 One approach that can be used for membrane protein interactions is 

Fluorescence Resonance Energy Transfer (FRET), which works by fusing the proteins of 

interest to a donor fluorophore and acceptor fluorophore (Alexeeva et al., 2010). The 

energy transfer from the photo-excited donor to the acceptor molecule is observed as a 

fluorescence emission spectrum and will only take place if within 100 Å (Li et al., 2006). 

Interactions between the E. coli cell division proteins have successfully been confirmed 

by this method (Alexeeva et al., 2010). However, the system is sensitive to background 

cellular fluorescence levels, and the degradation of fluorescent protein fusions to YpfP, 

LtaA and LtaS observed in Chapter 5, indicates that accumulation of the fluorophores in 

the cytoplasm is likely to occur, rendering the method inaccurate.  

 Depletion of LTA has been shown to affect cell growth and division, particularly 

in B. subtilis, where an ltaS mutant displays a filamentous phenotype and altered 

localisation of the cell division protein FtsZ (Schirner et al., 2009). In addition, the 

removal of B. subtilis UgtP, the YpfP homologue, reduces the cell size and affects the 

polymerisation of FtsZ, highlighting a link between the processes of cell division and 

LTA synthesis (Weart et al., 2007). The BACTH system was utilised to determine 

whether protein-protein interactions between the core LTA synthesis proteins YpfP, 

LtaA and LtaS, and cell division proteins of S. aureus could be detected. Cell division 

proteins EzrA, FtsL, DivIB, and DivIC were found to interact with all three LTA 

synthesis proteins, while FtsA was found to interact only with LtaS (Fig. 3.12, p.93). 

These results demonstrate a physical link between cell division and LTA synthesis, and 

this could indicate a coordination of these processes. 

 FtsA is an essential early stage cell division protein in E. coli, and has been shown 

to colocalise with FtsZ (Ma et al., 1996). It is thought to tether the FtsZ ring to the 

membrane, and interaction studies have demonstrated protein-protein interactions with 

FtsZ as well as numerous other cell division proteins (Szwedziak et al., 2012; Steele et al., 

2011). Its specific interaction with the LTA synthase LtaS may indicate that FtsA plays an 

important role in the linking of these two processes. 

 Based on previously published studies (Weart et al., 2007; Steele et al., 2011; 

Scheffers & Driessen, 2001), interactions were expected to occur involving FtsZ. The B. 

subtilis YpfP homologue was shown to inhibit FtsZ ring formation by direct binding to 

FtsZ (Weart et al., 2007) and so it was expected to observe an YpfP/FtsZ interaction in 

this study. However, no interactions were detected. The FtsZ-T25 fusion has previously 

been shown to interact with FtsA and EzrA (Steele et al., 2011), but no other cell division 

proteins and most surprisingly, the self-interaction with FtsZ has not been detected using 
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the two-hybrid system. Since FtsZ polymerises to form the Z ring, the lack of self-

interaction indicates that this protein fusion may be unstable in E. coli, its orientation may 

prevent the T25 and T18 fragments from reassembling, or more likely that fusions to 

FtsZ may cause a conformational change, altering its ability to interact with some 

proteins. Therefore, conclusions cannot be drawn from the lack of interaction between 

FtsZ and the LTA synthesis proteins. 

 Other proteins associated with the cell division process that did not interact with 

the LTA synthesis proteins included ZapA, ParC, ParE, Noc, DivIVA, SepF, and GpsB. 

Since ZapA, ParC, ParE and Noc did not result in detectable interactions with any cell 

division proteins, this indicates that either these proteins are not involved in formation of 

the divisome, or more likely an incompatibility with the two-hybrid system as discussed 

above (Bottomley, 2011).  In contrast to the UgtP and LtaS in B. subtilis, ParC, ParE and 

Noc do not localise to the mid-cell (Huang et al., 1998; Schirner et al., 2009; Weart et al., 

2007; Wu et al., 2009), so the S. aureus homologues were not expected to interact with the 

LTA synthesis proteins. While DivIVA localises to the septum of B. subtilis, it is retained 

at the cell pole, and is proposed to prevent FtsZ polymerisation, thereby regulating the 

placement of the septum (Edwards & Errington, 1997). This cell pole localisation makes 

DivIVA unlikely to result in protein-protein interactions with the LTA synthesis 

proteins. Compared to the numerous interacting partners of the other cell division 

proteins examined by Steele et al. (2011), SepF and GpsB were only capable of interacting 

with one cell division protein (Steele et al., 2011). Since no interactions with the PBPs 

(Steele et al., 2011) or LTA synthesis proteins were detected, SepF and GpsB appear to 

specifically interact with EzrA. 

 Interactions with the peptidoglycan synthesis proteins PBP1-4, which perform 

the transglycosylation and transpeptidation reactions of the glycan and peptide strands, 

were also tested. In addition, the SEDS family proteins FtsW, thought to be involved in 

the translocation of lipid II across the membrane, and RodA, a homologue of FtsW, 

were investigated (Scheffers & Pinho, 2005). Self-interactions with PBP1, PBP2 and 

PBP3 have previously been identified, and all four PBPs and FtsW have been shown to 

interact with cell division proteins (Steele et al., 2011; Jorge et al., 2011). While YpfP and 

LtaS interacted with all these proteins, only FtsW, PBP2 and PBP4 interacted with LtaA 

(Fig. 3.12, p.93). This specificity is somewhat surprising, though the lack of interaction 

with PBP1 and PBP3 is indicative of the less important role these proteins play during 

peptidoglycan synthesis, where the absence of PBP1 and PBP3 does not alter the 

peptidoglycan composition (Pereira et al., 2007a; Pinho et al., 2000). In contrast, PBP2 is 
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required for transglycosylation, the absence of PBP4 leads to a drastic reduction in 

peptidoglycan cross-linking in S. aureus, and FtsW is an essential protein in E. coli (Pinho 

& Errington, 2005; Memmi et al., 2008; Boyle et al., 1997). Lastly, no interactions were 

detected with the FtsW homologue RodA, though this protein did interact with both cell 

division and peptidoglycan synthesis proteins indicating RodA is stably expressed (Steele 

et al., 2011). In conclusion, these results indicate that LTA synthesis is likely to be 

coordinated with the processes of cell division and peptidoglycan synthesis. 
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5.1 Objective of chapter 5 

 In this chapter the localisation of the core S. aureus LTA synthesis proteins was 

studied by fluorescence microscopy to determine whether an association with cell 

division is observed in this organism. The rationale behind this is that B. subtilis YpfP and 

LtaS proteins have been shown to localise to the septum (Weart et al., 2007; Schirner et 

al., 2009), and the absence of LtaS leads to altered FtsZ localisation (Schirner et al., 2009), 

indicating a link between LTA synthesis and the process of cell division. In addition, the 

deletion of pgcA, involved in the production of UDP-Glc, the cytoplasmic substrate of 

YpfP, disrupts YpfP localisation (Weart et al., 2007; Schirner et al., 2009).  

 Furthermore, LTA synthesis is an ordered process where one enzyme produces 

the substrate for the next. Therefore, it was also investigated whether the localisation of 

the later acting LTA synthesis proteins depended on the presence of the preceding 

proteins as well as their substrates.  

 Lastly, the localisation of proteins to the septum during cell division has been 

shown to occur at different stages, initiated by the formation of the FtsZ ring, which 

provides a framework for the other cell division proteins to assemble (Bramhill, 1997). 

EzrA is an example of a septal localised protein, which is recruited at an early stage, while 

the penicillin-binding proteins (PBPs) have been shown to localise at a late stage of cell 

division (Jorge et al., 2011). LtaS localisation was analysed to determine whether it 

mimicked an early or late stage cell division-associated protein. 
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5.2 Construction of fluorescent protein fusions 

 In order to observe the localisation of the core LTA synthesis proteins, fusions 

of YpfP, LtaA and LtaS to Green Fluorescent Protein (GFP), mCherry fluorescent 

protein (mCherry) and Cyan Fluorescent Protein (CFP) were generated (Pereira et al., 

2010; Sastalla et al., 2009) (Fig. 5.1). 

 
Figure 5.1 Schematic representation of fluorescent protein fusions to the S. aureus  LTA 
synthesis proteins. GFP and mCherry fusions to YpfP, LtaA, LtaS and LtaSS218P were expressed 
from the chromosome under their native promoters. CFP fusions were expressed from their 
native promoters but from a high-copy vector. Plasmid names and S. aureus strain numbers are 
given on the right. 
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 Based on fusions to the B. subtilis UgtP protein (the YpfP homologue), 

fluorescent proteins were fused to the N-terminal end of the S. aureus YpfP and the 

fusion proteins were expressed under the native ypfP promoter (Fig. 5.1) (Weart et al., 

2007). Both the GFP and mCherry fusions were cloned into the integration vector, 

pCL55, allowing for stable expression of the fusions from the chromosome after 

integration of the vector into the lipase gene locus geh. SOE PCR was employed to obtain 

pypfP-(GFP/mCherry)-linker-ypfP insert sequences, where it was hoped that the 

introduction of the EAAAK linker region would provide space and flexibility between 

the fluorescent protein and YpfP, thereby increasing the likelihood of correct protein-

folding and stabilising the fluorescent fusion (Fig. 5.2) (Arai et al., 2001). Following 

restriction digestion and ligation to the vector, the plasmids for the expression of the 

fusion proteins were initially recovered in the E. coli XL1 Blue strain before introduction 

into S. aureus RN4220 Δspa. Detectable fluorescence signals for the constructs described 

in this chapter were confirmed in the RN4220 Δspa strain before introducing them into 

S. aureus LAC* (see the Materials and Methods chapter). 

 In the event that the wild type levels of the protein fusions were insufficient for 

detection by fluorescence microscopy, the CFP fusion to YpfP was cloned into the high 

copy vector, pCN34, using similar techniques as described above, giving rise to plasmid 

pCN34ypfP-CFP-ypfP (Fig. 5.1). The sequence of a CFP protein optimised for expression 

in low GC content bacteria was used and fused directly to the N-terminus of YpfP 

without a linker (Fig. 5.2) (Sastalla et al., 2009). The fusion protein was expressed from its 

native promoter. 

 
Figure 5.2 Schematic representation of fluorescent protein fusions to the S. aureus  YpfP 
protein. Fluorescent proteins were fused to the N-terminus of YpfP. A 3x EAAAK linker region 
was cloned between YpfP and the fluorescent proteins GFP and mCherry, while CFP was fused 
directly to YpfP. 
 

 LtaA is a membrane protein encoded in an operon and downstream of ypfP and 

is predicted to contain 12 transmembrane helices. Based on its chromosomal location 

and topology, it was decided to fuse the fluorescent proteins to its C-terminal end, 

thereby reducing the potential for polar effects on ypfP expression (Fig. 5.3). The C-

terminal fusion also allowed for expression of the GFP and mCherry fusions under the 

native promoter at the native locus using integrative plasmids pBCB1-GE and pBCB4-
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ChE (Pereira et al., 2010). The ltaA sequence was PCR amplified, introducing the 3x 

EAAAK linker region at the 3' end. This PCR product and both plasmids were digested 

with restriction enzymes, ligated and transformed into the E. coli XL1 Blue strain. Once 

introduced into the S. aureus strain RN4220 Δspa, integration of these plasmids at the 

ltaA native locus resulted in the expression of the fluorescent protein fusions from the 

native promoter, with an additional copy of ltaA under the control of a spac promoter 

(Fig. 5.1 and Fig. 5.3). 

 For increased expression levels, an ltaA-CFP fusion under the native ypfP 

promoter was produced by SOE PCR and inserted into the vector pCN34. The plasmid 

was first obtained in the E. coli XL1 Blue strain, and subsequently transformed and 

transduced into S. aureus RN4220 Δspa and LAC*, respectively (Fig. 5.1 and Fig. 5.3). 

 
Figure 5.3 Schematic representation of fluorescent protein fusions to the S. aureus  LtaA 
protein. Fluorescent proteins were fused to the C-terminus of LtaA. A 3x EAAAK linker region 
was cloned between LtaA and the fluorescent proteins GFP and mCherry, while CFP was fused 
directly to LtaA. 
 

 LtaS consists of five transmembrane helices linked to an extracellular enzymatic 

domain. The extracellular domain is cleaved by the signal peptidase SpsB and released 

into the culture supernatant (Wörmann et al., 2011b). This cleavage occurs after an AXA 

motif found within the linker region of LtaS and substitution of the serine residue 

following the cleavage site with a proline (LtaSS218P) has been shown to reduce the level 

of LtaS cleavage leading to an accumulation of the full-length protein (Wörmann et al., 

2011b). Since the cleavage of LtaS could lead to the rapid degradation of the fluorescent 

protein fusion and accumulation of the cleaved products in the cytoplasm, this posed a 

potential problem for the localisation studies. Therefore fluorescent protein fusions to 

both the wild type LtaS and LtaSS218P variant were produced, with the hope of increasing 

protein stability. Due to the extracellular location of the C-terminal end of LtaS, N-

terminal fusions were designed, in a similar manner as with YpfP. Both GFP and 

mCherry fusions to wild type LtaS and LtaSS218P were fused with a linker region and 
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expressed under the native promoter from the chromosome, while CFP was fused 

directly to both LtaS and LtaSS218P and expressed from a high copy vector (Fig. 5.1 and 

Fig. 5.4).  

 
Figure 5.4 Schematic representation of fluorescent protein fusions to the S. aureus  LtaS 
and LtaSS218P proteins. Fluorescent proteins were fused to the N-terminus of LtaS and LtaSS218P. 
A 3x EAAAK linker region was cloned between each fluorescent protein GFP and mCherry, and 
the wild type LtaS and LtaSS218P variant. CFP was fused directly to the wild type LtaS and 
LtaSS218P variant. 
 

 As controls, S. aureus RN4220 Δspa and LAC* strains expressing soluble GFP 

and CFP proteins without a fusion were also constructed. As a CFP positive control, the 

ypfP promoter/CFP fragment was PCR amplified from the plasmid pCN34ypfP-CFP-ypfP 

and cloned into pCN34. The resulting plasmid, pCN34ypfP-CFP, was initially recovered 

in the E. coli XL1 Blue strain and subsequently transformed into the S. aureus strains 

RN4220 Δspa and LAC*. A lab strain expressing GFP constitutively from the 

chromosome under the tet promoter provided a positive cytoplasmic GFP control in 

RN4220 and was transduced into LAC* as described in the Materials and Methods 

chapter. The S. aureus strain NCTCΔspaTetRmCh was used as a positive mCherry control 

for fluorescence microscopy (Pereira et al., 2010). Both the empty pCL55 and pCN34 

vectors were used as a negative control strains.  
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5.3 Testing the functionality of fluorescent protein fusions 

 Once the fluorescence protein fusions to YpfP, LtaA, LtaS and LtaSS218P were 

made, it was important to determine whether the fusion proteins were functional. In 

order to do so, each of the fusion constructs was introduced into their respective gene 

deletion strains.  

 The LTA isolated from the RN4220 Δspa ∆ypfP mutant strain has been shown to 

migrate on a 15 % SDS-PAGE gel more slowly as compared to LTA isolated from wild 

type S. aureus. Therefore each YpfP construct was expressed in the S. aureus RN4220 Δspa 

∆ypfP mutant strain and the mobility of LTA was analysed by western blot (Fig. 5.5). The 

LTA extracted from strains expressing either the GFP or mCherry fusions migrated at a 

level between the LTA extracted from the wild type and the ypfP mutant strain, 

demonstrating partial complementation (Fig. 5.5A). In contrast, expression of the CFP-

YpfP fusion from the multi-copy plasmid resulted in an acceleration of LTA mobility 

compared to wild type LTA (Fig. 5.5B). This may be due to the high expression level of 

the fusion from the plasmid, where the overexpression of CFP-YpfP compared to 

integrated GFP and mCherry fusions leads to protein over complementation. 

 
Figure 5.5 YpfP complementation analysis as assessed by LTA western blot analysis. (A) 
The mobility of LTA extracted from the S. aureus ypfP mutant strain RN4220 Δspa ΔypfP 
containing pCL55itet, pCL55ypfP-GFP-ypfP, or pCL55ypfP-mCherry-ypfP and wild type RN4220 
Δspa (wt) containing pCL55itet were analysed. These strains were grown for 4 h at 37°C and 
subsequently samples were prepared and analysed by western blot, as described in the Materials 
and Methods chapter. Mouse monoclonal LTA antibody and HRP-conjugated anti-mouse IgG 
antibody were used for LTA detection at 1:5000 and 1:10000 dilutions, respectively. (B) The 
mobility of LTA extracted from the S. aureus ypfP mutant strain RN4220 Δspa ΔypfP containing 
pCN34, or pCN34ypfP-CFP-ypfP, and wild type RN4220 Δspa (wt) containing pCN34 were 
analysed, as described in above. Experiments were performed in triplicate. 
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 In a similar manner, the mobility of LTA from the ltaA mutant S. aureus RN4220 

Δspa ∆ltaA strain is retarded, and expression of the LtaA-CFP fusion resulted in LTA 

mobility identical to wild type (Fig. 5.6A). This result indicates that the LtaA-CFP fusion 

protein is functional.  

 When the pBCB1-GE-ltaA and pBCB4-ChE-ltaA plasmids are introduced into 

the wild type S. aureus RN4220 Δspa strain, integration occurs at the native ltaA locus, 

resulting in the expression of ltaA-gfp and ltaA-mCherry, from the native ypfP promoter 

and placing a second copy of ltaA under the spac promoter control (Fig. 5.1). Therefore 

when these strains are grown without IPTG, only the LtaA fluorescent protein fusion is 

expressed. LTA extracted from RN4220 Δspa containing integrated pBCB1-GE-ltaA and 

pBCB4-ChE-ltaA grown in the absence of IPTG had the same mobility as LTA 

extracted from the wild type strain, indicating that both GFP and mCherry fusions are 

functional (Fig. 5.6B). 

 
Figure 5.6 LtaA complementation analysis as assessed by LTA western blot analysis. (A) 
The mobility of LTA extracted from the RN4220 Δspa ΔltaA containing pCN34, or pCN34ypfP-
ltaA-CFP, and wild type RN4220 Δspa (wt) containing pCN34 were analysed, as described in 
above. These experiments were performed in triplicate. (B) The mobility of LTA extracted from 
the S. aureus ltaA mutant strain RN4220 Δspa ΔltaA, wild type RN4220 Δspa (wt), and RN4220 
Δspa containing pBCB1-GE-ltaA (GFP fusion) or pBCB4-ChE-ltaA (mCherry fusion) were 
analysed. These strains were grown for 4 h at 37°C, and 1 ml samples were prepared and 
analysed by western blot, as described in the Materials and Methods chapter. Mouse monoclonal 
LTA antibody and HRP-conjugated anti-mouse IgG antibody were used for LTA detection at 
1:5000 and 1:10000 dilutions, respectively. 
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 LtaS is responsible for the addition of the glycerol phosphate subunits to the 

glycolipid anchor and its absence leads to depletion of LTA within 4 hours, followed by 

cell death. This has been demonstrated using the S. aureus RN4220-iltaS strain, in which 

the chromosomal copy of ltaS is under the control of an IPTG inducible promoter (Fig. 

5.7A). When RN4220-iltaS is grown in the absence of IPTG, low levels of LTA can be 

detected by western blot after 4 h and LTA depleted cultures cease to grow following 

back-dilution. To test the functionality of the fluorescent protein fusions to LtaS and 

LtaSS218P, these constructs were transformed into the S. aureus RN4220-iltaS strain, and 

grown with and without IPTG. RN4220-iltaS strains containing the appropriate empty 

vectors (pCL55 and pCN34) were grown in the presence or absence of IPTG, providing 

control values. All strains expressing fusions to wild type LtaS produced LTA (Fig. 5.7B 

and E) and continued to grow (Fig. 5.7F and H) in the absence of IPTG. While mCherry 

and CFP fusions to the LtaSS218P variant were also shown to be functional, GFP-LtaSS218P 

was unable to complement the LTA production and bacterial growth of RN4220-iltaS 

(Fig. 5.7C-E and G-H). 
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Figure 5.7 LtaS complementation analysis as assessed by LTA western blot analysis and 
bacterial growth complementation analysis. (A) Schematic representation of the S. 
aureus  strain RN4220-i l taS . The chromosomal copy of ltaS is expressed from the IPTG 
inducible spac promoter. Fluorescent protein fusions cloned into pCL55 integrate into the 
chromosome in the lipase gene, geh, and are under the native ltaS promoter control. Expression 
of fluorescent protein fusions from pCN34 are under the native ltaS promoter. In the absence of 
IPTG, LTA is no longer produced and cells cease to grow, unless complemented with a 
functional copy of LtaS from pCL55 or pCN34. (B-E) Detection of LTA production by 
western blot. S. aureus RN4220-iltaS strains containing pCL55, pCL55ltaS-GFP-ltaS, pCL55ltaS-
mCherry-ltaS, pCL55ltaS-GFP-ltaSS218P, or pCL55ltaS-mCherry-ltaSS218P, and S. aureus RN4220 
∆spa-iltaS containing pCN34, pCN34ltaS-CFP-ltaS or pCN34ltaS-CFP- ltaSS218P were grown with 
or without IPTG for 4 h. Extraction and analysis of LTA by western blot was performed using a 
mouse monoclonal LTA antibody and HRP-conjugated anti-mouse IgG antibody at 1:5000 and 
1:10000 dilutions, respectively (for details see the Materials and Methods chapter). (F-H) 
Bacterial growth curves. The S. aureus RN4220-iltaS strains described above were grown in the 
presence (+) or absence (-) of 1 mM IPTG. At the 4 h and 8h time points, all strains were back-
diluted 1:100, with the exception of strains containing the empty vectors pCL55 or pCN34 and 
RN4220-iltaS pCL55ltaS-GFP-ltaSS218P grown in the absence of IPTG, which were back-diluted 
only at the 4 h time point and ceased to grow. OD readings were multiplied by their dilution 
factors and plotted on a logarithmic scale. These experiments were performed in triplicate. 
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5.4 Expression of the fluorescent protein fusions 

 In order to use these fluorescent protein fusions in microscopy experiments, the 

full-length fusions not only needs to be expressed, but there should also be minimal 

degradation or cleavage of the fluorescent protein observed. To this end, western blot 

analysis with mouse monoclonal GFP antibody (Invitrogen) was performed on S. aureus 

strains containing GFP and CFP fusions to the LTA synthesis proteins (Fig. 5.8A). Of 

note, the GFP antibody can also be used to detect CFP protein. 

 S. aureus strains containing the empty pCL55 vector or pCL55tet-GFP were used 

as negative and positive controls, respectively. Similarly pCN34 and pCN34ypfP-CFP 

containing S. aureus strains provided controls for the detection of the CFP fusion 

proteins. The protein expression pattern in both RN4220 ∆spa and LAC* was found to 

be similar. Both GFP and CFP fusions to YpfP were detected as full-length fusions, 

though cleaved products were also identified particularly in CFP-YpfP expressing strains 

(Fig. 5.8A). All LtaA-GFP and LtaA-CFP fusions were observed as full-length fusion 

proteins and appeared stable when analysed in this manner (Fig. 5.8A). 

 In contrast, full-length GFP-LtaS proteins were not identified, while cleaved 

GFP product bands indicated that this construct was unstable. Although CFP-LtaS was 

observed as a full-length protein, the signal was weak in comparison to smaller bands, 

again indicating an accumulation of cleaved CFP (Fig. 5.8A). This result was not 

unexpected based on the previous observation that LtaS is processed. Examination of S. 

aureus strains expressing the GFP or CFP fusion to the LtaSS218P variant revealed a 

significant increase in the full-length fusion protein levels (Fig. 5.8A). This result was in 

agreement with published data, where the LtaSS218P variant showed a reduction in LtaS 

cleavage, thereby leading to an increase in full-length protein (Wörmann et al., 2011b). 

However, it is important to note that this fusion still displayed some protein degradation, 

as highlighted by multiple additional bands.  

 Since the anti-GFP antibody does not recognise the fluorescent protein mCherry, 

expression of these fusion proteins could not be analysed in this manner. However, the 

fusions to LtaS and LtaSS218P could be examined using rabbit polyclonal LtaS antibody. 

These fusions were expressed in the S. aureus RN4220-iltaS strain depleted of wild type 

LtaS and analysed by western blot (Fig. 5.7A). As a negative control, the RN4220-iltaS 

strain containing pCL55 was grown without IPTG. Full-length fusion proteins were 

detected for all constructs though multiple bands in the empty vector control lane 

prevented conclusions regarding the stability of the fusions from being drawn (Fig. 5.8B). 
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Figure 5.8 Detection of fluorescent protein fusions by western blot. (A) Western blot 
analysis with anti-GFP antibody. S. aureus RN4220 ∆spa and LAC* strains containing GFP 
and CFP fusions to YpfP, LtaA, LtaS and LtaSS218P or empty vectors pCL55itet or pCN34 were 
grown to mid-exponential phase and samples were prepared for western blot analysis using the 
non-boiled technique described in the Materials and Methods chapter. To detect GFP and CFP, 
membranes were incubated with mouse monoclonal GFP antibody (Invitrogen) and HRP-
conjugated anti-mouse IgG antibody at 1:4000 and 1:10000 dilutions, respectively. Full-length 
fusions are indicated by an asterisk (*). These experiments were performed in triplicate. (B) 
Western blot analysis with anti-LtaS antibody. S.aureus RN4220-iltaS expressing mCherry 
fusions to LtaS and LtaSS218P or empty pCL55itet were grown for 4 h in the absence of IPTG, 
lysed with lysostaphin and incubated with protein sample buffer at 30°C for 30 min. Western 
blot analysis was performed using rabbit polyclonal LtaS antibody and HRP-conjugated anti-
rabbit IgG antibody at 1:20000 and 1:10000 dilutions, respectively. Full-length fusions are 
indicated by an asterisk (*). These experiments were performed twice. 
  



  115 

5.5 Microscopy analysis 

 S. aureus RN4220 Δspa strains containing the different fluorescent protein fusions 

were grown to mid-exponential phase and assessed for fluorescence signal using a Zeiss 

AxioVert 200M widefield microscope equipped with a Hamamatsu ORCA-ER camera at 

the imaging facility of Imperial College London. While GFP and CFP fluorescence in S. 

aureus cells could be observed, the resolution of the images was too low for analysis. 

Instead, the strains were sent to Dr. Mariana Pinho's laboratory at the Instituto de 

Tecnologia Química e Biológica, a research group that has localised cell division proteins 

by fluorescence microscopy in S. aureus. Fluorescence from both GFP and CFP fusions 

were observed, but mCherry signals were undetectable. Therefore I only introduced the 

GFP and CFP fusions into the clinically relevant S. aureus strain LAC*, and I acquired the 

images shown in this chapter in Mariana Pinho's laboratory in Portugal.  For this analysis, 

all strains were grown to mid-exponential phase, mounted on a 1 % PBS agarose slide 

and observed using a Zeiss Axio Observer Z1 microscope equipped with a Photometrics 

CoolSNAP HQ2 camera (Roper Scientific) (see Materials and Methods chapter). All the 

image acquisition took place with this microscope using Metamorph software. 

 Once the images were acquired, it was important to analyse the images in a 

quantitative manner to determine the localisation patterns of the different fluorescent 

protein fusions within the cell. In particular, this quantitative analysis of the images is 

important to distinguish between membrane and septal localisation. In order to do so, 

the methodology outlined by Atilano et al. (2010) was employed (Fig. 5.9A). Due to the 

formation of a double membrane at the site of cell division, fluorescently tagged 

membrane localised proteins will exhibit double the fluorescence intensity at the septum 

compared to the signal at the lateral wall (Fig. 5.9B). The fluorescence ratio (FR) is 

calculated by dividing the corrected fluorescence at the septum by the lateral membrane 

fluorescence (Fig. 5.9A). This is approximately 2 for membrane localised proteins, while 

septal localised proteins exhibit FRs of >2. 
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Figure 5.9 Schematic representation of the analysis of membrane and septal localised 
fluorescent fusion protein images. (A) Schematic representation of analysis technique 
using ImageJ. Lines were drawn across the dividing cell (yellow/orange line) and spanned the 
backgrounds (orange circles), lateral walls (blue arrows) and septum (purple arrow). The 
calculation for the fluorescence ratio (FR) is shown. Schematic representation and profile 
graphs of membrane (B) and septal (C) localised fluorescent fusion protein. A schematic 
representation of fluorescence (green) in a dividing S. aureus cell is shown on the left. The profile 
of fluorescence is shown on the right, where three distinct peaks are observed represented by the 
arrows. When cytoplasmic fluorescence occurs, the lateral membrane peaks become plateaus, still 
allowing for identification and quantification. 
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 Furthermore, for analysis, only cells with fully formed septum should be chosen 

and staining with a membrane stain can identify these cells. The initial stain used was nile 

red, which detects neutral lipids in the bacterial membrane (Greenspan & Fowler, 1985). 

While the membrane staining of RN4220 Δspa pCL55, RN4220 Δspa pCN34 and LAC* 

pCN34 (negative controls) was not detected through the GFP and CFP filters, images of 

LAC* pCL55 indicated that this stain bleeds through the GFP filter in LAC*. Therefore, 

the FM4-64 membrane stain was used for the LAC* strains expressing GFP fusion 

proteins, and the nile red stain was used to stain all other strains. 

 The fluorescence of the GFP and CFP images were analysed in ImageJ by 

drawing a line across the cell perpendicular to the septum from background to 

background (Fig. 5.9A). The plot profile function provided a graph of fluorescence signal 

intensity, which was used to calculate the FR. For a membrane localised fluorescent 

fusion protein, a three-peaked graph should be observed, highlighting both lateral 

membranes and the septum (Fig. 5.9B). However, when high levels of cytoplasmic 

fluorescence are detected (possibly due to protein degradation and accumulation), a 

plateau is observed. Since the membrane can still be defined in this graph, analysis can be 

performed. The background fluorescence value used was approximately 0.3 µm from the 

lateral wall peak or plateau. A similar profile is expected for septal localised proteins since 

S. aureus autofluorescence results in an increase in fluorescence compared to the 

background and the subsequent detection of the lateral membrane on the graph (Fig. 

5.9C). However, the calculated FR will be >2. 

 To verify this analysis technique, FM4-64 stained images of LAC* pCL55ypfP-

GFP-ypfP were analysed where membrane staining, similarly to membrane-localised 

proteins, ought to result in a FR of approximately 2. An FR of 2.22 was obtained, 

validating this methodology (Fig. 5.10). The FR values calculated in this chapter were 

assessed using the student t-test, if found to be above the membrane stain FR value of 

2.22. Therefore, all stated p-values have been calculated with respect to 2.22 and p-values 

below 0.05 were deemed statistically significant. 
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Figure 5.10 Fluorescence microscopy and fluorescence ratio determination of FM4-64 
membrane stained cells using ImageJ. (A) Phase contrast and fluorescence microscopy. 
S. aureus strain LAC* pCL55ypfP-GFP-ypfP was grown to mid-exponential phase, stained with the 
membrane dye FM 4-64 and mounted on a 1% PBS agarose slide. Images were acquired using a 
Zeiss Axio Observer Z1 microscope equipped with a Photometrics CoolSNAP HQ2 camera 
(Roper Scientific) using Metamorph software. Panels show phase contrast (left) and FM4-64 
membrane stain (right) images of cells. Scale bar = 1 µm. (B) Determination of the FR. 50 
dividing cells of strain LAC* pCL55ypfP-GFP-ypfP were analysed as described above and plotted 
on a scatter graph. The average FR is represented by the horizontal line and was calculated as 
2.22.  (C) Representative fluorescence profile. The septum results in the highest fluorescence 
peak (purple arrow), the lateral wall is defined by the peak or plateau in fluorescence (blue arrow) 
and the background fluorescence value is taken approximately 0.3 µm away from the membrane 
(orange circle). 
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5.6 Localisation studies of YpfP 

 YpfP is a glycosyltransferase responsible for the production of the glycolipid 

anchor of LTA, and transfers two glucose moieties from UDP-Glc to DAG. The B. 

subtilis homologue, UgtP, was shown to localise to the cell division site in this rod-shaped 

bacterium. Although it is a predicted cytoplasmic protein, its activity requires a close 

proximity to the membrane where diacylglycerol is located and so it was decided to 

investigate the localisation of this protein in spherical S. aureus. 

 Since the fluorescent protein fusions to YpfP were detected as full length 

constructs in both RN4220 Δspa and LAC* strains, it was decided to perform 

fluorescence microscopy in the clinically relevant S. aureus LAC*. A strain containing the 

empty pCL55 vector was used as a negative control, and LAC* pCL55tet-GFP 

constitutively expressing GFP was used as a positive control. Observation of LAC* 

pCL55ypfP-GFP-YpfP at mid-exponential phase indicated that this predicted cytoplasmic 

protein localised to the membrane (Fig. 5.11A). In order to verify this, cells were stained 

with FM4-64 to identify the dividing cells, and those with fully formed septum were 

analysed using ImageJ, which resulted in an FR of 2.36 (p-value of 0.099) (Fig. 5.11B). In 

this case, high cytoplasmic fluorescence led to a plateau in fluorescence signal (Fig. 

5.11C). This result indicates that S. aureus YpfP localises to the membrane, but not 

specifically to the septum as described for B. subtilis. 
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Figure 5.11 YpfP localisation in S. aureus  as assessed by GFP fluorescence microscopy. 
(A) Phase contrast and fluorescence microscopy. LAC* containing pCL55, pCL55tet-GFP or 
pCL55ypfP-GFP-ypfP were grown to mid-exponential phase and stained with FM4-64 membrane 
stain.  Cells were mounted on a 1% PBS agarose slide and subsequently observed using a Zeiss 
Axio Observer Z1 microscope equipped with a Photometrics CoolSNAP HQ2 camera (Roper 
Scientific). Images were acquired using Metamorph software. Phase contrast, GFP and FM4-64 
images are shown in the panels above (left to right). The arrowhead points to the septum, and the 
arrow highlights the lateral wall. Scale bar = 1 µm. These experiments were performed in 
triplicate. (B) Determination of the FR. 200 dividing cells of LAC* pCL55ypfP-GFP-ypfP were 
analysed as described in section 5.5 and plotted on a scatter graph. The average FR is 2.36 (p-
value = 0.099) and is represented by the horizontal line. (C) Representative fluorescence 
profile. The septum results in the highest fluorescence peak (purple arrow), the lateral wall is 
defined by the peak or plateau in fluorescence (blue arrow) and the background fluorescence 
value is taken approximately 0.3 µm away from the membrane (orange circle). 
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 Fluorescence microscopy was also performed with LAC* pCN34ypfP-CFP-ypfP 

and the localisation patterns appeared similar to the GFP-YpfP fusion (Fig. 5.12). 

However, the overexpression of YpfP resulted in a high cytoplasmic signal, most likely 

due to the accumulation of degraded CFP, and is consistent with the results of the 

western blot analysis (Fig. 5.8A). LAC* containing pCN34 and pCN34ypfP-CFP provided 

negative and positive controls, respectively. 

 
 

Figure 5.12 YpfP localisation in S. aureus  as assessed by CFP fluorescence microscopy. 
LAC* containing pCN34, pCN34ypfP-CFP or pCN34ypfP-CFP-ypfP were grown to mid-
exponential phase and stained with nile red. Cells mounted on a 1% PBS agarose slide were 
observed using Zeiss Axio Observer Z1 microscope equipped with a Photometrics CoolSNAP 
HQ2 camera (Roper Scientific). Images were acquired using Metamorph software. Phase 
contrast, CFP and nile red images are shown in the panels above (left to right). The arrowhead 
points to the septum, and the arrow highlights the lateral wall. Scale bar = 1 µm. These 
experiments were performed in triplicate. 
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5.7 Localisation studies of LtaA 

 LtaA is predicted to consist of 12 transmembrane helices and while its function 

remains unclear, it is thought to be involved in the flipping of the glycolipid anchor from 

the inside to the outside of the membrane. This process provides LtaS with the correct 

LTA glycolipid anchor. Localisation of this protein was expected to occur at the cell 

membrane, though the question remained as to whether a uniform membrane 

localisation of the protein would occur, or whether septal localisation would take place. 

 Both GFP and CFP fusions to LtaA expressed in S. aureus LAC* gave clear 

fluorescence images where LtaA localised uniformly to the membrane (Fig. 5.13A). This 

was confirmed by quantitative analysis using ImageJ where FRs of 2.23 (p-value of 0.93) 

and 2.17 were obtained for LtaA-GFP and LtaA-CFP, respectively (Fig. 5.13B-C). 
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Figure 5.13 LtaA localisation in S. aureus  as assessed by fluorescence microscopy.  (A) 
Phase contrast and fluorescence microscopy. LAC* pBCB1-GE-ltaA (i) and LAC* 
pCN34yfpP-ltaA-CFP (ii) strains were grown to mid-exponential phase, stained with a membrane 
dye and mounted on a 1% PBS agarose slide. LAC* pBCB1-GE-ltaA membranes were stained 
with FM4-64 dye, and LAC* pCN34yfpP-ltaA-CFP was stained with nile red. Images were 
acquired using a Zeiss Axio Observer Z1 microscope equipped with a Photometrics CoolSNAP 
HQ2 camera (Roper Scientific) using Metamorph software.  Phase contrast, GFP/CFP and 
membrane dye images are shown in the panels above (left to right). The arrowhead points to the 
septum, and the arrow highlights the lateral wall. Scale bar = 1 µm. These experiments were 
performed in triplicate. (B) Determination of the FR. 200 dividing cells of LAC* pBCB1-GE-
ltaA and LAC* pCN34yfpP-ltaA-CFP were analysed as described in section 5.5 and average FR 
values were 2.23 (p-value = 0.93) and 2.17, respectively. These results were plotted on a scatter 
graph, where the horizontal lines represent the average FR values. (C) Representative 
fluorescence profiles. The septum results in the highest fluorescence peak (purple arrow), the 
lateral wall is defined by the peak or plateau in fluorescence (blue arrow) and the background 
fluorescence value is taken approximately 0.3 µm away from the membrane (orange circle). 
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5.8 Localisation studies of LtaS 

 The role of LtaS is to transfer a glycerol phosphate subunit to the glycolipid 

anchor and subsequently extend the PGP polymer by adding additional GroP subunits to 

the distal end of the growing chain. LtaS consists of five transmembrane helices attached 

via a linker region to the extracellular domain of LtaS. This extracellular enzymatic 

domain is cleaved by a signal peptidase in S. aureus resulting in the secretion of this 

domain into the supernatant, and following this, the five transmembrane helices are 

thought to be rapidly degraded. When the localisation of a B. subtilis LtaS homologue was 

investigated, it was found to localise to the cell division site (Schirner et al., 2009).  In 

addition, the deletion of ltaS in B. subtilis led to the mislocalisation of FtsZ, a key cell 

division protein (Schirner et al., 2009). Fluorescence microscopy in S. aureus LAC* found 

that both GFP and CFP fusions to wild type LtaS resulted in an accumulation of 

fluorescence signal in the cytoplasm (Fig. 5.14Ai and iii). This was in agreement with the 

western blot analysis, which showed that the majority of the fluorescent fusion proteins 

were degraded. However, fluorescent protein fusions to the less cleaved LtaSS218P variant 

displayed concentrated fluorescence at the septum (Fig. 5.14Aii and iv). In contrast to the 

localisation patterns of YpfP and LtaA, fluorescence at the lateral wall could not be 

detected, indicating that LtaS does not localise to the membrane, but instead localises 

specifically to the site of cell division in S. aureus. This is emphasised by the dotted line in 

the inset in Fig. 5.14Aii, where the lateral wall ought to be seen. Since the resulting 

fluorescence profiles provided no defining lateral wall peak or plateau, quantitative 

analysis could not be performed (Fig. 5.14B). 
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Figure 5.14 LtaS localisation in S. aureus  as assessed by fluorescence microscopy.  (A) 
Phase contrast and fluorescence microscopy. LAC* containing pCL55ltaS-GFP-ltaS (i), 
pCL55ltaS-GFP-ltaSS218P (ii), pCN34ltaS-CFP-ltaS (iii) or pCN34ltaS-CFP-ltaSS218P (iv) were 
grown to mid-exponential phase, stained with a membrane dye and mounted on a 1% PBS 
agarose slide. GFP-expressing LAC* strains were stained with FM4-64 and CFP-expressing 
LAC* strains were stained with nile red. A Zeiss Axio Observer Z1 microscope equipped with a 
Photometrics CoolSNAP HQ2 camera (Roper Scientific) was used to acquire the images using 
Metamorph software. Phase contrast, GFP/CFP and membrane dye images are shown in the 
panels above (left to right). The inset in (ii) highlights where the lateral membrane ought to be 
seen. The arrowhead points to the septum. Scale bar = 1 µm. These experiments were performed 
in triplicate. (B) Representative fluorescence profiles. The septum results in the highest 
fluorescence peak (purple arrow), while the lateral wall value falls within the blue line and the 
background fluorescence value is approximately 0.3 µm away from the membrane (orange circle). 
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 While the images of septum localisation are clear, the overexpression of the CFP-

LtaSS218P fusion from a multi-copy vector could arguably lead to artefacts, and the 

integrated gfp-ltaSS218P expressed from the native promoter was found to be non-

functional. In an attempt to construct an integrated and functional fluorescent protein 

fusion, CFP-LtaSS218P was first amplified from pCN34ltaS-CFP-ltaSS218P and subcloned 

into the S. aureus chromosomal integration vector pCL55itet-lacZ, replacing the lacZ gene 

with CFP-ltaSS218P under the Atet inducible promoter itet. The resulting plasmid 

pCL55itet-CFP-ltaSS218P was initially obtained in the E. coli XL1 Blue strain. 

 In order to express this fusion under its native ltaS promoter, the sequence 

encoding the itet promoter region, CFP and the first 647 base pairs of LtaSS218P was 

excised from pCL55itet-CFP-ltaSS218P plasmid and replaced by the ltaS-CFP-ltaSS218P(1-647bp) 

sequence excised from pCN34ltaS-CFP-ltaSS218P. The resultant pCL55ltaS-CFP-ltaSS218P 

plasmid was recovered in E. coli XL1 Blue strain, and introduction of this plasmid into 

RN4220 Δspa and LAC* resulted in the expression of CFP-LtaSS218P under the native ltaS 

promoter from the S. aureus chromosome (Fig. 5.15A). 

 The functionality of this CFP-LtaSS218P protein fusion was tested in an S. aureus 

RN4220-iltaS strain grown in the presence or absence of IPTG, as described in section 

5.3. The RN4220-iltaS pCL55ltaS-CFP-ltaSS218P strain grew and produced LTA in the 

absence of IPTG, unlike the empty pCL55 vector control indicating this protein fusion 

was functional (Fig. 5.15B-C). In addition, the full-length CFP-LtaSS218P protein fusion 

was detected by western blot analysis using anti-GFP antibody, though the smaller bands 

indicate that this protein fusion is degraded in S. aureus (Fig. 5.15D-E). These 

observations are in agreement with the CFP-LtaSS218P protein fusion expressed from the 

multi-copy plasmid pCN34. 

 Mid-exponential phase cells were stained with FM4-64 and images for this strain 

were acquired by João Miguel Monteiro in Portugal (Fig. 5.15F). The CFP fluorescence 

in this strain was observed at the septum and resembled the GFP and CFP protein 

fusions described previously (Fig. 5.15F). Similarly the indistinguishable lateral wall 

fluorescence during the assessment of dividing cells made FR determination impractical 

and indicates that LtaS does not localise to the cell membrane (Fig. 5.15G). Instead, this 

protein appears to preferentially accumulate at the septum of dividing cells. 
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Figure 5.15 Localisation of the integrated CFP-LtaSS218P fusion protein. (A) Schematic 
representation of pCL55l taS-CFP-l taSS218P. The fusion is under its native promoter and 
integrated into the lipase gene of the S. aureus chromosome. (B) Bacterial growth curves. S. 
aureus RN4220-iltaS strains containing pCL55 or pCL55ltaS-CFP-ltaSS218P were grown in the 
presence (+) or absence (-) of 1 mM IPTG.  At the 4 h and 8 h time points, all strains were back-
diluted 1:100, with the exception of RN4220-iltaS containing the empty vector pCL55 grown in 
the absence of IPTG, which was back-diluted only at the 4 h time point and ceased to grow. This 
experiment was performed once. (C) Detection of LTA production by western blot. S. aureus 
RN4220-iltaS strains containing pCL55 or pCL55ltaS-CFP-ltaSS218P were grown in the presence 
(+) or absence (-) of IPTG for 4 h, prior to LTA extraction. Western blot analysis was performed 
using mouse monoclonal LTA antibody and HRP-conjugated anti-mouse IgG antibody at 1:5000 
and 1:10000 dilutions, respectively (see the Materials and Methods chapter). This experiment was 



  128 

performed once. (D and E) Detection of fluorescent protein fusions by western blot. S. 
aureus RN4220 ∆spa and LAC* strains containing CFP-LtaSS218P protein fusions were grown to 
mid-exponential phase and samples were prepared for western blot analysis using the non-boiled 
technique described in the Materials and Methods chapter. Membranes were incubated with 
mouse  monoclonal GFP antibody (Invitrogen) and HRP-conjugated anti-mouse IgG antibody at 
1:4000 and 1:10000 dilutions, respectively. Full-length fusions are indicated by an asterisk (*).This 
experiment was performed once. (F) Differential Interface Contrast and fluorescence 
microscopy. LAC* pCL55ltaS-CFP-ltaSS218P was grown to mid-exponential phase, stained with 
FM4-64 membrane dye and mounted on a 1 % PBS agarose slide.  The Zeiss Axio Observer Z1 
microscope equipped with a Photometrics CoolSNAP HQ2 camera (Roper Scientific) was used 
to acquire images using Metamorph software by João Miguel Monteiro. Differential Interface 
Contrast, CFP and FM4-64 images are shown in the panels above (left to right). The arrowhead 
points to the septum. Scale bar = 1 µm. This experiment was performed twice. (G) 
Representative fluorescence profiles. The septum results in the highest fluorescence peak 
(purple arrow), while the lateral wall value falls within the blue line and the background 
fluorescence value is approximately 0.3 µm away from the membrane (orange circle). 
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5.9 Analysis of YpfP localisation in the absence of its 

substrate 

 A study on the B. subtilis YpfP homologue, UgtP, demonstrated that this protein 

localises to the septum, though the removal of its cytoplasmic substrate UDP-Glc, results 

in mislocalisation to randomly distributed spots (Weart et al., 2007). Removal of the 

UDP-Glc substrate was achieved by interruption of the pgcA gene, encoding for the α-

phosphoglucomutase responsible for the conversion of glucose-6-phosphate to glucose-

1-phosphate, the UDP-Glc precursor (Fig. 1.4, p.26). In a similar manner, it was decided 

to investigate the localisation of YpfP in an S. aureus pgcA mutant. As seen in Fig. 5.16A, 

both RN4220 Δspa (wild type) and the RN4220 Δspa ΔpgcA transposon mutant displayed 

similar GFP-YpfP localisation patterns, indicating that YpfP localisation was 

independent of PgcA and hence the production of UDP-Glc in S. aureus. The 

distinguishable lateral peak or plateau allowed for quantification using ImageJ, where FRs 

of 2.22 and 2.04 were obtained in the wild type and ΔpgcA strain, respectively (Fig. 5.16B 

and C). The fluorescence images of the mutant strain appeared clearer than the images 

taken with the wild type strain, which was unexpected. This may have been caused by 

reduced degradation of the GFP-YpfP fusion protein in the ΔpgcA mutant strain as 

compared to the wild type strain. In order to test this hypothesis, samples were taken at 

early, mid and late exponential phase and normalised against OD600nm readings, before 

separation of proteins by SDS-PAGE. The fluorescent fusion proteins were directly 

visualised using an FLA-5100 fluorescence imager (Fig. 5.16D). Expression levels of 

YpfP were found to increase during the growth phase, and degraded GFP was clearly 

detected in samples taken from the wild type strain throughout the exponential phase. In 

contrast, notably low levels of degraded GFP were detected at the end of the exponential 

phase in samples obtained from the ΔpgcA mutant strain. This indicates that the presence 

of PgcA or the YpfP substrate, UDP-Glc, may affect the stability of the GFP-YpfP 

fusion. Alternatively, the activity of YpfP could leave the protein more susceptible to 

degradation, resulting in the increased cytoplasmic fluorescence and less defined 

fluorescence images. 
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Figure 5.16 Localisation of YpfP in RN4220 Δ spa  ΔpgcA  as assessed by fluorescence 
microscopy. (A) Phase contrast and fluorescence microscopy. RN4220 Δspa containing 
pCL55, pCL55tet-GFP, or pCL55ypfP-GFP-ypfP and RN4220 Δspa ΔpgcA pCL55ypfP-GFP-ypfP 
were grown to mid-exponential phase, stained with nile red and mounted on a 1% PBS agarose 
slide. A Zeiss Axio Observer Z1 microscope equipped with a Photometrics CoolSNAP HQ2 
camera (Roper Scientific) was used to acquire the images using Metamorph software. Phase 
contrast, GFP and membrane dye images are shown in the panels above (left to right). The 
arrowhead points to the septum, and the arrow highlights the lateral wall. Example plot profile 
graphs demonstrate how quantitative analysis was performed. Scale bar = 1 µm. These 
experiments were performed in triplicate. (B) Determination of the FR. 200 dividing cells of 
RN4220 Δspa pCL55ypfP-GFP-ypfP and RN4220 Δspa ΔpgcA pCL55ypfP-GFP-ypfP were analysed 
as described in section 5.5 and average FR values were 2.22 and 2.04, respectively. These results 
were plotted on a scatter graph, where the horizontal lines represent the average FR values (C) 
Representative fluorescence profiles. The septum results in the highest fluorescence peak 
(purple arrow), the lateral wall is defined by the peak or plateau in fluorescence (blue arrow) and 
the background fluorescence value is taken approximately 0.3 µm away from the membrane 
(orange circle). (D) Detection of the GFP-YpfP fusion protein using a fluorescence imager. 
Protein samples of S. aureus RN4220 ∆spa and RN4220 Δspa ΔpgcA strains containing pCL55ypfP-
GFP-ypfP were prepared at early (E), mid (M) and late (L) exponential phase, separated by SDS-
PAGE gels and fluorescent proteins were detected using an FLA-5100 fluorescence imager, as 
described in the Materials and Methods chapter. Arrows highlight the full-length GFP-YpfP 
fusion protein and a degradation product. RN4220 ∆spa pCL55 and pCL55tet-GFP grown to 
mid-exponential phase were sampled for negative and positive GFP fluorescence controls. This 
experiment was performed once. 
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5.10 Analysis of LtaA localisation in the absence of YpfP 

 LtaA is hypothesised to be involved in the transfer of the glycolipid from the 

inner to the outer membrane leaflet, and so the question of whether its localisation was 

dependent on the presence of the glycolipid anchor itself was investigated. Therefore the 

localisation of LtaA was studied in S. aureus LAC* ΔypfP strain. Fluorescence microscopy 

analysis revealed that the membrane localisation of LtaA was unaltered in the absence of 

YpfP, and gave rise to an FR of 2.36 (p-value of 0.13) (Fig. 5.17). 

 
Figure 5.17 LtaA localisation in S. aureus  LAC* Δyp fP  mutant as assessed by 
fluorescence microscopy.  (A) Phase contrast and fluorescence microscopy. LAC* ΔypfP 
pCN34yfpP-ltaA-CFP was grown to mid-exponential phase, stained with a nile red and mounted 
on a 1% PBS agarose slide. Images were acquired using a Zeiss Axio Observer Z1 microscope 
equipped with a Photometrics CoolSNAP HQ2 camera (Roper Scientific) using Metamorph 
software. Phase contrast, CFP and membrane dye images are shown in the panels above (left to 
right). The arrowhead points to the septum, and the arrow highlights the lateral wall. Scale bar = 
1 µm. This experiment was performed in triplicate. (B) Determination of the FR. 100 dividing 
cells of LAC* ΔypfP pCN34yfpP-ltaA-CFP were analysed as described in section 5.5 and the 
average FR value of 2.36 was calculated (p-value = 0.13). These results were plotted on a scatter 
graph, where the horizontal lines represent the average FR value. (C) Representative 
fluorescence profile. The septum results in the highest fluorescence peak (purple arrow), the 
lateral wall is defined by the peak or plateau in fluorescence (blue arrow) and the background 
fluorescence value is taken approximately 0.3 µm away from the membrane (orange circle). 
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5.11 Timing of LtaS localisation 

 Various cell division proteins have been shown to localise to the site of cell 

division in S. aureus including the early stage protein EzrA, and the PBPs involved in 

peptidoglycan synthesis. Jorge et al. (2011) demonstrated that the localisation of EzrA 

and PBP2 was staggered, and PBP2 was found to localise to the septum at a later stage 

during cell division. Since LtaSS218P appears to localise to the septum, it was decided to 

investigate the timing of localisation with respect to EzrA. To this end, the S. aureus 

LAC* strain expressing ezrA-mCherry from the native ezrA locus was co-expressed with 

the CFP-LtaSS218P fusion from pCN34 and fluorescence microscopy was performed. 

Three types of fluorescent patterns were detected in these cells. The first demonstrated 

that the EzrA-mCherry fusion proteins localised to the septum without a visible signal 

for the CFP-LtaSS218P fusion, indicating that LtaS does not localise at an early stage of cell 

division (Fig. 5.18i). The second found that initiation of the localisation of CFP-LtaSS218P 

could be detected, and was accompanied by EzrA-mCherry fluorescence at the site of 

cell division. (Fig. 5.18ii). Lastly, colocalisation of EzrA and LtaSS218P could also be 

observed (Fig. 5.18iii). Taken together, these images indicate that LtaSS218P localised to the 

septum after EzrA.  

 
Figure 5.18 EzrA and LtaS localisation in S. aureus  LAC* as assessed by fluorescence 
microscopy. Samples of LAC* ezrA:ezrA-mCherry pCN34ltaS-CFP-ltaSS218P were taken at mid-
exponential phase and mounted on a 1 % PBS agarose slide. The Zeiss Axio Observer Z1 
microscope equipped with a Photometrics CoolSNAP HQ2 camera (Roper Scientific) was used 
to acquire the images using Metamorph software. Phase contrast, mCherry and CFP images are 
shown in the panels above (left to right). Three categories of fluorescent cells were identified: (i) 
EzrA ring formation in the absence of detectable LtaSS218P localisation to the septum, (ii) EzrA 
ring formation and initiation of LtaSS218P localisation to the septum, and (iii) colocalisation of 
EzrA and the LtaSS218P variant. Scale bar = 1 µm. This experiment was performed in triplicate. 
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 The results from the protein-protein interaction studies in Chapter 3 indicated 

the presence of a dedicated LTA synthesising multi-protein complex. In addition, the 

core LTA synthesis proteins were found to interact with multiple cell division proteins 

and PBPs, which are all proteins that are predominantly localised to the division site in S. 

aureus (Errington et al., 2003; Scheffers & Pinho, 2005). Localisation studies performed in 

B. subtilis demonstrate septal localisation of UgtP and LtaS, and the absence of LtaS alters 

the localisation of FtsZ, indicative of a direct link between LTA synthesis and cell 

division (Weart et al., 2007; Schirner et al., 2009). In order to investigate this link further, 

localisation studies involving the core LTA synthesis proteins YpfP, LtaA and LtaS were 

performed in S. aureus. The results in Chapter 5 show that of the S. aureus LTA synthesis 

proteins investigated, only the LTA synthase LtaS appears to accumulate at the cell 

division site, whilst the two proteins involved in glycolipid production, YpfP and LtaA, 

are distributed throughout the membrane (Fig. 6.1).  

 
Figure 6.1 Model of the localisation of the S. aureus  LTA synthesis proteins. YpfP and 
LtaA are evenly distributed throughout the cell membrane while LtaS accumulates at the site of 
cell division, leading to the production of LTA predominantly at the septum prior to cell 
separation. All three proteins self-interact and interact with one another. 
 

 To perform the localisation studies, fluorescent protein fusions to the core LTA 

synthesis proteins were generated. For this, Green Fluorescent Protein (GFP) and 

mCherry fluorescent protein (mCherry) used in the localisation of cell division proteins 

in S. aureus were chosen and fusions were initially cloned under their native promoter 

into single copy chromosomal integration vectors (Pereira et al., 2010; Lee et al., 1991). 

Integrative vectors have the advantage of providing stability in expression levels, thereby 

reducing the variability of fluorescence signal between cells, making results more reliable. 

However, YpfP, LtaA and LtaS expressed from their native promoters demonstrated 
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fairly weak GFP fluorescence, most likely due to low protein levels in wild type S. aureus. 

In addition, high cytoplasmic fluorescence was observed in all strains, and western blot 

analysis using an anti-GFP antibody revealed the occurrence of degradation products of 

several of the fusions (Fig. 5.8, p.114).  

 No signal was obtained with any of the mCherry fluorescent protein fusions, 

indicating that the fluorescence of mCherry was perhaps affected by the fusion to the 

LTA synthesis proteins. This potential effect had been considered, and so both the 

mCherry and GFP fusions were separated from the LTA synthesis proteins via a 3x 

EAAAK linker region. The purpose of this linker region was to increase the distance 

between the LTA synthesis protein and fluorescent protein, and consequently increase 

the stability of the protein and probability of retaining functionality. This linker region 

was chosen based on work by Arai et al. (2001), where reduced interference between two 

functional proteins was accomplished by their separation using this linker region (Arai et 

al., 2001). While GFP fusions to YpfP, LtaA and wild type LtaS were at least partially 

functional, the fusion to the LtaSS218P variant could not complement LTA production or 

bacterial growth (Fig. 5.5, p.108, Fig. 5.6, p.109 and Fig. 5.7, p.111). 

 With these issues in mind, it was decided to generate fusions to Cyan Fluorescent 

Protein (CFP), which had been optimised for expression in low GC content bacteria 

(Sastalla et al., 2009). These fusions contained no linker region and all demonstrated 

levels of functionality in complementation assays, including the LtaSS218P variant (Fig. 5.5, 

p.108, Fig. 5.6, p.109 and Fig. 5.7, p.111). It was hoped that expression from a multi-

copy plasmid would increase the fluorescence signal and provide clearer images of 

protein localisation. However, the drawback to the use of multi-copy plasmids is the 

instability in the expression vector itself, increasing the variability of fluorescence 

intensity and artifacts may occur when proteins are expressed above native levels. The 

images obtained were similar to the GFP fusions, and overexpression did not 

significantly increase the fluorescence signal. In fact, the CFP-YpfP fusion demonstrated 

increased protein degradation, resulting in increased cytoplasmic signal. The reason for 

this may be due to the increased expression levels, or the lack of a linker region. 

 Therefore, when investigating protein localisation, the fluorescent protein and the 

introduction of a linker region must be carefully considered, since these factors may help 

or hinder the fluorescence intensity and functionality of the protein of interest. Although 

protein degradation could not be avoided, and the signal intensity of these fluorescent 

protein fusions were weak, the images are reliable and demonstrate that YpfP and LtaA 

are membrane localised, while LtaS accumulates at the septum. 
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 In contrast to the studies in B. subtilis (Weart et al., 2007), the membrane 

localisation of YpfP was unaffected by the absence of the PgcA enzyme, and hence 

UDP-Glc, the cytoplasmic substrate of YpfP (Fig. 5.16, p.130). Interestingly, the images 

of GFP-YpfP localisation in the pgcA mutant strain were clearer than in the wild type 

strain. Further investigation revealed the accumulation of a degraded fluorescent protein 

fusion product during exponential phase in the wild type strain, whereas the lack of PgcA 

or UDP-Glc, resulted in an increase in protein stability (Fig. 5.16, p.130). This result was 

unexpected and indicates that the stability of the GFP-YpfP fusion is affected by the 

presence of PgcA or UDP-Glc. Protein-protein interactions or binding of the substrate 

may cause a conformational change resulting in protein instability or the enzymatic 

reaction performed by YpfP itself may lead to its eventual degradation. However, since 

the function of PgcA is not directly upstream of YpfP, it seems unlikely to be the direct 

cause of protein instability. A negative correlation between enzyme stability and function 

has been demonstrated with T4 lysozyme, where mutations reducing its enzymatic 

function resulted in an increase in protein stability (Shoichet et al., 1995). Therefore the 

most plausible explanation for the increase in GFP-YpfP degradation in the wild type 

strain compared to the pgcA mutant strain is that the binding of UDP-Glc and enzymatic 

activity of YpfP leads to a conformational change, exposure of a protease cleavage site 

and subsequent degradation. 

 The investigation of LtaA localisation in the absence of YpfP found that its 

localisation pattern was unaltered (Fig. 5.17, p.132). However, since LtaA is predicted to 

consist of 12 transmembrane helices and is evenly distributed throughout the membrane, 

delocalisation is unlikely, even in the absence of its substrate Glc2-DAG. Alternatively, 

the role of LtaA has not been proven and so may also function in the translocation of 

other membrane components between membrane leaflets, making the lack of YpfP and 

Glc2-DAG inconsequential. 

 The investigation of LtaS localisation was the most problematic of the three 

proteins, due to its unstable nature. This enzyme has been shown to contain an AXA 

motif in the linker region between the extracellular enzymatic domain and 

transmembrane domain, which is cleaved by the signal peptidase, SpsB, leading to the 

release of the extracellular domain into the culture supernatant (Wörmann et al., 2011b). 

Analysis of fluorescent protein fusions to wild type LtaS resulted in high levels of 

cytoplasmic fluorescence (Fig. 5.14, p.125), and western blot analysis indicated that this 

result was due to high levels of protein degradation and accumulation in the cytoplasm 

(Fig. 5.8, p.114). Instead, the LtaSS218P variant, shown to be less cleaved and therefore 
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more stable (Wörmann et al., 2011b), was analysed and both GFP and CFP fluorescent 

protein fusions appeared to accumulate at the septum (Fig. 5.14, p.125). However, there 

was still a significant cytoplasmic fluorescence signal most likely due to protein 

degradation. This led to the lack of discernible lateral membrane fluorescence, preventing 

FR determination. Furthermore, the clearest images were obtained using the GFP-

LtaSS218P fusion, which was non-functional. Since the native expression levels from the 

chromosome is most desirable, it was decided to subclone the functional CFP-LtaSS218P 

fusion under its native promoter from the multi-copy plasmid vector into the pCL55 

chromosomal integration vector. This fusion was functional and fluorescence images 

were in agreement with the GFP-LtaSS218P fusion (Fig. 5.15, p.127). 

 Due to the septal localisation pattern of LtaSS218P, the timing of LtaS localisation 

to the cell division site was investigated. To this end, colocalisation studies were 

performed with an mCherry-tagged early stage cell division protein EzrA. Colocalisation 

studies with the CFP-LtaSS218P fusion indicated that LtaS localisation followed EzrA (Fig. 

5.18, p.133). This result is similar to that of PBP2, which localises to the septum at a later 

stage during cell division (Jorge et al., 2011), indicating that LtaS is only capable of 

localising to the septum once a membrane is present. As LtaS is a membrane protein, the 

delay in septal localisation is unsurprising and mimics the localisation of the membrane-

anchored PBPs. Therefore, it would be interesting to investigate the localisation pattern 

of LtaSS218P in conjunction with PBP2. Furthermore, since LtaS appears to localise after 

the early cell division proteins, the requirement for the septal localisation of the early cell 

division proteins FtsZ, FtsA, ZapA and EzrA for correct LtaS localisation could be 

investigated further. In particular, LtaS was the only LTA synthesis protein found to 

interact with FtsA, indicative of a specific relationship between these two proteins (Fig. 

3.12, p.93). Similarly, the deletion of tagO and subsequent absence of WTA has been 

shown to lead to the delocalisation of PBP4 (Atilano et al., 2010), and interdependence 

between LtaS or LTA and the PBPs ought to be investigated, based on the protein-

protein interactions detected in this study. 

 Since LTA is a non-bilayer forming component of the cell membrane, its 

presence at the cell division site may affect the permeability of the membrane, and 

possibly induce the gradual curving of the membrane immediately prior to cell 

separation(Fischer, 1994; Gutberlet et al., 1997; Gutberlet et al., 1994). Therefore, the 

synthesis of LTA at the septum may act in a regulatory manner, by altering the 

membrane composition. In order to definitively establish that LTA is synthesised at the 

site of cell division, the localisation of the polymer itself is required. To date, detection of 
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LTA by cryo-electron microscopy has been performed on B. subtilis protoplasts using 

anti-LTA antibody conjugated to nanogold particles (Matias & Beveridge, 2008). Here, 

the presence of LTA was detected across the surface of the protoplast, as well as 

between two adjacent protoplast membranes (Matias & Beveridge, 2008). These cryo-

electron microscopy images infer the presence of a bacterial periplasm in B. subtilis and S. 

aureus, where LTA is the major component (Matias & Beveridge, 2005; Matias & 

Beveridge, 2006; Matias & Beveridge, 2007; Matias & Beveridge, 2008). The purpose of a 

periplasmic space in Gram positive bacteria is not known, though it may be used as an 

extracellular location for enzymatic activity, and LTA may play vital roles in maintaining 

the function of this compartment of the bacterial cell, perhaps by binding of cations 

needed for enzymatic reactions (Weidenmaier & Peschel, 2008). 

 Since protoplasts do not divide, these data do not shed light on the localisation of 

newly synthesised LTA in a growing bacterial cell. For this, fluorescently labeled anti-

LTA antibody could be used. However, the estimated thickness of the cell wall and 

periplasm (36 nm) makes it unlikely that LTA protrudes to the surface of the S. aureus cell 

(Matias & Beveridge, 2006; Reichmann & Gründling, 2011). Therefore the antibody must 

pass through the cell wall, possibly requiring the partial degradation of the peptidoglycan 

layer. Another approach to determine where LTA is synthesised in the cell would be to 

perform pulse-chase type experiments. However, the essentiality of LTA in S. aureus has 

prevented the use of this approach. Until recently LTA suppressor strains have been 

generated, which do not produce LTA (Corrigan et al., 2011). Therefore, controlled 

expression of ltaS from an inducible promoter in an LTA negative strain, followed by 

LTA synthesis inhibition could allow the detection of newly-synthesised LTA, using 

fluorescently labeled anti-LTA antibody, which could be observed by fluorescence 

microscopy. 

 In conclusion, the localisation studies found that both YpfP and LtaA localised 

to the cell membrane, in contrast to the LtaS, which accumulated at the septum. The 

differing localisation patterns between these three proteins were unexpected, since the 

protein-protein interaction studies indicated the presence of a multi-protein complex in 

S. aureus. Instead, these results suggest that the LTA synthesising complex, made up of 

YpfP, LtaA, LtaS and most likely DltD, is only present at the site of cell division. 

Furthermore, a second multi-protein complex consisting primarily of YpfP and LtaA 

may be evenly distributed throughout the membrane, dedicated to the synthesis and 

translocation of Glc2-DAG. 
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7.1 Objective of chapter 7 

 The aim of this chapter was to investigate the mechanism by which D-alanines 

are incorporated into the polyglycerolphosphate chain of LTA in S. aureus. To date, four 

proteins encoded in the dlt operon have been identified as essential for this process and 

are named DltA-D. DltA acts as the D-alanine-D-alanyl carrier protein ligase and is 

responsible for the ligation of D-alanine to the carrier protein DltC (Heaton & Neuhaus, 

1992; Heaton & Neuhaus, 1994). Hydropathy profiles indicate that DltB is a 

transmembrane protein, while DltD is anchored to the cell membrane by an N-terminal 

transmembrane helix, but their exact roles are currently unknown.  

 Werner Fischer and coworkers proposed a model in 1995 in which DltB is 

involved in the transfer of D-alanine from the carrier protein to undecaprenolphosphate 

to form a membrane-linked intermediate (Perego et al., 1995). This intermediate is 

translocated across the membrane with the help of DltB and once exposed on the 

outside of the membrane, DltD is thought to be involved in the final ligation of D-

alanine to LTA (Fig. 7.1) (Perego et al., 1995). However, research to identify the 

membrane intermediate has not been successful and investigation of the role of DltD led 

to the proposal of a new model by Neuhaus & Baddiley (2003) whereby DltD acts as a 

platform within the cell to bring together DltA and DltC. Following D-alanine ligation, 

DltC is predicted to traverse the membrane with the help of DltB and transfer the D-

alanine directly to the LTA chain (Fig. 7.1) (Neuhaus & Baddiley, 2003). 

 In order to establish which model is more plausible, the key differences between 

these two models were investigated. Specifically, the cellular location of DltC and the 

membrane topology of DltD were investigated. 

 Lastly, disruption of any of the dltA-D genes in S. aureus results not only in a lack 

of D-alanine substitutions in LTA, but also WTA (Perego et al., 1995). While this may 

imply that the Dlt proteins are involved in the transfer of D-alanine onto WTA, studies 

using [14C]alanine have demonstrated that over time the radioactivity was lost from the 

LTA fraction and increased in the WTA fraction (Haas et al., 1984; Koch et al., 1985). 

Therefore, it is more likely that D-Ala-LTA is the D-alanine donor for D-Ala-WTA and 

the disruption of the dlt genes has an indirect downstream effect on D-Ala-WTA 

production. In order to definitively establish which occurs, the D-Ala incorporation into 

WTA was investigated in an LTA negative ΔltaS mutant strain. 
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Figure 7.1 Key differences in the models of D-alanine substitution of LTA. (A) Fischer 
model. The first model was put forward by Fischer and colleagues in 1995. It was proposed that 
the D-alanine (green circle) is transferred from the carrier protein DltC (blue) to 
undecaprenolphosphate (P-C55), before DltB aids in the traversing of the membrane. DltD (red) 
is anchored on the outside of the membrane and is involved in the final transfer of the D-
alanines to LTA. (B) Neuhaus and Baddiley model. The second model was proposed in 2003, 
suggesting that DltD is anchored on the inside of the cell and brings DltA and DltC together, 
thereby increasing the efficiency of the ligation of D-alanine to DltC. The D-Ala-DltC complex 
then crosses the membrane with the help of DltB. 
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7.2 Cellular localisation studies of DltC 

 According to the model proposed by Neuhaus and Baddiley (2003), D-Ala-DltC 

traverses the membrane and transfers the D-alanine to the polyglycerolphosphate chain. 

In contrast, the Fischer model predicts that DltC remains in the cytoplasm of S. aureus. 

In order to determine the cellular localisation of DltC, the dltC gene was PCR amplified 

from S. aureus Newman chromosomal DNA with a primer, which incorporated a 6x His-

tag at the C-terminal end of DltC. Following insertion into pCL55itet and transformation 

into the E. coli XL1 Blue strain, the resulting plasmid pCL55itet-dltC-His was introduced 

into S. aureus RN4220 Δspa strain. Integration of this vector into the lipase gene locus geh 

gave rise to a strain stably expressing dltC-His under the Atet inducible promoter itet (Fig. 

7.2A). RN4220 Δspa pCL55itet-dltC-His was grown for 4 h in the presence or absence of 

200 ng/ml Atet and the cell culture was separated into the cell and supernatant fractions 

as described in the Materials and Methods chapter. Proteins were separated on a 15 % 

SDS-PAGE gel and analysed by western blot using anti-His antibody. Due to unspecific 

binding of the anti-His antibody, samples of RN4220 Δspa containing the empty 

pCL55itet vector were used as negative controls. This allowed for the identification of the 

DltC-His specific band, which was detected in the cell fraction but not in the supernatant 

fraction (Fig. 7.2B). This result supports the model proposed by Werner Fischer. 

 To verify the cell fractionation technique, samples were also analysed by western 

blot using antibodies raised against the control proteins L6 and α-hemolysin (Hla). The 

ribosomal protein L6 is located in the cytoplasm, and Hla is a secreted bacterial toxin (Lu 

et al., 2009). As seen in Fig. 7.2B, the cytoplasmic L6 was only detected in the cell 

fraction, and Hla was detected in the supernatant fraction, demonstrating that the 

fractionation technique was successful. 
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Figure 7.2 Cellular localisation of DltC as assessed by His western blot analysis. (A) 
Schematic representation of pCL55i t e t-dl tC-His construct. His-tagged DltC is expressed 
from the Atet inducible promoter itet from the lipase gene locus geh. (B) Detection of DltC-His 
by western blot. S. aureus strain RN4220 Δspa containing the empty pCL55itet vector (v) or 
pCL55itet-dltC-His (dltC) were grown for 4 h at 37°C in the presence (+) or absence (-) of 200 
ng/ml Atet and samples were subsequently separated into cell (Cell) and supernatant (Super) 
fractions and analysed by western blot, as described in the Materials and Methods chapter. HRP-
conjugated anti-His antibody was used for the detection of DltC-His at a 1:10000 dilution. Rabbit 
polyclonal antibodies against the control proteins L6 (cytoplasmic) and Hla (supernatant) were 
used at a 1:20000 dilution, followed by incubation with HRP-conjugated anti-rabbit IgG antibody 
used at a 1:10000 dilution. The predicted size for each protein is indicated on the right. This 
experiment was performed in triplicate. 
 

 However, this result did not disprove the Neuhaus and Baddiley model 

completely, since secreted DltC may have been trapped by the thick peptidoglycan layer 

and so may not have been detected in the supernatant. Therefore, in order to determine 

the location of DltC in S. aureus specifically, the RN4220 Δspa pCL55itet-dltC-His strain 

and the RN4220 Δspa pCL55itet control strain were grown in the same conditions and 

the cell fraction was further separated into the cytoplasmic, cell membrane and cell wall 

fractions as described in the Materials and Methods chapter. Protein separation on a 15 

% SDS-PAGE gel and western blot analysis using anti-His antibody resulted in the 

identification of the DltC-His specific band, which was detected in both the cytoplasmic 

and cell membrane fractions when expression was induced with 200 ng/ml Atet (Fig. 

7.3).  

 Verification of the cell fractionation technique took place by analysing the 

samples by western blot using antibodies raised against the control proteins L6, SrtA, 

SdrD and α-hemolysin (Hla). SrtA is a membrane protein known to anchor surface 

proteins with an LPXTG motif to the cell wall, and SdrD is a protein involved in cell 
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adhesion, which is covalently linked to the peptidoglycan layer and served as a cell wall 

fraction control protein (Mazmanian et al., 1999; Zhang et al., 2010; Lu et al., 2009). These 

controls indicate that cytoplasmic proteins (L6) could be detected in both the 

cytoplasmic and cell membrane fractions, while the membrane protein SrtA was detected 

in the cytoplasmic, cell membrane and cell wall fractions. In contrast, both the cell wall 

anchored SdrD protein and the secreted Hla protein were confined to their respective 

fractions. Since the DltC-His pattern follows that of the cytoplasmic L6 control, these 

results indicate that DltC remains within the cell in S. aureus and does not traverse the 

membrane, in agreement with the model proposed by Werner Fischer. 

 
Figure 7.3 Cell fractionation experiment and localisation of DltC as assessed by His 
western blot analysis. S. aureus strain RN4220 Δspa containing the empty pCL55itet vector (v) or 
pCL55itet-dltC-His (dltC) were grown for 4 h at 37°C in the presence (+) or absence (-) of 200 
ng/ml Atet and subsequently samples were separated into cytoplasmic (Cyto), cell membrane 
(Mem), cell wall (Wall) and supernatant (Super) fractions and analysed by western blot, as 
described in the Materials and Methods chapter. HRP-conjugated anti-His antibody was used for 
the detection of DltC-His at a 1:10000 dilution. Rabbit polyclonal antibodies against the control 
proteins L6 (cytoplasmic), SrtA (cell membrane), SdrD (cell wall) and Hla (supernatant) were 
used at a 1:20000 dilution, followed by incubation with HRP-conjugated anti-rabbit IgG antibody 
used at a 1:10000 dilution. The arrow indicates the L6 protein band and the predicted size for 
each protein is indicated on the right. This experiment was performed twice. 
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7.3 Membrane topology studies of DltD 

 The second key difference between the two models is whether DltD is anchored 

on the inside or the outside of the cell. The Fischer model predicts that this protein is 

anchored on the outside of the cell membrane via its N-terminal hydrophobic domain, 

while Neuhaus and Baddiley hypothesise that the C-terminal portion of the protein 

remains in the cytoplasm. In a similar manner to the cellular localisation studies of DltC, 

the dltD gene was amplified from S. aureus Newman chromosomal DNA and a C-

terminal His-tag was appended. Following insertion into pCL55itet, the resulting plasmid 

pCL55itet-dltD-His was initially recovered in the E. coli XL1 Blue strain. Transformation 

into S. aureus RN4220 Δspa strain resulted in the expression of dltD-His under the Atet 

inducible promoter itet from the lipase gene locus geh (Fig. 7.4A). Cell and supernatant 

fractions of the S. aureus RN4220 Δspa strains containing the empty pCL55itet control 

vector (v) or pCL55itet-dltD-His (dltD) grown with or without 200 ng/ml Atet were 

prepared as described in the Materials and Methods chapter, but western blot analysis 

using the anti-His antibody was unsuccessful and no DltD specific signal could be 

detected (Fig. 7.4B).  

 DltD-His is predicted to be approximately in 44.9 kDa in size, and unspecific 

binding may have masked the detection of this fusion protein. To increase expression, 

dltD-His was subcloned into a multi-copy plasmid, pCN34 (Fig. 7.4C). Using the same 

technique, S. aureus RN4220 Δspa strains containing the empty pCN34 vector (v) as a 

control or pCN34itet-dltD-His (dltD) were analysed by western blot. However, the DltD-

His protein remained undetectable (Fig 7.4D).  

 
Figure 7.4 Cellular localisation of DltD as assessed by His western blot analysis. (A) 
Schematic representation of pCL55i t e t-dl tD-His. His-tagged DltD is expressed under the 
Atet inducible promoter itet from the lipase gene locus geh. (B) Detection of DltD-His by 
western blot. S. aureus strain RN4220 Δspa containing the empty pCL55itet vector (v) or 
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pCL55itet-dltD-His (dltD) were grown for 4 h at 37°C in the presence (+) or absence (-) of 200 
ng/ml Atet and samples were subsequently separated into cell (cell) and supernatant (Super) 
fractions and analysed by western blot, as described in the Materials and Methods chapter. HRP-
conjugated anti-His antibody was used for DltD-His detection at a 1:10000 dilution. The 
predicted size for DltD-His is 44.9 kDa. This experiment was performed twice. (C) Schematic 
representation of pCN34i t e t-dl tD-His. His-tagged DltD is expressed under the Atet inducible 
promoter itet from the multi-copy plasmid pCN34. (B) Detection of DltD-His by western 
blot. S. aureus strain RN4220 Δspa containing the empty pCN34 vector (v) or pCN34itet-dltD-His 
(dltD) were grown for 4 h at 37°C in the presence (+) or absence (-) of 200 ng/ml Atet and 
samples were subsequently separated into cell (cell) and supernatant (Super) fractions and 
analysed by western blot, as described in the Materials and Methods chapter. HRP-conjugated 
anti-His antibody was used for DltD-His detection at a 1:10000 dilution. The predicted size for 
DltD-His is 44.9 kDa. This experiment was performed once. 

 

 Instead of analysing the cellular location of DltD directly in S. aureus, a new 

approach was taken to determine its membrane topology in E. coli. To this end LacZ was 

fused to the C-terminus of DltD. The lacZ gene encodes β-galactosidase, an enzyme that 

is active in the cytoplasm, but inactive in the periplasm of E. coli. SOE PCR was 

employed to amplify the IPTG inducible lac promoter and dltD gene sequence from 

pUT18-dltD, and this fragment was inserted into pLKC480, a vector encoding lacZ at the 

3' end of the multiple cloning site. The resulting plasmid pLKC480lac-dltD was initially 

transformed into the E. coli DH5α strain. However, mutations in the inserts were 

identified and instead the construct was introduced into E. coli strains XL1 Blue and 

CLG190. The E. coli XL1 Blue strain contains a lac promoter repressor, thereby reducing 

the expression of the fusion before IPTG induction, while CLG190 is known to reduce 

the plasmid copy number due to a pcnB mutation and therefore would reduce any 

deleterious effects due to the expression of a toxic protein from the plasmid (Fig. 7.5) 

(Lopilato et al., 1986). This plasmid was recovered in CLG190. As a cytoplasmic control, 

the sequence of the lac promoter and the sequence encoding for the first three amino 

acids of DltD were amplified from pUT18-dltD. The fragment was again inserted into 

pLKC480 and transformation of E. coli DH5α strain resulted in pLKC480lac-3aa (Fig. 

7.5). A fusion between the signal sequence of the spa gene encoding protein A and LacZ 

was used as a secreted periplasmic control. Protein A has been shown to traverse the cell 

membrane as a preprotein, where the signal peptidase SpsB cleaves the N-terminal signal 

peptide, before cleavage by Sortase A and covalent linkage to the peptidoglycan layer 

(Mazmanian et al., 1999). The lac promoter from pUT18-dltD and the spa signal sequence 

(spaSS) from S. aureus Newman chromosomal DNA were fused by SOE PCR to produce 

the lac-spaSS fragment. This was then inserted into pLKC480 and following unsuccessful 
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recovery in E. coli DH5α strain, this plasmid control was recovered into the E. coli XL1 

Blue strain (Fig. 7.5). 

 The next step was to induce the expression of each lacZ fusion with IPTG and 

measure the β-galactosidase activity. To this end, pLKC480lac-3aa and pLKC480lac-dltD 

were extracted from their original E. coli strains and introduced into the XL1 Blue strain, 

in order to have the same genetic background. While colonies were obtained in the 

absence of IPTG, induction with IPTG resulted in no growth of XL1 Blue pLKC480lac-

spaSS or XLI Blue pLKC480lac-dltD strains and therefore the β-galactosidase activity 

could not be measured. This result indicates that DltD acts in a similar manner to the 

secreted control, and its lethality was most likely caused by the traversing of the cell 

membrane. 

 
Figure 7.5 Schematic representation plasmids for the expression of the different LacZ 
fusion proteins in E. co l i . DltD fused to LacZ is expressed under the IPTG inducible lac 
promoter, from the multi-copy plasmid pLKC480. LacZ fusions to the first 3aa of DltD act as a 
cytoplasmic control, and the signal sequence of spa results in the secretion of LacZ into the 
periplasm of E. coli.  
 

 Since the membrane topology study in E. coli was inconclusive, protein fusions 

were designed for expression in S. aureus. As with E. coli, it was decided to generate LacZ 

fusions, where the β-galactosidase is inactivate if anchored on the outside of the cell. 

Expression of the DltD protein fusions in S. aureus is unlikely to have the same 

deleterious effects seen in E. coli. However, the drawback of this study was that β-

galactosidase activity could result from the inability of the large DltD-LacZ to be 

translocated across the membrane, thereby giving the false implication that DltD is 

anchored on the inside of the cell. Therefore two DltD protein fusions were constructed, 

one where the full-length DltD protein was fused to LacZ and one where only the first 

40 amino acids of DltD were fused to LacZ. The sequences of dltD and dltD40aa were 

amplified from pUT18-dltD using primers that incorporated a ribosome binding site 

(RBS) upstream of the genes. The PCR products were then inserted into pCL55itet-lacZ, 

and transformed into the E. coli XL1 Blue strain. The resulting plasmids pCL55itet-dltD-

lacZ and pCL55itet-dltD40aa-lacZ were then introduced into S. aureus RN4220 Δspa strain, 
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giving rise to protein fusions to LacZ expressed under the Atet inducible itet promoter, 

from the chromosomal lipase gene locus geh (Fig. 7.6A).  

 As a cytoplasmic control, the sequence encoding the same RBS and the first three 

amino acids of DltD was generated by the annealing primers 887 and 888. Similarly, the 

RBS and the signal sequence of aureolysin were PCR amplified and inserted into 

pCL55itet-lacZ, providing the secreted LacZ control in this study. Aureolysin is a highly 

conserved metalloprotease secreted in S. aureus (Nickerson et al., 2008). The pCL55itet-

aurSS-lacZ plasmid was recovered in the E. coli XL1 Blue strain and introduced into S. 

aureus RN4220 Δspa strain (Fig. 7.6A). 

 S. aureus RN4220 Δspa strains containing pCL55itet-3aa-lacZ, pCL55itet-aurSS-lacZ, 

pCL55itet-dltD-lacZ or pCL55itet-dltD40aa-lacZ were grown in the presence of 200 ng/ml 

Atet and β-galactosidase activity was measured as described in the Materials and Methods 

chapter. As shown in Fig. 7.6B, expression of both DltD fusions resulted in very low β-

galactosidase activity compared to the cytoplasmic control, indicating that DltD traverses 

the membrane and is anchored on the outside of the cell. 
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Figure 7.6 Membrane topology of DltD in S. aureus  as assessed by LacZ fusions and β-
galactosidase activity. (A) Schematic representation of the la cZ  fusion constructs. The full 
dltD gene and the sequence encoding the first 40aa of dltD were cloned into pCL55itet-lacZ giving 
rise to fusions to the N-terminus of LacZ expressed under the Atet inducible promoter itet from 
the lipase gene locus geh. Sequences encoding for the first three amino acids of dltD (3aa) and the 
signal sequence of aureolysin (AurSS) were cloned upstream of lacZ, providing cytoplasmic and 
secreted controls, respectively. (B) Determination of β-galactosidase activity. S. aureus strain 
RN4220 Δspa containing pCL55itet-3aa-lacZ, pCL55itet-aurSS-lacZ, pCL55itet-dltD-lacZ (dltD) and 
pCL55itet-dltD40aa-lacZ were grown for 4 h at 37°C in the presence of 200 ng/ml Atet and 
samples were prepared as described in the Materials and Methods chapter. The assay was 
performed in triplicate and the mean and standard deviation is shown. Activity is given as Units 
per OD600nm. T-test analysis was performed and values which are significantly different from the 
positive control are indicated with asterisks as follows: * p<0.05, ** p<0.01. 
 

 To verify this result, a second protein fusion was designed which would be 

detected on the outside of the cell, and confirm translocation. For this, the linker region 

and an inactive version of the secreted enzymatic domain of LtaS with a C-terminal His-

tag was used (Lu et al., 2009). LtaS consists of a transmembrane domain attached to the 

extracellular domain via a linker region, which is cleaved by the signal peptidase SpsB 

(Wörmann et al., 2011b). This leads to the release of the extracellular domain of LtaS in 

the supernatant of S. aureus cultures, where the protein can be detected by western blot.  
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 Since the LtaS domain is enzymatically active and may have deleterious effects if 

overexpressed in S. aureus, it was decided to use the enzymatically inactive eLtaST300A 

variant (Lu et al., 2009). In order to distinguish the presence of eLtaST300A from the wild 

type eLtaS in S. aureus, a His-tag was introduced for detection by western blot using the 

anti-His antibody. Therefore the principle behind this fusion is that if a protein is 

anchored on the inside of the cell, the full-length His-tagged fusion would be detected by 

western blot in the cell fraction. However if the protein is translocated across the 

membrane, the linker region would be cleaved by SpsB and the eLtaST300A-His would be 

detected in the supernatant of the S. aureus culture (Fig. 7.7A). 

 As with the LacZ fusions, the first 40aa and 100aa of DltD were fused to 

eLtaST300A-His, reducing the likelihood of entrapment within the cell due to the large 

protein fusion size. For this, SOE PCR was employed to amplify and fuse the RBS-dltD 

sequence from pUT18-dltD to eltaST300A-His from pOK-719-T300A. Similarly the RBS 

and signal sequence of aureolysin was amplified from pCL55itet-aurSS-lacZ and fused to 

eltaST300A-His to act as a secreted control. As a cytoplasmic control, eltaST300A-His was 

PCR amplified from pOK-719-T300A, introducing the RBS and the sequence of three 

amino acids at its 5' end. These PCR products were inserted into pCL55itet, and 

transformed into the E. coli XL1 Blue strain, before being introduced into the S. aureus 

RN4220 Δspa strain. These protein fusions were all expressed from the chromosomal 

lipase gene locus geh under the Atet inducible itet promoter (Fig. 7.7B). 

 S. aureus RN4220 Δspa Δsbi containing these four integrated plasmids or the 

empty pCL55itet vector were grown with 200 ng/ml Atet for 4 h and separated into the 

cell and supernatant fractions before being prepared for analysis by western blot, as 

described in the Materials and Methods chapter. Using anti-His antibody, the secreted 

control and DltD fusions were detected in the supernatant fraction, indicating that the 

first 40aa of DltD were sufficient for translocation of this protein fusion to the outside 

of the cell (Fig. 7.7C). While the cytoplasmic 3aa protein fusion was observed in the cell 

fraction as expected, so were fractions of the secreted control and the DltD fusion 

proteins. This may be due to their overexpression and subsequent accumulation within 

the cell. The fractionation technique was verified by western blot analysis with antibodies 

raised against the cytoplasmic L6 protein and secreted α-hemolysin (Fig. 7.7C). This 

result corroborates the findings of the LacZ study, and both are in agreement with the 

Fischer model for D-alanine incorporation, whereby DltD is anchored on the outside of 

the cell. 



  152 

 
Figure 7.7 Membrane topology of DltD as assessed by His western blot analysis. (A) 
Schematic representation of the principle of eLtaST300A-His fusions. The protein of interest 
(green) is fused to eLtaST300A, consisting of the linker region and extracellular domain of the 
enzymatically inactive variant of LtaS (blue). The His-tag (HHHHHH) at the C-terminus allows 
for detection of this protein fusion using an anti-His antibody. Anchoring of the protein on the 
inside of the cell will result in the detection of the full-length fusion protein in the cell fraction. 
However, protein fusion translocation across the membrane will lead to the exposure of the 
linker region and SpsB processing site and the cleaved product will be detected in the supernatant 
fraction. (B) Schematic representation of the eLtaST300A-His fusions. The sequence encoding 
the first 40aa and 100aa of dltD were fused to eltaST300A-His and cloned into pCL55itet giving rise 
to fusions expressed under the Atet inducible promoter itet from the lipase gene locus geh. 
Sequences encoding the first three amino acids of dltD (3aa) or the signal sequence of aureolysin 
(AurSS) were cloned upstream of eltaST300A-His, providing cytoplasmic and secreted controls, 
respectively. (C) Detection of eLtaST300A-His protein fusions by western blot. S. aureus strain 
RN4220 Δspa Δsbi containing pCL55itet (empty), pCL55itet-3aa-eltaST300A-His, pCL55itet-aurSS-
eltaST300A-His, pCL55itet-dltD40aa-eltaST300A-His or pCL55itet-dltD100aa-eltaST300A were grown in the 
presence of 200 ng/ml Atet for 4 h at 37°C and samples were subsequently separated into cell 
(cell) and supernatant (Super) fractions and analysed by western blot, as described in the 
Materials and Methods chapter. HRP-conjugated anti-His antibody was used at a 1:10000 
dilution. Rabbit polyclonal antibodies against the control proteins L6 (cytoplasmic) and Hla 
(supernatant) were used at a 1:20000 dilution, followed by incubation with HRP-conjugated anti-
rabbit IgG antibody used at a 1:10000 dilution. This experiment was performed in triplicate. 
 

 



  153 

7.4 Investigation of D-alanine donor for WTA 

7.4.1 Construction of Δdl tD  and Δdl t  operon deletion strains 

 The next question to address was the mechanism by which D-alanine is 

incorporated into WTA. It has previously been shown that the Dlt proteins are essential 

for D-alanine incorporation into WTA, and a model was proposed by Haas et al., where 

the D-alanine substitutions in LTA act as the D-alanine donors for D-Ala-WTA (Haas et 

al., 1984). This was based on pulse-chase experiments using [14C]alanine, where it was 

found that a decrease in radioactivity in the LTA fraction correlated with an increase in 

radioactivity in the WTA fraction (Haas et al., 1984; Koch et al., 1985). Alternatively, the 

D-alanine content of LTA and WTA may alter throughout bacterial growth and this 

could be regulated by the activity of the Dlt proteins, if they are capable of incorporating 

D-alanine into both types of teichoic acid. In order to determine which theory is correct, 

the D-alanine content of WTA was assessed in S. aureus RN4220 Δspa strains lacking 

LTA and using WTA and dlt mutant strains as controls. 

 To this end, S. aureus dltD and dlt operon (dltABCD) mutants were generated 

using the pKOR1 allelic exchange vector. The 1 kb regions upstream and downstream of 

dltD and dltABCD were amplified from S. aureus Newman chromosomal DNA and SOE 

PCR was employed to fuse these fragments upstream and downstream of an 

erythromycin (Erm) resistance gene amplified from pMUTIN4, and introducing AttB 

sites at the 5' and 3' ends of the PCR products. The TOPO® cloning kit (Invitrogen) was 

used to clone these PCR fragments into pCR®8/GW/TOPO, before excision of the 

inserted fragments by restriction digestion with EcoRI. Recombination of these 

fragments with pKOR1 was followed by transformation into E. coli DH5α cells and 

electroporation into S. aureus RN4220 Δspa strain where cells were recovered at 30°C. At 

this permissive temperature pKOR1-dltD and pKOR1-dltABCD is able to replicate. 

Next, the strains were shifted to 43°C resulting in a single crossover event and the 

integration of the pKOR1 plasmid either upstream or downstream of the target genes 

(Fig. 7.8). The cultures were then shifted back to 30°C and plated out on TSA 

supplemented with 200 ng/ml Atet and 10 µg/ml Erm, inducing the expression of secY 

antisense transcripts from the Atet inducible xyl/tetO promoter, and selecting for the 

Erm resistance, respectively. Since SecY is essential for the translocation of signal peptide 

bearing precursor proteins in S. aureus, the expression of secY antisense RNA is counter-

selective (Bae & Schneewind, 2006). A second crossover event occurs giving rise to 

removal of pKOR1 from the chromosome and should the crossovers occur at opposing 
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ends of the gene of interest (dlt), the chromosomal copy of the gene will be replaced by 

the Erm resistance cassette generating S. aureus strains RN4220 Δspa ΔdltD and RN4220 

Δspa ΔdltABCD (Fig. 7.8). 

 
Figure 7.8 Schematic representation of the principle for the construction of gene 
deletions in S. aureus  using plasmid pKOR1. At 30°C the pKOR1 plasmid replicates in S. 
aureus, and shifting to 43°C, a temperature that is non permissive for plasmid replication, results 
in a single crossover event, leading to integration of the plasmid vector into the chromosome. 
Upon shifting the temperature back to 30°C and induction of the expression of secY anti-sense 
RNA using 200 ng/ml Atet, a second crossover event will occur whereby pKOR1 is excised 
from the chromosome. The excision of the target chromosomal DNA sequence (dltD or 
dltABCD) with the pKOR1 plasmid is the desired outcome. 
 

 

7.4.2 Determination of the D-alanine content of WTA 

 In order to establish whether D-Ala-LTA is the D-alanine donor for WTA 

substitution, the D-alanine content of WTA of an S. aureus strain lacking LTA was 

determined. The idea behind this was that if D-Ala-LTA is the donor, the strain without 

LTA would lack D-Ala-WTA. However, if the Dlt proteins are responsible for D-alanine 

incorporation into WTA independently of LTA, D-alanine would be detected in the 

WTA sample. The S. aureus 4S5 is a derivative of the strain RN4220 Δspa ΔltaS lacking 

the essential LTA that is capable of growth without LTA due to second site suppressor 

mutations (Corrigan et al., 2011).  In addition to this LTA negative strain, wild type S. 

aureus RN4220 Δspa, the RN4220 ΔtagO mutant strain lacking WTA, and the dlt mutants 

RN4220 Δspa ΔdltD and RN4220 Δspa ΔdltABCD were also tested. The RN4220 ΔtagO 
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strain was used to confirm that the experimental technique of releasing and detecting 

WTA was free of contaminants, and samples were used later on to verify that the D-

amino acid oxidase assay would not detect D-alanine in samples isolated from a strain 

lacking WTA. The dlt mutants were used as additional control strains. 

 The S. aureus strains were grown overnight at 37°C and cell wall extracts 

containing WTA were prepared as described in the Materials and Methods chapter. Cell 

wall preparations from the different strains were normalised based on OD600nm readings 

and both WTA and D-alanine were released with NaOH. The solubilised fraction 

containing WTA was subsequently analysed by TBE-PAGE and silver staining (see 

Materials and Methods chapter) (Fig. 7.9). This analysis showed that WTA was 

successfully purified from S. aureus RN4220 Δspa, RN4220 Δspa ΔltaS (4S5), RN4220 

Δspa ΔdltD and RN4220 Δspa ΔdltABCD strains, but absent as expected in a sample 

isolated from the tagO mutant strain lacking WTA. 

 
Figure 7.9 Detection of purified WTA by TBE-PAGE and silver staining. S. aureus strains 
RN4220 Δspa (wt), RN4220 Δspa ΔltaS (4S5), RN4220 ΔtagO, RN4220 Δspa ΔdltD, and RN4220 
Δspa ΔdltABCD were grown overnight at 37°C, and WTA was extracted as described in the 
Materials and Methods chapter. Samples normalised based on OD600nm were separated on a TBE 
polyacrylamide gel, and silver staining highlighted the purified WTA. This experiment was 
performed in triplicate and a representative gel is shown. 
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 Samples containing the released WTA and D-alanine were then analysed for their 

D-alanine content using a D-amino acid oxidase enzyme assay and measuring the 

conversion of NADH to NAD by the ensuing drop in absorbance at 339 nm (see 

Materials and Methods chapter) (Fig. 7.10A).  

 As shown in Fig. 7.10B, D-alanine could be detected in WTA samples isolated 

from the wild type RN4220 Δspa strain, but samples purified from the tagO, ltaS and dlt 

mutant strains lacked D-alanine. This result provides strong experimental evidence that 

D-Ala-LTA is the D-alanine donor for WTA and that the Dlt proteins will not 

incorporate D-Ala into WTA in the absence of LTA. 

 

Figure 7.10 D-alanine content of WTA as assessed by a D-amino acid oxidase (D-AAO) 
enzymatic assay. (A) Enzymatic reactions of the D-AAO enzymatic assay. D-alanine is 
converted to pyruvate and ammonia (NH3) by the action of D-amino acid oxidase (D-AAO) and 
a catalase (1). L-Lactic Dehydrogenase (LDH) then catalyses the conversion of pyruvate to L-
lactic acid, using the co-factor β-NADH (2). The oxidation of β-NADH to β-NAD is detected 
by a decrease in absorbance at 339 nm. (B) Determination of the D-alanine content using a 
D-AAO enzymatic assay. The D-alanine content of WTA samples isolated from S. aureus 
strains RN4220 Δspa (wt), RN4220 Δspa ΔltaS (4S5), RN4220 ΔtagO, RN4220 Δspa ΔdltD, and 
RN4220 Δspa ΔdltABCD were determined using the D-amino acid oxidase enzymatic assay 
described in the Materials and Methods chapter. D-alanine content is given as mM as calculated 
from the standard curve. This experiment was performed once. 
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Chapter 8 

Discussion of the mechanism of 

D-alanine modification of LTA and WTA 
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 Under normal growth conditions, 75-80 % of the hydroxyl groups of the glycerol 

phosphate subunits that make up the LTA chain in S. aureus are substituted with D-

alanine esters (Fischer, 1994). The mechanism by which this occurs has not been fully 

elucidated and two models have been proposed. The process begins with the ligation of 

D-alanine to the D-alanine-D-alanyl carrier protein encoded by dltC, and requires the 

activity of the ligase DltA (Fig. 1.5, p.30) (Heaton & Neuhaus, 1992; Heaton & Neuhaus, 

1994). Following this, the two proposed models diverge. The first model was put 

forward by Werner Fischer and colleagues in 1995, and they hypothesised that the D-

alanine is transferred from the carrier protein to an undecaprenolphosphate membrane 

intermediate with the help of the predicted membrane protein DltB, before being 

translocated from the inside to the outside of the membrane (Fig. 1.6A, p.32) (Perego et 

al., 1995). Here the membrane-anchored DltD protein is involved in the incorporation of 

the D-alanine into the LTA chain (Fig. 1.6A, p.32) (Perego et al., 1995). Research into the 

identification of the membrane intermediate has proved unsuccessful, and in vitro assays 

demonstrated that the rate of ligation of D-alanine to DltC by DltA was increased when 

incubated with purified DltD, indicating a potential role of the DltD protein within the 

cell (Debabov et al., 2000). This led to the revised model of D-alanine incorporation by 

Neuhaus and Baddiley in 2003, where they hypothesised that DltD is anchored inside the 

cell and its role is to bring together DltA and DltC for the efficient ligation of D-alanine 

to the carrier protein (Fig. 1.6B, p.32) (Neuhaus & Baddiley, 2003). Due to the lack of a 

membrane intermediate, this alternative model proposed that D-Ala-DltC is capable of 

traversing the membrane and transferring the D-alanine to the LTA chain, with the help 

of DltB (Fig. 1.6B, p.32) (Neuhaus & Baddiley, 2003). 

 In chapter 7, the key differences between the models were investigated, to 

determine which model is most plausible. The cellular localisation of DltC was studied in 

S. aureus and the results demonstrated that DltC remains within the cell and does not 

traverse the membrane, supporting the Fischer model (Fig. 8.1). 
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Figure 8.1 Model of the mechanism of D-alanine incorporation into LTA and WTA. DltA, 
the D-alanine-D-alanyl carrier protein ligase, ligates D-alanine (dark green circle) to DltC, the 
carrier protein. D-alanine is then transferred to undecaprenolphosphate (D-Ala-P-C55) and 
traverses the membrane, with the help of DltB. The final step of D-alanine incorporation is 
performed by DltD, resulting in D-Ala-LTA. This acts as the D-alanine donor, for the 
esterification of WTA through an unknown mechanism. This model was first proposed by 
Werner Fischer and colleagues in 1995. 
 

 The membrane topology of DltD was investigated in E. coli using LacZ protein 

fusions. Expression of the secreted control and DltD fusions were lethal in E. coli XL1 

Blue cells, implying that E. coli strains were attempting to translocate these fusions across 

the membrane, and that this is deleterious to E. coli. This result is consistent with the 

protein-protein interactions detected in E. coli, where only the T25 and the T18 adenylate 

cyclase fusions to the N-terminus of DltD resulted in detectable interactions (Fig. 3.6, 

p.86). As discussed in Chapter 4, this indicates that the N-terminus of DltD remains in 

the cytoplasm, and so the C-terminus ought to be located in the periplasm. 

 The membrane topology of DltD was then analysed in S. aureus. LacZ protein 

fusions were made and only retention of LacZ within the S. aureus cell would lead to β-

galactosidase activity. DltD fusions showed very low levels of β-galactosidase activity, 

indicating that the C-terminal LacZ traversed the membrane and that DltD is anchored 

on the outside of the cell (Fig. 7.6, p.150). This is again in agreement with the Fischer 

model (Fig. 8.1). 
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 To verify this result, fusions to the extracellular domain of an inactive LtaS 

variant with a C-terminal His-tag were made and cleavage of this fusion by SpsB would 

only take place if DltD was anchored on the outside of the cell. The cleaved product was 

indeed detected in the supernatant, reinforcing the LacZ results (Fig. 7.7, p.152). Taken 

together, all the results presented in chapter 7 support the Fischer model for D-alanine 

incorporation (Fig. 8.1). 

 Despite the supporting evidence, much of this model is still theoretical and 

requires further investigation. For instance, the membrane intermediate has yet to be 

identified. Werner Fischer and colleagues hypothesised that undecaprenolphosphate (P-

C55) is used as the membrane carrier, a suggestion that was based on the proposed 

mechanism of the LTA glycosylation process (Yokoyama et al., 1988). To date, there is 

no direct evidence that this D-Ala-P-C55 intermediate does indeed exist. The inability to 

identify this intermediate may be due to low levels of D-Ala-P-C55, or its transient state in 

wild type S. aureus. However, based on the Fischer model in which DltD transfers the D-

alanine from P-C55 to LTA, this intermediate might accumulate in the S. aureus RN4220 

Δspa ΔdltD strain. In contrast, an S. aureus RN4220 Δspa ΔdltABCD strain should lack the 

D-Ala-P-C55 all together. As part of this work, dltD and dltABCD deletion mutants were 

constructed in S. aureus RN4220 Δspa, which could be used for the detection of the D-

Ala-P-C55 intermediate. Lipids could be extracted from these strains and separated by 

Thin Layer Chromatography (TLC), and staining with ninhydrin would highlight amino-

acid containing lipids. Bands that are specific for the RN4220 Δspa ΔdltD and absent in 

RN4220 Δspa ΔdltABCD could be identified by mass spectrometry. Another technique 

would require the use of radioactive D-alanine, where again the D-alanine would remain 

bound to the membrane intermediate in the absence of DltD. The advantage of this 

method would be to ensure that amino acids detected on the TLC were specifically D-

alanine, prior to mass spectrometry. 

 Alternatively, the expression of the proteins DltA, DltB and DltC in E. coli 

should result in the formation of the D-alanine membrane intermediate, otherwise absent 

from E. coli, and this could then be identified using similar methods as described above. 

The potential drawback of this method is that it requires the correct protein folding, 

cellular localisation and functionality of all three proteins in the Gram-negative E. coli 

cell. 
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 Furthermore, the role DltB plays remains a mystery. Hydropathy profiles indicate 

that it consists of 10 transmembrane helices, and based on this attribute, it may be 

involved in the ligation of D-alanine to the membrane intermediate, and the translocation 

of this intermediate to the outer membrane (Fig. 8.2). In addition to these two roles 

already proposed by Werner Fischer and colleagues, DltB may also be involved in the 

cleavage of D-alanine from the membrane intermediate prior to LTA ligation by DltD. 

DltB has also been identified as belonging to the membrane-bound O-acetyltransferases 

(MBOAT) family, a group of enzymes that transfer organic acids onto hydroxyl groups 

of membrane-embedded components (Hofmann, 2000). Bioinformatic analysis of these 

enzymes highlighted conserved amino acid residues including two histidine residues both 

preceded by a tryptophan residue (Fig. 8.2) (Hofmann, 2000). The first highly conserved 

histidine residue is preceded by a tryptophan residue, present in 20 of the 22 compared 

sequences (Hofmann, 2000). These amino acids are located in the cytoplasmic loop 

between transmembrane helices 7 and 8 at amino acid position 293 and 294 in DltB (Fig. 

8.2). Due to their predicted intracellular location, these residues may be important for 

ligating D-alanine to the membrane intermediate inside the cell (Fig. 8.2). Therefore, 

substitution of this amino acid may disrupt this enzymatic activity, leading to the lack of 

the membrane linked D-alanine intermediate. This could be detected using the lipid 

extraction and TLC techniques suggested above.  

 
 

Figure 8.2 Schematic representation of the DltB protein. Hydropathy profiles predict DltB 
contains 10 transmembrane helices (TMHMM server) and sequence alignment with MBOAT 
proteins identified conserved histidine (H) and tryptophan (W) residues, highlighted in red. 
 

 The second histidine residue is present in all 22 compared sequences and is 

located at amino acid position 341 in DltB (Fig. 8.2) (Hofmann, 2000). Based on the 
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hydropathy profile, this residue is within the final extracellular loop between 

transmembrane helices 8 and 9 and so may be important during the process of D-alanine 

cleavage from the membrane intermediate, prior to the transfer to LTA by DltD. If DltB 

functions in this manner, the RN4220 Δspa ΔdltD strain would not accumulate D-alanine 

on the membrane intermediate, and instead the deletion of dltD would result in free D-

alanine on the outside of the cell. Therefore, prevention of this D-alanine cleavage would 

be necessary to detect the membrane intermediate using the techniques mentioned 

above. 

 Once the D-alanine is exposed on the outside of the membrane, it is transferred 

to LTA. Since it has been shown in this work that DltD is anchored on the outside of 

the cell, it is likely to function in this final stage, and might require the recognition of the 

LTA chain by this protein. The amino acid sequence of the hydrophilic C-terminal region 

is highly positively charged, possibly aiding the detection of the non-decorated negatively 

charged PGP chain of LTA (Perego et al., 1995).  To support this theory, it should be 

possible to detect a physical interaction between DltD and LTA. This could be 

experimentally addressed, for instance using the isothermal titration calorimetry (ITC) 

technique. Molecular interactions lead to a change in energy, which results in the release 

or absorbance of heat. By adding the ligand solution (LTA) to the protein solution 

(DltD), the change in temperature caused by the interaction between LTA and DltD can 

be measured, and binding affinities can be calculated (Freire et al., 1990; Baker & 

Murphy, 1996). 

 To perform such an experiment, DltD protein and LTA would need to be 

purified. To purify DltD, the first 28 hydrophobic amino acids of DltD, thought to 

anchor the protein to the cell membrane would need to be removed to obtain a soluble 

protein. In addition, an affinity tag such as a His6, MBP or GST tag needs to be added to 

aid in the purification process. The other component required for ITC is S. aureus LTA, 

which can be purified by hydrophobic interaction chromatography as previously 

described (Gründling & Schneewind, 2007b; Fischer et al., 1983; Hashimoto et al., 2006). 

However, LTA of wild type S. aureus would contain D-alanine substitutions, and given 

the proposed role of DltD, the potential interaction between DltD and LTA may be 

reduced by the presence of D-alanine. Therefore, LTA should also be purified from the 

S. aureus dltD or dltABCD mutant strain constructed, which lacks D-Ala-LTA, and thus 

binding studies can be performed using non-decorated PGP LTA chains. 

 While it is known that the Dlt proteins are essential for the incorporation of D-

alanine into LTA, their role in D-alanine substitution in WTA is less well defined. Pulse-
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chase experiments performed by Haas et al. (1984) demonstrated that radioactive D-

alanine was lost over time from LTA, while the radioactivity signal in WTA increased. 

This implied that D-alanine incorporation into WTA utilises the D-Ala-LTA as the 

donor. The D-alanine content of WTA of an S. aureus strain lacking LTA was analysed in 

this work and shown to contain no D-alanines, providing strong evidence that D-Ala-

LTA indeed acts as the D-alanine donor for D-Ala-WTA (Fig. 7.10, p.156). In addition, 

this result demonstrates that the Dlt proteins cannot incorporate D-alanine into WTA 

directly, without LTA. 

 How D-alanine is transferred from LTA to WTA is unknown, and no proteins 

have been identified as being involved in this process. In addition, it is not known 

whether D-alanine is incorporated into WTA at the cell membrane or following binding 

to the peptidoglycan layer. Two models for the mechanism of D-alanine substitution in 

WTA are shown in Fig. 8.3. The first model is based on the assumption that D-alanine 

incorporation occurs after WTA is anchored to the cell wall and therefore requires an 

enzyme that can move between the periplasm and peptidoglycan layer (Fig. 8.3A). 

However, this enzyme has not been identified. 

 
Figure 8.3 Model of the mechanism of D-alanine incorporation into WTA. (A) An 
unidentified enzyme is hypothesised to traffic D-alanine (dark green circle) from the D-Ala-LTA 
donor to the peptidoglycan anchored WTA recipient. (B) DltD or an unidentified enzyme 
transfers D-alanine from LTA polyglycerolphosphate chain to the membrane-linked ribitol 
phosphate chain of WTA, before the WTA is tethered to the cell wall. 
 

 While the absence of D-Ala-WTA in an S. aureus strain lacking LTA 

demonstrates the requirement of LTA during this process, it does not rule out a role for 

the Dlt proteins in incorporating D-alanine into WTA. Since DltD is exposed on the 
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outside of the membrane, it may be involved in WTA recognition and D-alanine transfer 

from LTA. This is shown in the second model, which is based on the idea that this 

process occurs at the membrane, prior to attachment of WTA to the peptidoglycan layer 

(Fig. 8.3B). Alternatively, an unidentified enzyme may be responsible for the transfer of 

D-alanine from LTA to WTA. As this second model allows for the close proximity of 

the donor LTA and recipient WTA, it is more plausible. However, the involvement of 

DltD seems unlikely, since it requires DltD to recognise ribitol phosphate in addition to 

glycerol phosphate, and to both incorporate and remove D-alanine from LTA. Also, the 

ability to recognise WTA only in the presence of LTA is doubtful.  

 Lastly investigation of the uniform distribution of D-alanine within LTA 

demonstrated the transfer of radiolabelled D-alanine between short and long chains of 

LTA (Childs et al., 1985). This transacylation activity was unaffected by the absence of 

ATP and attempts to inactivate a potential transacylase using trypsin and heat treatment 

were ineffective, supporting a notion that this process may not require an enzyme (Childs 

et al., 1985). Therefore, it is feasible that D-alanine is transferred from LTA to WTA 

while in close proximity at the cell membrane via a non-enzyme mediated transacylation 

step (Childs et al., 1985; Neuhaus, 1985). 

 The results in this study establish a role for LTA as the D-alanine donor for 

WTA, indicating the D-alanine modification of these two glycopolymers is closely linked 

and therefore the synthesis or localisation of the TAs may be coordinated and have 

overlapping functions. 
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Chapter 9 

Final conclusions and perspectives 
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 LTA is a cell membrane component found in a variety of Gram-positive bacteria 

ranging from the Actinobacteria to the Firmicutes, including B. subtilis as well as the 

pathogenic S. aureus and L. monocytogenes (Rahman et al., 2009b; Reichmann & Gründling, 

2011). Numerous roles have been suggested for this zwitterionic polymer, and its 

functions appear closely linked to the processes of cell division and separation. 

Firmicutes with altered LTA composition demonstrate an increase in susceptibility to 

opsonophagocytosis, a decrease in the ability to adhere to and invade the host cells and 

attenuated virulence (Theilacker et al., 2009; Collins et al., 2002; Sheen et al., 2010; Doran 

et al., 2005). Together, these effects on the bacterial survival and ability to invade the host 

make this glycopolymer a potential target for novel antibiotic development, and warrants 

further investigation of LTA. 

 This study identified protein-protein interactions, implying the presence of a 

multi-protein LTA synthesising complex, involving YpfP, LtaA, LtaS and DltD. Based 

on the localisation studies, LtaS accumulates at the septum, and this result compliments 

the protein-protein interactions detected with the S. aureus cell division proteins and 

PBPs. However, it is in contrast to the membrane localisation of YpfP and LtaA, 

indicating that while LTA anchor production and exposure on the outside of the cell 

takes place evenly across the membrane, the location of the final step of PGP chain 

extension occurs at the septum. Therefore, a full LTA synthesising complex may only be 

located at the site of cell division, while a second glycolipid producing complex made up 

of YpfP and LtaA may be present throughout the cell membrane. The reason for the two 

complexes may shed light on the roles played not only by LtaS and the LTA polymer, 

but also the functions of YpfP, LtaA and the Glc2-DAG anchor itself. 

 Strains lacking the glycolipid anchor of LTA are viable, though display 

morphological defects, altered autolytic activity, and reduced ability to invade the host 

cells, demonstrating particular involvement in the penetration of the blood brain barrier 

(Kiriukhin et al., 2001; Weart et al., 2007; Sheen et al., 2010). In recent years, Huebner and 

colleagues proposed an important role for the glycolipid portion of LTA in host cell 

binding (Sava et al., 2009). They found that an E. faecalis strain unable to produce 

glycolipids was defective in adhesion to Caco-2 cells, and the binding of the wild type 

strain was only prevented by the preincubation with Glc2-DAG, while unaffected by 

LTA and GlcDAG (Theilacker et al., 2009; Sava et al., 2009). They hypothesised that LTA 

is released by the bacterial cell, binds to the host cell via the Glc2-DAG anchor and the 

exposed PGP chain then rebinds to the bacterial cell wall (Sava et al., 2009). This would 

explain why Glc2-DAG inhibited bacterial binding to the Caco-2 cells, while LTA was 
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ineffective, and provides a distinct role for this glycolipid, other than as the LTA anchor.

 Another role for the glycolipid anchor production was discovered by Weart et al. 

(2007). While investigating how nutrient availability alters cell size in B. subtilis, the 

enzymes involved in Glc2-DAG production, PgcA, GtaB and UgtP, were found to 

decrease the cell size, while maintaining FtsZ localisation (Weart et al., 2007). The 

localisation of the glycosyltransferase, UgtP, to the septum was dependent on the UDP-

Glc synthesising enzymes PgcA and GtaB, as well as the key cell division protein, FtsZ 

(Weart et al., 2007). Furthermore, UgtP was shown to prevent FtsZ polymerisation in vitro 

(Weart et al., 2007). Not only does this suggest that these enzymes respond to the 

environment, but also that their functions affect the process of cell division. The protein-

protein interactions detected in this study support this link between LTA synthesis and 

cell division, possibly via direct interactions. However, in this study it was shown that the 

S. aureus YpfP is evenly distributed throughout the cell membrane, differing from the 

septal localisation of its homologue in B. subtilis (Weart et al., 2007). One explanation for 

this discrepancy may be due to the cell shape and membrane curvature of these bacteria. 

Work by Hamoen and colleagues indicated that the membrane curvature could 

determine the localisation of proteins. They showed that DivIVA accumulated at 

negatively curved membrane regions of aberrantly shaped B. subtilis cells (Lenarcic et al., 

2009). Therefore, it is plausible that UgtP localises to the negatively curved septal 

membrane of rod-shaped B. subtilis and similarly the distribution of YpfP ought to be 

even in the spherical S. aureus cell.  

 Alternatively, it should be considered that the YpfP product, Glc2-DAG, is a 

major membrane lipid, and together with DAG, PG and Lys-PG forms the lipid bilayer, 

maintaining the membrane integrity and curvature (Koch et al., 1984; Fischer, 1994). 

Since the S. aureus cell is spherical, it is likely that a uniform distribution of the membrane 

lipids is desirable, and so the Glc2-DAG production by YpfP would be necessary 

throughout the membrane. Furthermore, the translocation of Glc2-DAG to the outer 

leaflet of the membrane may be necessary for the formation of the bilayer, and the 

membrane localisation of LtaA observed in this study agrees with this notion. Based on 

the protein-protein interaction and localisation studies presented here, it is plausible that 

YpfP and LtaA form a Glc2-DAG synthesising complex present throughout the 

membrane. 

 In contrast, LtaS was found to accumulate at the cell division site in S. aureus, 

indicating that the LTA polymer is synthesised at the septum. LtaS was first identified in 

2007 as being responsible for the synthesis of the polyglycerolphosphate chain, and the 
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depletion of LTA in an S. aureus inducible ltaS mutant strain conclusively demonstrated 

the importance of this polymer in cell growth, division and ultimately cell viability 

(Gründling & Schneewind, 2007b). While B. subtilis is capable of growth in the absence 

of its LtaS homologues, the growth rate is significantly reduced, and cell division and 

separation defects are observed (Schirner et al., 2009; Wörmann et al., 2011a). Both S. 

aureus and L. monocytogenes ΔltaS mutant strains are only viable when grown at 30°C, and 

the addition of NaCl or sucrose are needed to prevent cell lysis, presumably acting in an 

osmoprotective capacity (Oku et al., 2009; Webb et al., 2009). Despite the effects on cell 

viability, the mechanism by which LTA affects the cellular processes is not understood. 

However, the recent generation of S. aureus ΔltaS suppressor strains, which lack LTA and 

are viable in the absence of osmoprotectants, resulted in the identification of GdpP 

(Corrigan et al., 2011). It was shown that GdpP is a cyclic dinucleotide phosphodiesterase 

and its disruption resulted in an increase in the cellular concentration of cyclic 

diadenosine monophosphate (c-di-AMP), compensating for the lack of LTA (Corrigan et 

al., 2011). While the targets of this secondary messenger are not yet known, various 

downstream effects have been identified. For instance, the peptidoglycan of an S. aureus 

ΔgdpP mutant strain is more highly cross-linked, and may explain the mechanism by 

which disruption of GdpP overcomes the absence of LTA (Corrigan et al., 2011). This 

mutant also demonstrated increased autolysin expression, which may compensate for the 

reduced autolytic activity previously observed with the S. aureus ΔltaS mutant strains 

(Oku et al., 2009). This could also explain the incomplete cell separation observed in S. 

aureus and filamentation phenotype of B. subtilis and L. monocytogenes LTA-deficient 

mutants (Oku et al., 2009; Corrigan et al., 2011; Schirner et al., 2009; Webb et al., 2009). 

 A role for LTA in regulating autolysin activity has been further established by 

Stehle and colleagues, who were investigating autolysin targeting to the cell division site 

(Zoll et al., 2012). Atl is the major autolysin of S. aureus and is processed into two active 

domains, with amidase and glucosamidase activity (Oshida et al., 1995). The amidase 

domain is linked to two repeat domains, R1-R2, responsible for the correct targeting of 

Atl to the septum, where the amidase cleaves the peptidoglycan between the dividing 

cells (Biswas et al., 2006). Recent work by Stehle and colleagues not only demonstrated 

binding of these repeat domains to LTA, but binding of fluorescently-labeled R1-R2 was 

abrogated in the S. aureus ΔltaS suppressor strain (Zoll et al., 2012). Therefore, LTA may 

act as a receptor for Atl, targeting the autolysin during cell separation. This role during 

autolysis would require the presence of LTA at the septum, and its synthesis at the cell 
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division site may be an important spatial and temporal signal for initiating cell separation 

following cell division. This is consistent with the accumulation of LtaS to the site of cell 

division observed in this study, and the idea that a multi-protein LTA synthesising 

complex is present at the septum. 

 WTA has also been implicated in the regulation of autolysins, but unlike LTA, it 

is proposed to prevent autolytic activity. Schag et al. 2010 demonstrated that in wild type 

S. aureus, the mature WTA was absent at the septum, where autolysins localise and 

function, and found that a strain lacking WTA exhibited Atl delocalisation. Therefore, it 

appears that WTA uses an exclusion strategy, and together with LTA functions to retain 

autolytic activity at the septum. 

 Other overlapping roles of the TAs include the binding of Mg2+ ions and cation 

homeostasis, where the growth of S. aureus in Mg2+ limiting conditions leads to an 

increase in TA content (Heptinstall et al., 1970). In addition, it was shown that an 

increase in D-alanine content of TAs resulted in a decrease in Mg2+ ion binding, 

presumably due to the reduction in overall negative charge of the PGP and RboP chains, 

by the positively charge D-alanine (Archibald et al., 1973). Many enzymatic reactions in 

the cell are dependent on cations, including those involved in peptidoglycan synthesis, 

LTA synthesis, and autolytic activity (Chatterjee & Park, 1964; Karatsa-Dodgson et al., 

2010; Bierbaum & Sahl, 1987; Weidenmaier & Peschel, 2008). 

 The teichoic acids are secondary wall polymers and as such, are susceptible to 

detection as foreign bacterial components by the host immune system as well as attack 

from bacteriocins in the environment. In particular, the high negative charge of the PGP 

and RboP chains without D-alanine esters are prone to attack from positively charged 

components, including cationic antimicrobial peptides and defensins (Peschel et al., 1999; 

Fabretti et al., 2006; Kovács et al., 2006; Kristian et al., 2005; Collins et al., 2002; Poyart et 

al., 2003). The removal of the D-alanine substitutions also results in increased 

susceptibility to neutrophils and phagocytic cells, impaired adhesion and biofilm 

formation, and attenuated virulence in animal models (Collins et al., 2002; Kristian et al., 

2005; Poyart et al., 2003; Fabretti et al., 2006; Walter et al., 2007; Gross et al., 2001). 

Therefore, the incorporation of D-alanine plays a vital role in the S. aureus defense 

system, protecting the TAs from host recognition. 

 Despite the importance of the D-alanine substitutions in evading the host 

immune system, the mechanism of incorporation is not fully understood. Two proposed 

models have been described for D-alanine incorporation into LTA (Fig. 1.6, p.32) 

(Perego et al., 1995; Neuhaus & Baddiley, 2003).  This study has disproven the Neuhaus 
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and Baddiley model, and verified that the Fischer model is highly plausible. However, 

much research is still needed to elucidate the remainder of the mechanism. 

 Less is known about the incorporation of D-alanine into WTA, though it has 

been a long-standing view that D-alanine esters may be transferred from LTA to WTA 

by an unknown enzyme. This proposal was based on indirect evidence, whereby 

radioactive D-alanine was gradually lost in the LTA fraction, coinciding with a rise in 

radioactivity in the WTA fraction (Haas et al., 1984; Koch et al., 1985). This study has 

now provided clear evidence that D-Ala-LTA is the D-alanine donor for WTA. 

However, the enzyme involved in this D-alanine transfer step from LTA to WTA is yet 

to be identified. In addition, S. aureus WTA is also glycosylated, and it is likely that the 

two processes of WTA modification require regulation (Xia et al., 2010a). 

 While this study has emphasised the connection between LTA, cell division and 

peptidoglycan synthesis, the multiple roles of WTA and LTA imply that all these 

processes may be intertwined with one another, requiring careful coordination for 

bacterial proliferation. WTA has been shown to affect peptidoglycan crosslinking 

through the activity of PBP4, where this septal localised protein was delocalised in an S. 

aureus mutant strain lacking WTA (Atilano et al., 2010). In addition, the absence of WTA 

in B. subtilis leads to a loss of its rod shape, aberrant septation and growth defects, clearly 

demonstrating phenotypes similar to strains lacking LTA, where both cell division and 

separation are altered (D'Elia et al., 2006). 

 Therefore, future investigations of the TAs must consider the impact on 

peptidoglycan synthesis and cell division, and vice versa. Furthermore, the coordination 

of these numerous processes is essential for maintaining cell viability and is likely to 

require regulation at various cellular levels, from gene expression to the enzymatic 

activity of the synthesising enzymes. Here, the identification of the secondary messenger 

c-di-AMP and its targets, may play a pivotal role in this coordination. 
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