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Summary
The major structural determinant of most bacterial cells is the peptidoglycan layer, a network (the sacculus) of glycan strands cross-linked by short peptide stems which encompasses the entire bacterium. However the architecture of peptidoglycan, which must accommodate both the structural requirements of the cell and the dynamic processes of growth and division, is poorly understood. Most architectural studies have addressed the peptidoglycan of rod-shaped bacteria. The architecture in Gram-positive cocci and ovococci is largely uncharacterised,
In this study, atomic force microscopy (AFM) of purified sacculi of three species of ovococcus was combined with biochemical analysis and super resolution fluorescence microscopy. A model was developed in which incorporation of long glycan strands from a single mid-cell focus results in preferential orientation, parallel to the short axis of the cell. AFM and fluorescence microscopy of the coccoid bacterium Staphylococcus aureus revealed a dynamic peptidoglycan architecture of rings and knobbles, growth by peptidoglycan maturation, and a system of heritable peptidoglycan ribs. Ribs may provide a structural mechanism for coordinating orthogonal division on three planes. We hypothesised cell wall growth occurs via the activity of N-acetyl-β-D-glucosaminidases. Four putative glucosaminidases were identified, with SagB found to have a major role in glycan strand length determination. Hydrolysis of the septal cross-wall by glucosaminidase activity was required for spherical shape, suggesting a novel mechanism of growth by hydrolysis.
My work has highlighted diverse and elegant peptidoglycan architectures, adapted to meet the unique mechanical requirements of bacteria with different morphologies and strategies for growth and division.
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Chapter 1
Introduction

The major structural component of the bacterial cell wall, peptidoglycan, is essential for shape determination and cellular integrity, as it provides mechanical strength to resist high intracellular turgor pressure (Weidel and Pelzer, 1964). Peptidoglycan is unique to the bacterial kingdom and its biosynthesis is the site of action of some of the most clinically important antibiotics such as the beta-lactams (e.g. penicillin) and glycopeptides (e.g. vancomycin) (Park and Strominger, 1957; Courvalin, 2006). Despite an essential structural role, the bacterial cell wall is highly dynamic and intimately involved in a broad range of cellular processes, including growth and division, morphogenesis, chromosome segregation, interaction between the bacterium and environment, biofilm formation, pathogenesis, homeostasis of the membrane-proximal ionic environment and movement of material in and out of the cell (Archibald et al., 1993). These dynamic processes must occur without compromising cell wall integrity, which would lead to lysis and death.

1.2 The bacterial cell wall
The bacterial cell wall protects and maintains the underlying, membrane-bound cytoplasm in a broad range of environments. The few species that do not possess a cell wall are halophiles or intracellular parasites, which survive as protoplasts restricted to their osmotically favourable niches. Cell wall containing bacteria fall into two groups, Gram-positive and Gram-negative, based on fundamental difference in the cell envelope structure (Figure 1.1; Madigan et al., 2002). A few species, such as Mycobacteria, are difficult to classify as they have a unique envelope composition.

1.1.1	The Gram negative envelope
The innermost layer of the cell envelope is the cytoplasmic membrane, the major hydrophobic barrier between the cytoplasm and the external environment. Gram-negative bacteria have a second, outer membrane, the external leaf comprising mainly negatively charged lipopolysaccharide (LPS) (Silhavy et al., 2010). The outer membrane is permeable to low molecular mass solutes due to the presence of trimeric porin proteins (Figure 1.1A; Madigan et al., 2002). The inner and outer membranes enclose a protein-rich periplasmic space, which contains a thin layer of peptidoglycan, typically ~2-6 nm in thickness (Figure 1.1A ; Vollmer and Seligman, 2010).

1.1.2	The Gram-positive envelope
Gram-positive bacteria have no outer membrane (Figure 1.1B), but are encompassed by a thicker (typically 20-35 nm) peptidoglycan layer, which accounts for 30-70% of the total cell wall mass, compared with just 5-10% in Gram-negatives (Figure 1.1B; Schleifer and Kandler, 1972; Vollmer and Seligman, 2010). The peptidoglycan layer functions as a scaffold for a variety of molecules, including anionic polymers, and proteins (Madigan et al., 2002). Teichoic acids (TAs) are the major class of anionic polymers present in most Gram-positive cell walls, and are covalently attached to the peptidoglycan layer (wall teichoic acids, WTAs) or anchored to the cytoplasmic membrane (lipoteichoic acids, LTAs) (Figure 1.1B). Gram-positive bacteria possess a 
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Figure 1.1. General structure of the Gram-negative and Gram-positive cell envelope. A, The Gram-negative envelope. The major structural features of the cytoplasmic membrane, periplasm and outer membrane are indicated. B, The Gram-positive envelope, showing the major structural components of the cytoplasmic membrane and thick peptidoglycan layer. Adapted from (Madigan et al., 2002; Matias and Beveridge, 2008).
narrow periplasm-like region between the cytoplasmic membrane and peptidoglycan layer (Figure 1.1B; Matias and Beveridge, 2005, 2006, 2007). LTAs are thought to be a major component of the Gram-positive periplasm (Matias and Beveridge, 2008).
Additional surface structures may also be present in both Gram-positive and Gram-negative species. These include proteinaceous S-layers, capsules, fimbriae and flagella (Beveridge and Graham, 1991).

1.2	The biochemistry of peptidoglycan 
Peptidoglycan is a complex polymer comprising glycan chains, cross-linked via short peptide stems (Vollmer et al., 2008). The glycan strands are a repeating disaccharide of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc) linked by β-1,4 glycosidic bonds (Figure 1.2). Peptide stems comprise alternating L- and D-isoform amino acids, and are covalently attached to MurNAc residues (Figure 1.2). The presence of D- amino acids is a defining characteristic of the peptidoglycan, as they are rarely present in other biomolecules (exceptions include TAs and some classes of antibiotic).

1.2.1 	Glycan strands
The glycan strand composition is highly conserved between species, varying only in the glycan chain length distribution, the presence of (1,6) anhydroMurNAc termini, and the abundance of acetylated and de-acetylated disaccharides. Glycan chain length varies considerably between organisms, from very short glycan strands (e.g. S. aureus average ~6 disaccharides) to very long (e.g. B. subtilis average ~96 disaccharides, but recently 25% of strands were found to have a mass greater than 500 disaccharides) 
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Figure 1.2. The chemical structure of peptidoglycan. The schematic shows the structure of a typical peptidoglycan disaccharide pentapeptide. The glycan strand is composed of a repeating disaccharide of the amino sugars N acetylglucosamine and N-acetylmuramic acid (Yellow) linked by β-1,4 glycosidic bonds (green). The pentapeptide is covalently linked to the glycan strand via the lactyl group of MurNAc (pink). A typical pentapeptide stem composition is shown, although the precise composition is variable. Adapted from (Madigan et al., 2002). 


(Ward, 1973; Boneca et al., 2000; Hayhurst et al., 2008). Glycan strands may end in MurNAc or GlcNAc reducing termini, or 1,6 anydroMurNAc non-reducing termini which are common in Gram-negative organisms (Quintela et al., 1995; Boneca et al., 2000).
The C6 group of MurNAc or GlcNAc may be modified by O-acetylation or N-glycolylation, whilst C2 may be de-N-acetylated (Fleck et al., 1971; Vollmer, 2008). O-acetylation provides resistance to lysozyme and other autolysins, and is associated with pathogenesis and modulation of the host immune response (Dupont and Clarke, 1991; Payie et al., 1996; Vollmer, 2008). N-glycolylyation is mainly found in genera that contain mycolic acids in their cell envelope (Azuma et al., 1970; Sutcliffe, 1998; Vollmer, 2008). The role of N-glycolylation is poorly understood, but may contribute to cell envelope stability and lysozyme resistance (Raymond et al., 2005). De-N-acetylation of glycan disaccharides is also associated with resistance to autolysin activity (Vollmer and Tomasz, 2000; Meyrand et al., 2007). The degree of de-N-acetylation varies tremendously between species. Just ~10 % and ~17% of glucosamine residues in L. lactis and B. subtilis respectively are de-N-acetylated, whilst ~80% of glucosamine residues and ~10% of muramic acid residues are de-N-acetylated in Streptococcus pneumoniae (Atrih et al., 1999; Vollmer and Tomasz, 2000; Meyrand et al., 2007). 
1.2.2	Peptide sidechains
The peptide stem composition is much less conserved than the glycan strands. Peptide stems are synthesised as a pentapeptide, typically comprising L-alanine, D-glutamate, a dibasic amino acid (meso-diaminopimelic acid (m-DAP) or L-lysine), and a D-alanyl – D-alanine moiety (Figure 1.3). In Gram-positive organisms, the peptide stems may be further modified by amidation. D-glutamate may be α-amidated to D-isoglutamine (e.g. S. aureus and S. pneumoniae), whilst amidation of the free carboxyl group of m-DAP is common in Bacillus species. Peptide stems are covalently attached to the lactyl group of MurNAc by the L-alanine N-terminus. Cross-linking between adjacent peptide stems occurs by linkage of the ε-amino group of the dibasic amino acid to the α-carboxyl group of the terminal D-alanine of tetrapeptides, or less commonly between dibasic amino acids (3-3 cross-linkage). In most Gram-positive species, L-lysine is present at position 3. L-lysine types are typically cross-linked via a peptide bridge, which may comprise glycine, serine, aspartic acid and threonine in addition to the typical stem peptides (Figure 1.3; Ghuysen, 1968; Royet and Dziarski, 2007). For example Staphylococcus aureus has a pentaglycine interbridge, whilst Streptococcus pneumoniae has alanine-alanine and alanine-serine dipeptide bridges. m-DAP containing B. subtilis has direct cross-linking (Severin and Tomasz, 1996; Atrih et al, 1999; Madigan et al., 2002). The presence and ratio of specific peptides may be characteristic of a species, and is sometimes employed as a typing scheme (Schleifer and Kandler, 1972; Severin & Tomasz, 1996).

1.3	Peptidoglycan synthesis
There are three key stages of peptidoglycan biosynthesis, (1) synthesis in the cytoplasm of a monosaccharide pentapeptide; (2) assembly of the disaccharide-pentapeptide monomer unit on the inner surface of the cytoplasmic membrane, and translocation of the monomer to the periplasm; (3) transglycosylation of the monomer unit into a glycan polymer, and transpeptidation into the sacculus (Typas et al., 2012). A schematic of this process and the enzymes involved is provided in Figure 1.4.	 
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Figure 1.3. Scheme of cross-linked peptidoglycan. The peptide stems may be cross-linked directly or by a peptide interbridge (n = 0-5). The presence of a diamino acid (DA) at position 3 is necessary for cross-linking. The structures of the two diamino acids found in peptidoglycan, meso-diaminopimelic acid (m-DAP) and L-lysine, are shown. They differ only by one residue (indicated in blue). D-Alanine indicated in brackets is typically removed in the mature peptidoglycan. Adapted from (van Heijenoort, 2001; Madigan et al., 2002).


1.3.1	Synthesis of UDP-MurNAc pentapeptide
In the first step, glucose is converted to GlcNAc and attached to a uridine diphosphate (UDP) lipid anchor. (Figure 1.4). UDP-GlcNAc either becomes part of the reservoir of residues for disaccharide formation, or is converted to UDP-MurNAc. Phosphoenolpyruvate is ligated to the 3’ hydroxyl group of UDP-GlcNAc producing UDP-GlcNAc-enolpyruvate. The enolpyruvate moiety is reduced to D-lactate, forming UDP-MurNAc. The pentapeptide stem is then synthesised by sequential addition of each amino acid, beginning with the linkage of L-alanine to D-lactate of the UDP-MurNAc anchor. An interbridge may also be added (Typas et al., 2012).
1.3.2	Assembly and translocation of the disaccharide pentapeptide
The phospho-MurNAc-pentapeptide moiety of UDP-MurNAc-pentapeptide is transferred to membrane-integral bactoprenol to yield lipid I. GlcNAc, from UDP-GlcNAc, is then linked to lipid I, yielding lipid II [GlcNAc-β-(1,4)-MurNAc-(pentapeptide)-pyrophosphoryl-undecaprenol]. Lipid II is flipped across the cytoplasmic membrane for polymerisation to the peptidoglycan layer (Figure 1.4).
1.3.3	Incorporation of nascent peptidoglycan into the sacculus
In the final stage, the disaccharide-pentapeptide units are polymerised into longer glycan chains and incorporated into the growing sacculus (Figure 1.4). Transglycosylation and transpeptidation reactions are performed by penicillin-binding proteins (PBPs), so called because of their ability to bind to penicillin (Suginaka et al., 1972). Glycan strands polymerise by glycosidic bond formation between the non-reducing GlcNAc terminus of lipid-linked disaccharide-pentapeptide and the lipid- 
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Figure 1.4. The peptidoglycan biosynthesis pathway. The peptidoglycan disaccharide pentapeptide precursor is synthesised in the cytoplasmic membrane, transported across the cytoplasmic membrane to the periplasm, and polymerised into the existing sacculus. Synthases required for assembly of the disaccharide pentapeptide monomer are indicated. The translocases for lipid II transport across the cytoplasmic membrane are FtsW and RodA for septation and elongation respectively (Scheffers and Pinho, 2005; Mohammadi et al., 2011). The example here shows peptidoglycan assembly in a Gram-negative organism, however the process is essentially the same for Gram-positive bacteria, except that the sacculus is not anchored to an outer membrane. Lpp; Brauns lipoprotein. Adapted from (Typas et al., 2012).

anchored MurNAc residue at the reducing end of the growing glycan strand (Ward and Perkins, 1973; Fuchs-Cleveland and Gilvarg, 1976). Undecaprenol is released from the terminal reducing MurNAc during formation of the glycosidic bond, and is subsequently dephosphorylated, releasing the bactoprenol lipid anchor which is recycled for further rounds of synthesis. 
Transpeptidation occurs by hydrolysis of the terminal D-alanine of the pentapeptide. The donor tetrapeptide D-alanine is then cross-linked to an acceptor peptide, which is either the ε-amino group of the position three dibasic amino acid, or the N-terminus of a peptide interbridge (Figure 1.4; Typas et al., 2012).
1.4	Teichoic acids
Anionic teichoic acids (TAs) of Gram-positive organisms include the lipoteichoic acids (LTAs) and wall teichoic acids (WTAs). WTA composition varies within and between species and typically comprises glycerol or ribitol phosphate (Figure 1.5A and B; Burger and Glaser, 1964; Qian et al., 2006). The main chain of WTA polymers are 10-40 residues long in S. aureus, ~40 residues in B. subtilis W23 and 45-60 residues in B. subtilis 168 (Archibald et al., 1993; Foster and Popham, 2002). In B. subtilis WTAs are the major class of anionic polymer, accounting for 70-90% of the TA content, and are covalently linked to the peptidoglycan via a phosphodiester linkage to MurNAc (Swoboda et al., 2010). LTAs generally comprise a simple sugar-phosphate polymer (typically glycerol phosphate) tethered to the cytoplasmic membrane via a glycolipid anchor (Figure 1.5C). More complex LTA polymers are present in Lactococcus garviae, Clostridium innocuum and Streptococcus pneumoniae (Reichmann and Gründling, 2011). Pneumococci are somewhat unusual, as the WTA and LTA chain structures are identical and decorated with phosphoryl choline residues (Figure 1.5D; Fischer et al., 1993).
Teichuronic acids have been identified in B. subtilis grown under phosphate limited conditions, as well as Bacillus lichenformis and Micrococcus luteus. In B. subtilis, teichuronic acids are a polymer of glucuronic acid and N-acetylglucosamine (Foster and Popham, 2002). M. luteus teichuronic acids comprise glucose and N-acetylmannoaminuronic acid (Archibald et al., 1993).
LTA and WTA mutants can be obtained separately, but have severe morphological and growth defects, whilst mutants devoid of both LTA and WTA are non-viable (D’Elia et al., 2006a; 2006b; Schirner et al., 2009). This suggests redundancy of an essential function of the TAs, as one class can partially compensate for loss of the other. TAs contribute an overall negative charge of the cell surface due to the abundance of phosphate groups in the polymer (Madigan et al., 2002), but exhibit zwitterionic properties when modified with D-alanine residues (Neuhaus and Baddiley, 2003). TAs have an important role in scavenging divalent cations, influence membrane permeability and stability, mediate interaction with the external environment and perform scaffold and regulatory functions for integral cell wall proteins involved in growth and division. LTAs and WTAs are thought to participate in coordination of the cell division machinery and elongation machinery respectively (Oku et al., 2009; Schirner et al., 2009).
1.5	Peptidoglycan dynamics
1.5.1	Enlargement of the sacculus
It has been proposed that growth of the sacculus requires hydrolysis of existing covalent bonds to accommodate insertion of nascent peptidoglycan. However, such a mechanism
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Figure 1.5. The structure of wall teichoic acids and lipoteichoic acids in B. subtilis, S. aureus and S. pneumoniae. The glycerol phosphate and ribitol phosphate WTA structures present in (A) B. subtilis 168 and (B) S. aureus / B. subtilis W23 respectively. (C) The LTA structure of S. aureus. The glycolipid unit is D-Glcp (β1,6)-D-Glcp (β1,3)acyl2Gro. (D) The LTA and WTA structure of S. pneumoniae has the same chain structure, but different linkage units. The linkage units are indicated. The LTA glycolipid unit is D-Galp (α1,6)-D-Glcp (α1,3)acyl2Gro, whilst the WTA acid is covalently linked to the peptidoglycan via the phosphate residue. Galp, galactopyransoyl; Glcp, glucopyranosyl; Gro, glycerol. Adapted from (Fischer, 2000; Weber et al., 2003; Swoboda et al., 2010).

could potentially compromise the cell wall integrity (Dmitriev et al., 2005). A “three-for-one” mechanism was proposed for safe incorporation of nascent material into a monolayered peptidoglycan network (Figure 1.6A; Höltje, 1998). In this model, one glycan strand in the sacculus (the docking strand) is displaced by a nascent triplet of cross-linked glycan strands and pulled into the plane of the sacculus under turgor stress (Höltje, 1998). A three-for-one growth mechanism of ‘inside-to-outside’ growth, compatible with growth of the multilayered Gram-positive sacculus was later proposed (Figure 1.6B; Höltje and Heidrich, 2001). Such a mode of insertion would necessitate coordination of enzyme complexes comprising both transpeptidases and hydrolases. Whether this growth mode occurs in vivo is unknown.

1.5.2	Coordination of peptidoglycan synthesis 
Peptidoglycan biosynthesis must be coordinated in such a way that cell shape is maintained. Cytoskeletal elements, MreB and FtsZ which are structural homologues of eukaryotic actin and tubulin respectively, act as scaffolds to coordinate the peptidoglycan biosynthetic apparatus (Löwe and Amos, 1998; Jones et al., 2001; van den Ent et al., 2001; Daniel and Errington, 2003; Errington et al., 2003). The FtsZ GTPase polymerises at the bacterial division ring and is required for division in almost all bacteria (Bernander and Ettema, 2010; Erickson et al., 2010). The emerging model is that FtsZ forms a dynamic ring of protofilaments at the septum, which acts as a constricting scaffold for coordination of cell division. The MreB cytoskeleton coordinates cylinder elongation in many rod-shaped bacteria. The MreB ATPase is highly dynamic and polymerises in localised patches which move rapidly around the cell cylinder in a helical manner (Domínguez-Escobar et al., 2011).
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Figure 1.6. Safe enlargement of the cell wall. A, The three-for-one model. A cross-linked triplet of nascent peptidoglycan forms a trimeric crossbridge beneath a single glycan strand (the docking strand) in the sacculus. The docking strand is selectively excised, drawing the nascent material into the stress bearing plane of the sacculus. B, Inside-to-outside growth of the Gram-positive sacculus, based on the three-for-one model. Shaded circles; nascent disaccharide pentapeptide trimer, white circles; pre-existing peptidoglycan of the sacculus. Bars represent stem peptides. Adapted from (Höltje, 1998; Höltje and Heidrich, 2001).

1.5.2.1	Peptidoglycan dynamics in rod-shaped bacteria
Whilst E. coli possess only one MreB actin homologue, B. subtilis possesses three MreB paralogoues, MreB, Mbl (MreB-like) and MreBH (Daniel and Errington, 2003). MreB and Mbl coordinate the peptidoglycan synthesis machinery, whilst MreBH may coordinate peptidoglycan hydrolase activity, as has been suggested for B. subtilis LytE (Figure 1.7A; Carballido-López et al., 2006). Other species such as Corynebacterium have a rod-shape, but lack a cytoskeletal apparatus for coordination of cylinder elongation. Instead elongation occurs from both poles (Figure 1.7B). 

1.5.2.2	Peptidoglycan dynamics in coccoid bacteria
Coccoid organisms have no cell cylinder and do not possess an MreB-like cytoskeleton. They can be classed as true cocci, which are spherically shaped, or ovococci, which are slightly elongated across the mid-cell. Analysis of nascent wall synthesis and localisation of PBPs suggests that true cocci have just one peptidoglycan synthesis machinery, coordinated by FtsZ during division (Pinho and Errington, 2005; Pereira et al., 2007; Atilano et al., 2010). Cell wall synthesis appears to occur exclusively at the division site (Figure 1.8A; Pinho and Errington, 2003, 2005). Coccoid bacteria divide on two (e.g. Neisseria species, pediococci) or three (e.g. S. aureus) orthogonal planes (Koyama et al., 1977; Tzagoloff and Novick, 1977; Zapun et al., 2008). The ability of coccoid bacteria to divide on strictly orthogonal planes is surprising as spherical cells lack a definable mid-cell and therefore have a potentially infinite number of planes on which to divide. The observation that sister cells divide on the same plane implies the existence of an unknown mechanism by which coccoid cells can “remember” previous division planes (Tzagoloff and Novick, 1977).
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Figure 1.7. Generalised peptidoglycan dynamics in rod shaped organisms. A, Most rod-shaped organisms elongate by dispersed helical insertion of peptidoglycan, which is MreB-directed in E. coli, and mainly Mbl-directed in B. subtilis (1). Division is thought to be preceded by a short phase of FtsZ driven elongation (2). Division occurs rapidly either by constriction or septum formation (3). The daughter cells separate and initiate elongation (4). B, Rhizobium species and several high G+C Gram-positive bacteria, such as corynebacteria, are considered to be rod-shaped, but lack a dedicated cytoskeletal apparatus associated with cylinder wall elongation. Instead these organisms appear to grow apically by incorporation of nascent material from the cell poles in an FtsZ-dependent manner (Daniel and Errington, 2003).
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Figure 1.8. Peptidoglycan dynamics in true-cocci and ovoccoci. A, True cocci: Peptidoglycan synthesis in true-cocci occurs at septation. The division ring is initiated (1). The septum then closes centripetally like an iris (2). A complete cross-wall is formed, dividing the cell into two hemispherical daughter cell compartments (3). Daughter cells separate, the septal cross-wall becomes the new cell wall hemisphere. (4) Division is initiated on the next orthogonal plane (Giesbrecht et al., 1998). B, Ovococci: An annular outgrowth of the cell wall, termed an equatorial ring, demarks the initiation site of new wall synthesis (1). Synthesis of an invaginating cross-wall is initiated. Synthesis occurs simultaneously with splitting at the mid-cell. The equatorial ring is split in two, and the rings are driven apart by peripheral wall extension. The new cross-wall is pulled into the stress-bearing plane under turgor pressure (2). The equatorial rings approach the mid-cell of the forming daughter cells. Peripheral extension switches to constriction (3). The annular cross-wall closes forming a new cell pole. Peripheral growth initiates in the daughter cells (4) (Higgins and Shockman, 1970).
1.5.2.3 	Peptidoglycan dynamics in ovococcal bacteria
In ovococci, cell wall synthesis also appears to occur exclusively from the midcell, but on a single plane (Figure 1.8B; Cole, 1965; Briles et al., 1970). Failure of daughter cells to fully separate can lead to the formation of diplococci or chains of cells (Briles and Tomasz, 1970). Ovococci undergo a brief phase of peripheral wall elongation prior to septation. Multiple lines of evidence suggest that peripheral growth and septation are carried out by distinct biosynthetic machineries, coordinated by FtsZ. Ovococci generally contain a slightly larger number of PBPs (around seven) than coccoid species (around four) (Zapun et al., 2008). Ovococcal bacteria also possess many homologues of proteins that form the elongasome of rod-shaped organisms, including MreC, MreD, RodA and GpsB (Zapun et al., 2008; Land and Winkler, 2011). S. pneumoniae PBP2b has greater homology to E. coli PBP2 (elongation) than PBP3 (FtsI, septation) suggesting a role for PBP2b in peripheral synthesis (Zapun et al., 2008). Ovococci, but not true cocci, can be induced to elongate, demonstrating that elongation and septation are separable processes (Lleo et al., 1990; Pérez-Núñez et al., 2011), and inactivation of elongasome homologues results in spherical cells (Thibessard et al., 2002; Pérez-Núñez et al., 2011). The spatial and temporal localisation of the peripheral and septal machineries is poorly understood. Putative peripheral and septal PBPs co-localise at the resolution of light microscopy (Zapun et al., 2008). The machineries may co-localise at the leading edge of the septum, and act sequentially. Alternatively, the peripheral wall machinery could localise behind the septal machinery at the lagging edge of the septum (Higgins and Shockman, 1976; Zapun et al., 2008).


1.6	Penicillin-binding proteins
The family of penicillin-binding proteins (PBPs) are acyl serine transferases responsible for the glycosyl transferase, transpeptidase and carboxypeptidase activities required for cell wall synthesis (Ghuysen, 1991). PBPs are classed as high molecular weight (HMW) PBPs and low molecular weight (LMW) PBPs. Class A HMW PBPs are bifunctional enzymes: the N-terminal domain has transglycosylase activity, whilst the C-terminal domain has transpeptidase activity (Sauvage et al., 2008). Transglycosylation may also be carried out by monofunctional transglycosylases, which lack a penicillin binding domain (Spratt et al., 1996). Class B HMW-PBPs are monofunctional enzymes with C-terminal transpeptidase activity. The N-terminal domain has no apparent catalytic activity, but may interact with other cell cycle proteins. It may also function as an intramolecular chaperone for folding of the catalytic C-terminal domain (Goffin et al., 1996; Sauvage et al., 2008). HMW-PBPs have an N-terminal hydrophobic transmembrane region which anchors the protein to the cytoplasmic membrane and localises the catalytic domain in the periplasm for interaction with the peptidoglycan (Bowler and Spratt, 1989). 
LMW-PBPs are monofunctional DD-peptidases and can be separated into three classes (A-C) by amino acid sequence and function. The archetypal LMW-PBPs of each class are E. coli or B. subtilis Class A PBP5, the Streptomyces R61 LMW Class B DD-carboxypeptidase and E. coli Class C PBP4 (Ghuysen, 1991; Pratt, 2008). Class A and B LMW-PBPs are DD-carboxypeptidases whilst class C LMW-PBPs are typically DD-carboxypeptidases or more rarely DD-endopeptidases (E. coli PBP4) (Ghuysen, 1991; Korat et al., 1991). LMW-PBPs have a cleavable amino-terminal signal peptide and typically have a C-terminal membrane anchor, although they may be soluble (Streptomyces R61 LMW Class B PBP), or loosely associated with the membrane via hydrophobic or electrostatic interactions (Streptomyces K15 LMW Class A PBP, E. coli PBP4) (Harris et al., 1998; Fonzé et al., 1999; Pratt, 2008).
PBPs can often be associated with a specific mode of cell wall synthesis, particularly in rod-shaped organisms, where mutants may not be able to elongate or septate. However, the precise physiological role of PBPs is often hard to deduce, due to functional redundancy and complex relationship between PBP activities in vivo (Sauvage et al., 2008). For example, in E. coli, mecillinam induced lysis of a strain inactivated for PBPs 1b and 2 was enhanced by inactivation of the DD-carboxypeptidase PBP5, but a strain lacking four DD-carboxypeptidase including PBP5 continued to divide without lysis. Deletion of just two PBPs (1a and 1b) in E. coli was lethal, whilst cells expressing only three PBPs (1b, 1c and 3) continued to synthesise peptidoglycan without lysis despite being unable to divide (Denome et al., 1999). The complex phenotypes displayed by multiple PBP mutants likely reflect their participation in multienzyme complexes, and their in vivo reactivity may be somewhat more sophisticated than their in vitro functionality using soluble enzymes would suggest (Pratt, 2008). 

1.7	Peptidoglycan hydrolases
Peptidoglycan hydrolases form a diverse group of bacterial enzymes that cleave specific bonds within peptidoglycan network (Ghuysen, 1968). They are also found in higher organisms as a defence against bacterial pathogens, and in phage for infiltration and escape from the bacterial host (Vollmer et al., 2008). For every type of amide or glycosidic bond found in the peptidoglycan, there is a peptidoglycan hydrolase capable of cleaving it, although enzymes for all bond specificities are not found in every species (Figure 1.9; Vollmer et al., 2008). 

1.7.1	Bond specificities
Enzymes that hydrolyse the amide bonds between amino acids in the peptide stems are peptidases. LD- or DL-endopeptidases cleave between the alternating L- and D-isoform amino acids in the peptide stem or between meso-DAP – meso-DAP crosslinks (Figure 1.9A). DD-Endopeptidases hydrolyse between D-Ala-meso-DAP. Carboxypeptidases remove the C-terminal amino acid from the peptide stem (Figure 1.9A; Höltje, 1995). N-acetylmuramyl-L-alanine amidases (amidases) are enzymes that cleave the amide bond between the lactyl group of MurNAc and the α-amino group of L-alanine at the N-terminus of the peptide stems, essentially separating the peptide and glycan components (Figure 1.9A; Harz et al., 1990). Glycosidases cleave the β1,4-glycosidic bonds between residues in the glycan chains, and fall into two major groups, N-acetyl-β-D-muramidases which cleave the bond between MurNAc and GlcNAc, and N-acetyl-β-D-glucosaminidases which cleave the bond between GlcNAc and MurNAc (Figure 1.9B). N-acetyl-β-D-muramidases are further classed as lysozymes or lytic transglycosylases. Lysozymes hydrolyse the glycan strand to produce a reducing MurNAc terminus (Figure 1.9B). Lytic transglycosylases cleave the glycosidic bond with concomitant transglycosylation of the MurNAc residue, forming of a 1,6-anhydro ring at the glycan strand terminus (Figure 1.9B; Höltje et al., 1975). 1,6-anhydroMurNAc termini 
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Figure 1.9. The specificity of peptidoglycan hydrolases. A typical peptidoglycan structure is shown demonstrating the major bonds targeted by peptidoglycan hydrolases. A, Hydrolysis by peptidases and amidases. Three classes of enzyme hydrolyse glycosidic bonds of the glycan strand. R, peptide stem; Ami, N-acetylmuramyl-L-alanine amidase; (DD-CPase, LD-CPase, DL-CPase), Carboxypeptidase; (DD-EPase, LD-EPase, DL-EPase), Endopeptidase. B, Hydrolysis of glycan strands by glycosidases. Adapted from (Vollmer et al., 2008).


predominate in E. coli and other Gram-negative bacteria (Harz et al., 1990; Quintela et al., 1995). In Gram-positive bacteria, lytic transglycosylases make a minor contribution (<0.5% of muropeptide material in B. subtilis) to the processing of glycan strands (Atrih et al., 1999).

1.7.2	The physiological role of peptidoglycan hydrolases
It is difficult to determine the contribution of specific hydrolases to bacterial cell physiology, as bacteria possess multiple, redundant enzymes, and may have more than one activity. E. coli remains viable despite inactivation of up to 7 of the 21 known peptidoglycan hydrolases, including apparently complete classes of enzyme (Heidrich et al., 2002). The Gram-positive, sporulating bacterium B. subtilis has an even larger complement of 35 known putative peptidoglycan hydrolases (Smith et al., 2000). The major activity of peptidoglycan hydrolases occurs during vegetative growth and division. However many are required for more specialised functions. These include differentiation to endospores, assembly of macromolecular trans-envelope complexes, competition, competence and biofilm formation. Autolysins also participate in host-pathogen interaction. They induce innate and adaptive immune responses through host recognition of soluble muropeptides, and are involved in immune evasion through alteration of the cell wall (Girardin and Philpott, 2004; Dziarski and Gupta, 2005, 2010; Amieva and El–Omar, 2008).

1.7.2.1	Peptidoglycan hydrolysis in vegetative growth and division
During vegetative growth, muropeptides are shed from the cell wall in a growth rate-dependant manner, a process termed cell wall turnover. In E. coli and B. subtilis, the rate of turnover is as high as 40-50% per generation, and is reduced in hydrolase mutants (Mauck et al., 1971; Park, 1993; Kraft et al., 1999; Reith and Mayer, 2011). Most models of cell wall growth envisage a system of tightly coordinated synthesis and hydrolysis (Höltje, 1998; Höltje and Heidrich, 2001; Furchtgott et al., 2011). According to these models, cell growth should cease when peptidoglycan hydrolase activity is inhibited. To date, such a phenotype has not been conclusively demonstrated, but is suggested by the fact that synthases and hydrolases participate in multienzyme complexes, and that inhibition of PBP synthases often results in autolysis (Takahashi et al., 2002). However, as peptidoglycan synthases and hydrolases are often dispensable for growth, it is difficult to dissect the potentially complementary activities of individual enzymes (Nelson and Young, 2001).

1.7.2.2	Regulation of growth by DD-carboxypeptidases
DD-carboxypeptidase activity regulates the balance of penta- and tetrapeptide stems available for transpeptidation during cell wall synthesis (Atrih et al., 1999). Pentapeptides participate as donor or acceptor peptide stems in cross-linking reactions, whilst tetrapeptides, the product of DD-carboxypeptidase activity, can participate only as acceptor peptides. S. pneumoniae (PBP3) and L. monocytogenes (PBP5-homologue) mutants display aberrant septum placement (Schuster et al., 1990; Guinane et al., 2006), and an E. coli PBP5 mutant, in combination with other LMW PBPs, displayed perturbed shape and branched morphology, suggesting that DD-carboxypeptidases are required for finely coordinated placement of the FtsZ-ring (Nelson and Young, 2001; Potluri et al., 2012). DD-carboxypeptidase activity is low in S. aureus and appears to be absent from organisms such as C. crescentus. These species have a high pentapeptide content (Markiewicz et al., 1983). An abundance of pentapeptides in C. crescentus may permit plasticity of the cell wall, facilitating morphological differentiation from swimmer to stalked cell types.

1.7.2.3	Cell separation
Peptidoglycan hydrolysis is required for separation of daughter cells. Multiple peptidoglycan hydrolases participate in splitting of the septum. In E. coli, different combinations of peptidoglycan hydrolase deletions (amidases AmiA, AmiB and AmiC; lytic transglycosylases Slt70, MltA, MltB, MltC, MltD and EmtA; endopeptiases PBP4, PBP7 and MepA) produced varying degrees of chaining phenotype, up to ~100 cells per chain (Heidrich et al., 2002). B. subtilis LytF and CwlF mutants also formed chains suggesting participation in daughter cell separation (Ohnishi et al., 1999). In coccoid organisms, septum splitting hydrolases include Atl, Sle1, IsaA and SceD of S. aureus, LytB of S. pneumoniae and AmiC of Neisseria gonorrhoeae (Foster, 1995; García et al., 1999; De Las Rivas et al., 2002; Kajimura et al., 2005; Garcia and Dillard, 2006; Stapleton et al., 2007). 

1.7.2.4	Differentiation to produce endospores
Under conditions of nutrient starvation Bacillus and Clostridrium species undergo cellular differentiation to produce endospores. Peptidoglycan hydrolases play an integral role throughout sporulation and germination (Figure 1.10; Smith et al., 2000; Errington, 2003; Piggot and Hilbert, 2004). They are required for hydrolysis of the asymmetric septum, one of the first stages in spore formation, maturation of the unique 
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Figure 1.10. The role of autolysins throughout cellular differentiation of B. subtilis. Adapted from (Smith et al., 2000; Vollmer et al., 2008).


spore cortex chemistry (~50% muramic δ-lactam residues inplace of MurNAc), and endospore release by lysis of the mother cell wall. During germination hydrolysis of the endospore cortex initiates influx of water and nutrient uptake for regeneration of vegetative cells (Smith et al., 2000). 

1.7.2.5	Assembly of trans-envelope structures
The stressed peptidoglycan network is permeable to small molecules up to 50-100 kDa (Demchick and Koch, 1996; Vázquez-Laslop et al., 2001). This is insufficient to accomodate large trans-envelope complexes such as flagellar motors and secretion systems. Localised hydrolysis of the peptidoglycan may create pores in the cell wall for assembly of trans-envelope complexes. Apparent pores in the cell poles of Fusiformis nodosus were associated with the presence of fimbriae (Hamilton et al., 1975). Gene clusters associated with type II, type III and type IV secretion systems, the type IV pili and flagellar assembly, typically encode one or more lytic transglycosylases, implicating these enzymes as specialised hydrolases for enlargement of pores in the sacculus (Koraimann, 2003). Other classes of peptidoglycan hydrolases also participate in assembly of trans-envelope complexes. LytC (amidase), LytD (glucosaminidase) and LytF (endopeptidase) of B. subtilis are coregulated with genes required for flagellar motility and chemotaxis, and LytC and LytD mutants have reduced motility (Margot et al., 1994). In Salmonella spp., the flagellar assembly protein FlgJ has C-terminal muramidase activity, which is required for formation of the outer membrane L-ring and export of the flagellar hook (Nambu et al., 1999; Hirano et al., 2001).


1.7.2.6	Competition
Bacteria compete for survival within their environmental niche. Species of myxobacteria and actinomycetes secrete peptidoglycan hydrolases to cannibalise competitors for nutrients (Singh, 1947). Analysis of culture supernatants of Myxococcus xanthus revealed the presence of multiple peptidoglycan hydrolases likely to participate in predatory lysis (Sudo and Dworkin, 1972). Pseudomonas aeruginosa lyse neighbouring cells by delivering Tse1 (amidase) and Tse3 (lysozyme) hydrolases directly into the periplasm via type IV secretion (Russell et al., 2011). During early endospore formation, B. subtilis delay commitment to sporulation by secreting a killing factor, SpdC, that induces autolysis of vegetative sister cells, providing a pool of nutrients (González-Pastor et al., 2003; Ellermeier et al., 2006). A similar phenomenon is exhibited by myxobacteria which form fruiting bodies in which the majority of cells undergo autolysis, providing nutrients for the minority of cells that eventually differentiate to myxospores (Lewis, 2000).

1.7.2.7	Competence
Peptidoglycan hydrolases are thought to participate in development of bacterial competence. AtlA-deficient Streptococcus mutans fail to develop competence, whilst liberation of DNA is almost completely abolished in a S. pneumoniae lytA lytC mutant (Moscoso and Claverys, 2004; Ahn and Burne, 2006). Uptake of genetic material by competent cells is enhanced by fratricidal lysis. A sub-set of cells develop competence and lyse non-competent sister cells or closely related species, ensuring a rich pool of genetic material. In Streptococcus spp. the major putative hydrolase required for bacterial fratricide is CbpD. Fratricidal lysis is greatly enhanced by endogenous expression of LytA and LytC in the non-competent target cell (Eldholm et al., 2009).

1.7.2.8	Biofilm formation
Peptidoglycan hydrolase activity is important for biofilm formation. Single autolysin mutants impaired for surface attachement and/or biofilm production have been reported in Streptococcus suis (Atl), Streptococcus mutants (AtlA), Streptococcus gordonii (AtlS), Staphylococcus epidermidis (AtlE) and Lactococcus lactis (AcmA) (Heilmann et al., 1997; Mercier et al., 2002; Ahn and Burne, 2006; Liu and Burne, 2011; Ju et al., 2012). The addition of exogenous S. pneumoniae LytA led to ~80% loss of S. pneumoniae biofilm (Domenech et al., 2011). The contribution of peptidoglycan hydrolases to biofilm formation is poorly understood. Suggested mechanisms include binding to host ligands, exposing cellular adhesins or alteration of the surface charge to initiate surface adherence (Vollmer et al., 2008)

1.7.3		Regulation of peptidoglycan hydrolases
Peptidoglycan hydrolases are potentially lethal for the producing bacterium, therefore the activity of these enzymes is tightly controlled. Regulation occurs at the transcriptional level or post-translationally via protein-protein interactions, proteolytic processing, regulation by secondary wall polymers and substrate availability.


1.7.3.1	Transcriptional regulation of peptidoglycan hydrolases
1.7.3.1.1	Sigma factors
Regulation by sigma factors facilitates differential expression of peptidoglycan hydrolases. B. subtilis glucosaminidases LytD and LytG are expressed during vegetative growth. Whilst lytG expression is controlled by the major housekeeping sigma factor, sigA, the majority (95%) of lytD expression is regulated by the alternative flagellar chemotaxis and motility sigma factor, sigD, along with the major amidase LytC and LytF (Lazarevic et al., 1992; Margot et al., 1994; Ohnishi et al., 1999). Regulation of daughter cell separation by sigD ensures efficient motility, as conjoined cells cannot coordinate chemotaxis due to the so-called ‘pushyu-pullmi’ effect (Blackman et al., 1998). The late mother-cell specific sigma factor of B. subtilis, SigK, regulates transcription of sporulation specific hydrolases including LytH, an endopeptidase involved in maturation of spore cortex peptidoglycan, and two amidases, CwlC and CwlH, required for mother cell lysis (Horsburgh et al., 2003). Dual regulation of B. subtilis endopeptidase LytE by SigA and SigI facilitates differential coordination of a single enzyme. SigA mediates LytE activity during vegetative growth, but expression of LytE is rapidly upregulated by SigI as an emergency response for survival at high temperatures (Zuber et al., 2001; Tseng et al., 2011).

1.7.3.1.2	Two component signal transduction
Two-component signal transduction systems (TCS) provide a mechanism for regulating peptidoglycan hydrolase activity in response to environmental signals (Fukushima et al., 2008, 2011). WalKR (also called YycFG, VicRK and MicAB) is thought to be essential in B. subtilis, E. faecalis, L. monocytogenes, S. aureus, S. pneumoniae and S. mutans (Martin et al., 1999; Kallipolitis and Ingmer, 2001; Howell et al., 2003; Ng et al., 2003; Hancock and Perego, 2004; Senadheera et al., 2005; Dubrac et al., 2007). In B. subtilis, WalKR localises to the septum, possibly acting as a sensor for initiation of cell division (Fukushima et al., 2008). The WalKR regulon in B. subtilis includes four peptidoglycan hydrolases, LytE, YocH, YvcE  and YkvT (Howell et al., 2003; Bisicchia et al., 2007; Dubrac et al., 2008). The S. aureus WalKR regulon includes nine peptidoglycan hydrolases. LytB, LytN and PcsB of S. pneumoniae are WalKR regulated. The MtrAB TCS is essential in mycobacteria and possibly streptomycetes, but not in corynebacteria (Hoskisson and Hutchings, 2006). The mtrAB regulon includes a putative endopeptidase, mepA (Möker et al., 2004). The S. aureus TCS, LytSR, regulates autolysin expression, as a lytS mutant formed cell aggregates with a rough wall phenotype and increased rate of autolysis (Brunskill and Bayles, 1996). Zymogram analysis showed increased expression of HMW peptidoglycan hydrolases and decreased expression of LMW peptidoglycan hydrolases, indicating both positive and negative regulation of autolysins by LytSR.

1.7.3.2	Post-translational regulation of peptidoglycan hydrolases
1.7.3.2.1	Protein-protein interaction
Protein-protein interactions coordinate the activity of peptidoglycan hydrolases. Resuscitation-promoting factors RpfB and RpfE are putative lytic transglycosylases required for resuscitation of dormant Mycobacteria (Mukamolova et al., 2006). Interaction of the endopeptidase RipA (Rpf interacting protein) with RpfB has a synergistic effect on the rate of autolysis in vitro, but is inhibited by incubation with PBP1B, through a RipA-dependent interaction (Hett et al., 2007, 2008, 2010). The authors proposed a model in which PBP1B interaction with RipA inhibits cell wall hydrolysis until septum formation is completed, at which point RipA interacts synergistically with RpfB for efficient daughter cell separation. 
Protein-protein interactions may also coordinate peptidoglycan hydrolase localization. Cylinder wall localisation of B. subtilis LytE is MreBH dependent. Yeast two-hybrid analysis suggested a direct interaction between LytE and MreBH (Carballido-López et al., 2006). The putative peptidoglycan hydrolase PcsB of S. pneumoniae localises at the division site via interaction with the extracellular loop of membrane bound FtsX as part of the FtsZ-dependent division complex (Sham et al., 2011). Affinity chromatography of E. coli cell extracts using the lytic transglycosylase MltA as a ligand revealed specific interactions with three class A PBPs and two class B PBPs, suggesting that MltA functions as part of a multienzyme complex in E. coli (Vollmer et al., 1999). A trimeric complex formed in vitro between the inner membrane protein PBP1B and the outer membrane lytic transglycosylase MltA, was dependent on a periplasmic intermediary, MipA (MltA interacting protein). Peptidoglycan synthases and hydrolases were also shown to interact by chemical cross-linking of Haemophilus influenzae PBP complexes formed in vivo (Sham et al., 2011). 

1.7.3.2.2	Proteolytic processing
Proteolytic processing is required for activation and stabilisation of peptidoglycan hydrolase activity. The major bifunctional S. aureus autolysin Atl is synthesised as a single 138 kDa proenzyme, but undergoes multiple rounds of proteolytic cleavage through 115 kDa and 85 kDa intermediate forms to generate two mature enzymes, a 51 kDa glucosaminidase and a 62 kDa muramidase (Foster, 1995; Oshida et al., 1995; Komatsuzawa et al., 1997). The glucosaminidase Auto of Listeria monocytogenes is auto-inhibited via binding of an N-terminal α-helix by the catalytic domain. Auto is activated by proteolytic cleavage which releases the inhibitory α-helix from the substrate binding site (Bublitz et al., 2009). E. coli MltB is a lipoprotein which localises on the periplasmic face of the outer membrane. Proteolytic degradation of MltB releases a soluble lytic transglycosylase Slt35, which may have a physiologically significant function (Engel et al., 1992; Ehlert et al., 1995). Proteases may also regulate peptidoglycan hydrolase activity by maintaining the balance between synthesis and degradation. B. subtilis LytF localises to one cell pole in wild type cells, but is present at both poles in a mutant lacking the extracellular proteases WprA and Epr (Yamamoto et al., 2003). In S. pneumoniae the SecA transport associated chaperone/protease HtrA may regulate the balance of secreted peptidoglycan hydrolases (Tsui et al., 2011). 

1.7.3.2.3	Regulation by teichoic acids
TAs can act as a scaffold for localisation and activation of peptidoglycan hydrolases. Alternatively they can coordinate peptidoglycan hydrolase activity through an avoidance mechanism. L. monocytogenes Auto and EnlA of enterococci localise to the inner surface of the cell wall by binding perioplasmic LTAs (Matias and Beveridge, 2008; Bublitz et al., 2009; Malinicova et al., 2012). Choline binding domains (ChBD) are common in proteins of Gram-positive bacteria and target proteins to phosphorylcholine moeities present in the TAs of these species (Fernández-Tornero et al., 2001) S. pneumoniae autolysins containing ChBDs include LytA, LytB, LytC, CbpD and Pce (López and Garcı́a, 2004; Eldholm et al., 2010). Choline binding may serve a dual function by activating hydrolase activity at the appropriate subcellular localisation. S. pneumoniae LytA initiates conversion from a low activity monomer to a highly active ‘boomerang’ conformation dimer (Romero et al., 2007). 
Several peptidoglycan hydrolases of L. lactis, L. monocytogenes, E. faecalis and S. aureus bind glycan strands via LysM domains. LysM domains of S. aureus Sle1 and LytN could not bind peptidoglycan in the presence of WTA, but bound uniformly across the cell wall in the absence of WTAs (Frankel and Schneewind, 2012). Similarly, LysM of L. lactis AmcA did not bind regions containing LTAs, but labelled uniformly across TA extracted cells (Steen et al., 2003). The major autolysins of S. aureus and S. epidermidis, Atl and AtlE respectively, contain three direct repeat sequences for localisation and binding of septal peptidoglycan (Baba and Schneewind, 1998; Schlag et al., 2010). Exogenous Atl repeat domains localised separately from WTAs in vitro, but bound uniformly in a WTA deficient S. aureus tagO mutant (Schlag et al., 2010).

1.7.3.2.4	Modification of substrate
Covalent modifications of the peptidoglycan regulates autolysin activity. O-acetylation, N-glycoylation and de-N-acetylation are generally described as conferring resistance to autolysis in a variety of bacterial species (Dupont and Clarke, 1991; Vollmer and Tomasz, 2000; Raymond et al., 2005; Meyrand et al., 2007; Moynihan and Clarke, 2010). However whilst O-acetylation of Lactobacillus plantarum GlucNAc confers resistance to Acm2, LytH activity is enhanced by O-acetylation of MurNac, indicating that positive and negative regulation can be accomodated by such modifications. Bacterial endospores utilise covalent modification of peptidoglycan to differentiate spore-wall structures. Spore cortex has a unique peptidoglycan structure as 50% of muramic acid residues are converted to muramic lactam (Atrih et al., 1996; Popham et al., 1996). This modification permits selective hydrolysis of the cortical peptidoglycan by Germination specific cortex-lytic enzymes (GSLE) upon triggering of germination, whilst leaving the primordial cell wall intact (Smith et al., 2000). GSLE is synthesised as a pro-form which is covalently bound to the peptidoglycan substrate and activated upon release from the cell wall by proteolytic cleavage (Foster and Johnstone, 1988). Peptidoglycan conformation is also a factor, as GSLE hydrolyses the stressed cortex of intact spores, but not the relaxed cortex of mechanically broken spores (Foster and Johnstone, 1987). 

1.8	Models of peptidoglycan architecture
Although peptidoglycan is biochemically well characterised, the three-dimensional architecture of the peptidoglycan layer in vivo is poorly understood (Vollmer and Seligman, 2010). One of the major hurdles to elucidation of cell wall architecture is the inability to resolve discrete, intact fragments of the complex peptidoglycan macromolecule (Meroueh et al., 2006). Many architectural models have been proposed, and debate typically centres around two opposing models of glycan strand orientation, the classical planar model and the vertical scaffold model (Figure 1.11A).

1.8.1	Orientation of the glycan strands – planar vs. scaffold model
In the planar model of peptidoglycan architecture, glycan chains are oriented parallel to the lipid membrane (Figure 1.11A; Koch, 1998). The thick wall of Gram-positive organisms would comprise multiple planar layers. In a cylindrical system (such as a rod-shaped cell), the lateral forces acting on the cylinder wall are twice that of the longitudinal direction (Koch, 1998). Therefore the rather inelastic glycan strands would be oriented circumferentially, perpendicular to the cell long axis, providing the mechanical strength to maintain a rod shape under turgor pressure. Dmitriev et al. (2003) proposed an alternative vertical or scaffold model of peptidoglycan architecture (Figure 1.11A). In this model, the glycan chains are oriented perpendicular to the plasma membrane. The peptidoglycan would be maximally cross-linked close to the cytoplasmic membrane, and less  cross-linked toward the outer membrane. Basing this model on the thin cell wall of E. coli, and later S. aureus, it was the first model to consider the presence of very short glycan strands (Dmitriev et al., 2003, 2004). However, whilst the average glycan strand length in  E. coli is under 30 disaccharides (size distribution peaks at 7-12 disaccharides), 25-30% of the glycan material is 30-80 disaccharides in length (Harz et al., 1990). Thus, most glycan strands exceed the observed peptidoglycan thickness (a single disaccharide is ~1.0 nm in length, the peptidoglycan layer is 6-7 nm wide), and a significant proportion exceed the thickness of the entire periplasm (approximately 21 nm thickness) (Leps et al., 1987; Vollmer and Höltje, 2004). The surface area covered by maximally stretched, vertically oriented glycan strands would be insufficient to cover the cell surface in E. coli (Vollmer and Höltje, 2004). Therefore, a vertical scaffold orientation is unlikely in Gram-negative cell walls. The situation in Gram-positive organisms is less clear as the thickness of the peptidoglycan layer can accommodate a broad range of glycan strand lengths. Staphylococcus aureus in particular, which has short glycan strands, could accommodate a vertical scaffold architecture (Dmitriev et al., 2004).
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Figure 1.11. Classical (horizontal) and scaffold (vertical) models of peptidoglycan architecture. A, In the planar model, glycan strands (striped cylinders) are parallel to the plasma membrane. The scaffold model suggests glycan strands are oriented perpendicular to the plasma membrane. B, Under turgor stress, planar glycan strands would bend, forming a “chicken-wire” network of hexagonal tesserae, or may be pulled rigid forming rectangular tesserae, as the lateral stress is double that of the long axis. C, The vertical model purported that peptide stems would lie in the direction of tensile stress. D, Vertical “honey-comb” model of peptidoglycan architecture. (i-ii) The NMR structure of a GlcNAc-MurNAc octamer suggests 3 peptide stems (green) per turn of the glycan helix (orange). (iii) A vertically arranged peptidoglycan net would form a porous honeycomb when seen from above (x-y plane). (iv) Lateral view of vertically arranged scaffold (x-z plane). Adapted from (Dmitriev et al., 2003; Vollmer and Höltje, 2004; Meroueh et al., 2006)  

1.8.2	In situ architecture of the peptidoglycan network
Koch (1998) suggested that under turgor pressure, parallel, cross-linked glycan strands would have a zig-zag arrangement, producing hexagonal pores (tessera) (Figure 1.11B) (Koch, 1998). The resulting stress-bearing peptidoglycan network was proposed to resemble chicken wire, or alternatively a rectangular mesh due to differences in the elasticity of glycans and peptides (Figure 1.11B; Holtje, 1998). Glycan strands have a right-handed α-helical conformation (Leps et al., 1987). In silico simulation of the molecular dynamics of a peptidoglycan oligosaccharide in the relaxed, minimal energy state, suggested that peptide stems protrude at an angle between 75° and 105°, relative to the neighbouring peptide stems (approximately four peptide stems per turn of the glycan helix), although this could be increased or decreased under stress (Koch, 2000). Based on a periodicity of four peptides per turn of the glycan helix, Dmitriev et al. (2003; 2005) proposed that the classical parallel model of peptidoglycan orientation would be inherently unstable under turgor pressure. A vertical model was proposed such that the peptide stems would be orientated along the axes of tensile stress (Figure 1.11C). However, NMR analysis of a synthetic peptidoglycan tetrasaccharide [GlcNAc-MurNAc-(pentapeptide)- GlcNAc-MurNAc-(pentapeptide)] suggested a periodicity of three peptide stems per turn of the glycan strand (i.e. peptide stems are separated by 120°), predisposing the oligomer for binding to three adjacent strands in a hexagonal honey-comb conformation (Figure 1.11D; Meroueh et al., 2006).

1.8.3	Models of peptidoglycan architecture in rod shaped bacteria
A key question concerning the peptidoglycan architecture, is how non-spherical (rod) shape is maintained under turgor pressure. Using E. coli as a model, Koch described three possible mechanisms for maintenance of rod-shape, (1) the belt model, (2) surface stress theory and (3) the contractile elements model (Figure 1.12; Koch, 1998). In the belt model (Figure 1.12A), the cylinder wall is constrained by inflexible glycan hoops that act as a template for cylinder growth. Peptide stems bear none of the hoop stress, as their higher elasticity would cause the belts to stretch, resulting in successively wider cells with each new generation (Koch, 1998). However, whilst purified sacculi are more elastic in the direction of the long axis, they are not completely inelastic across the short axis, and belts of peptidoglycan were not observed by AFM or cryoEM of purified sacculi, therefore this model is unlikely to be correct (Yao et al., 1999; Gan et al., 2008).
The surface stress theory suggests that poles are metabolically inert and act as a framework for cylinder growth (Figure 1.12B). Rod shape is maintained by elongation rather than deformation of the cylinder under stress. Bonds stretched under turgor pressure are favoured for autolysis. Cleavage of these bonds pulls pre-attached nascent material into the stress-bearing plane, resulting in cylinder elongation. This does not require a strict arrangement of the peptidoglycan network, nor does it preclude such a possibility (Koch, 1998).
The contractile elements model suggests that the cylinder circumference is constrained by a cytoskeletal system that pulls the wall inward, or pushes the poles apart (Figure 1.12C; Koch, 1998). The MreB cytoskeleton which is essential for rod-shape in many bacteria and directs the elongation apparatus can deform lipid membranes, and is thought to contribute 30-50% of the total cell stiffness in E. coli (Wang et al., 2010b; Dempwolff et al., 2011). Whether forces generated by MreB polymerisation play a structural role in maintenance of the rod-shape remains unknown. Furthermore, some rod-shaped bacteria have an MreB-indepent mechanism of cylinder elongation (Daniel and Errington, 2003).
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Figure 1.12. Three models for maintenance of rod shape. A, The belt model. Inflexible belts of peptidoglycan (black bands) constrain the cylinder circumference. B, The Surface stress model. Inert cells poles act as a framework for cylinder shape. A strict orientation is not required for the incorporation of nascent material in the cylinder wall. C, The mechanical contraction model. Cytoskeletal elements either push the poles apart, or apply a circumferentially constricting force to generate the cylinder shape. Adapted from (Koch, 1998).

1.8.4	New models of peptidoglycan architecture in rod-shaped bacteria
1.8.4.1	Architecture of Gram-negative rods
Electron-cryotomography of purified E. coli and C. crescentus sacculi revealed linear features in a single layer, oriented parallel to the cell membrane and approximately perpendicular to the long axis of the cell (Gan et al., 2008). The linear features were interpreted as glycan chains, due to their higher contrast and length, which exceeded that expected of cross-linked peptides. However, the poor signal-noise ratio precluded observation of complete glycan strands in the sacculus. A model was proposed in which the peptidoglycan is a disordered monolayer with glycan strands preferentially, but not strictly, oriented around the circumference of the cell cylinder. It has been suggested that the sacculus may be more ordered when the  peptidoglycan is stretched under turgor pressure (Vollmer and Seligman, 2010).
A number of studies conflict with models of a strictly monolayered sacculus in E. coli. Firstly, E. coli does not represent the thinnest possible peptidoglycan layer as purified Pseudomonas aeruginosa sacculi are thinner than that of E. coli (Matias et al., 2003). E. coli peptidoglycan contains a low number of muropeptide trimers and tetramers suggesting cross-linking in more than one plane (Glauner et al., 1988). Neutron small-angle scattering studies suggested that ~25% of E. coli peptidoglycan may occur as a triple layer (Labischinski et al., 1991). However, layering or folding of sacculi during neutron scattering studies could result in artificially high thickness estimates (Swulius et al., 2011).


1.8.4.2	Architecture of Gram-positive rods
When living, hydrated Lactobacillus helveticus cells, stripped of S-layer proteins, were imaged by AFM, patches of the outer surface were removed by the AFM tip, revealing apparent ~26 nm wide twisted fibres within the cell wall (Firtel et al., 2004). The authors attributed these fibres to the glycan backbone of the peptidoglycan. However, as the mechanism of AFM nanosurgery was somewhat ambiguous, and cell walls contained secondary wall polymers, the observed architecture cannot be definitively attributed to the architecture of the peptidoglycan. Striations perpendicular to the short axis of the cell were observed by electron microscopy on the surface of purified B. subtilis sacculi (Verwer and Nanninga, 1976). Long fibres of cell wall material have also been observed during cell wall regeneration of Bacillus lichenformis protoplasts (Elliott et al., 1975). A study of the peptidoglycan architecture in Bacillus subtilis, utilising AFM of purified peptidoglycan sacculi, revealed similar features (Hayhurst et al., 2008). The inner surface of purified sacculi contained approximately 50 nm wide cables running perpendicular to the long axis of the cell (Figure 1.13A). Cross striations with an average periodicity of ~25 nm were observed throughout the cables, suggesting twists or coils of material. Size exclusion chromatography of purified glycan strands indicated that B. subtilis have extremely long glycan strands, as approximately 25% of glycan material was over 500 disaccharides in length (Hayhurst et al., 2008). AFM analysis of this purified material revealed the presence of strands up to 5 µm in length (Figure 1.13B). The architecture of the septa was entirely different, comprising ~135 nm wide cables (Figure 1.13C). A model was proposed in which the cylinder contains cables of peptidoglycan, comprising coiled-coils of long glycan strands, looped circumferentially around the cell cylinder, providing the mechanical strength for the cell to maintain a rod shape under turgor pressure (Figure 1.13D). In a recent study E. coli were observed to twist in a left-handed direction during growth, whilst B, subtilis twisted in the right-handed direction (Wang et al., 2012). Helical peptidoglycan insertion may also contribute to the peptidoglycan architecture by imposing chirality on the peptidoglycan network.

1.8.5	Cell wall architecture in coccoid-shaped bacteria
Coccoid organisms grow by formation of a septal crosswall which is split during daughter cell separation and becomes the new cell hemisphere. As they divide on two or three orthogonal planes, any orientation of the peptidoglycan will be altered by 90° relative to the previous division plane (Figure 1.14; Zapun et al., 2008). Orthogonally arranged sectors have not been revealed by nanometre resolution imaging, however distinct architectures have been observed at the old and new cell hemispheres (Figure 1.15) (Amako et al., 1982; Giesbrecht et al., 1998; Touhami et al., 2004).

1.8.5.1	Architecture of the new cell wall hemisphere
Imaging of S. aureus and S. epidermidis cell walls revealed a concentric ring pattern at the nascent hemisphere exposed by daughter cell separation. Such features were observed by electron microscopy of thin sections across the plane of completed septa, freeze-etched cells, SEM of whole cells and by AFM of living cells (Amako and Umeda, 1978; Giesbrecht et al., 1992, 1997; Touhami et al., 2004). The rings were proposed to comprise a tubular splitting system of the cross-wall (Giesbrecht et al., 1998). The well-defined concentric rings were lost upon extraction of proteins and secondary wall polymers (Amako and Umeda, 1978, 1979). Instead, a smooth system of
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Figure 1.13. Proposed peptidoglycan architecture of B. subtilis. (A) AFM height (H) and phase (P) images showing cabled architecture on the inner cylinder surface of B. subtilis sacculi. I, inner surface; O, outer surface. (B) AFM height image showing long glycan strands. (C) AFM phase image showing a completed septum with spiral architecture and cross striations. (D) Model of proposed B. subtilis peptidoglycan architecture.The cylinder wall comprises coiled cables of peptidoglycan running around the circumference of the cell in the plane of the cell membrane. Scale bars: (B) 1µm; (C) 500 nm; (D) 1µm. Adapted from (Hayhurst et al., 2008).	
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Figure 1.14. Relative orientation of cell wall hemispheres produced by division on orthogonal planes. A, Relative orientation of the cell wall after one division. B, After two rounds of cell division, the new cell wall hemisphere is reoriented by 90°. C, The relative orientation of the cell wall after three rounds of division. The fourth division will occur on the same plane as in (A). D, Black lines indicate the planes of division (Dmitriev et al., 2004).

concentric rings was observed, which was susceptible to lysozyme treatment. A centripetal orientation of the glycan strands at nascent cell walls was proposed (Amako et al., 1982). AFM of living S. aureus provided high resolution images of the nascent cell wall rings, the majority of which were separated by 13-25 nm (Figure 1.15A and B; Touhami et al., 2004). As crude cell walls contain a high proportion of protein material, the ring architecture could not be attributed exclusively to the peptidoglycan (Amako et al., 1982).

1.8.5.2	Architecture of the old cell wall hemisphere
Electron microscopy analysis of the mature sacculus revealed a rough architecture with no evidence of centripetal glycan orientation. The rough architecture was hypothesised to result from hydrolytic maturation of the cell wall (Amako et al., 1982). AFM imaging of the mature cell wall of living S. aureus revealed an irregular, fibrous network resembling a hydrated gel-like matrix (Figure 1.15C; Touhami et al., 2004). However, the fibre thickness was not compatible with the presence of individual glycan strands.

1.8.6	Peptidoglycan architecture in ovocci
AFM of living L. lactis pellicle mutants revealed an architecture of ~25nm-wide circumferential bands running perpendicular to the long axis of the cell (Figure 1.16; Andre et al., 2010). At low forces, interaction maps using LysM functionalised AFM tips showed interaction along the orientation of these bands, indicating the presence of peptidoglycan. X-ray photoelectron spectroscopy (XPS) was used to determine the
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Figure 1.15. AFM imaging of the fine architecture of living S. aureus cell wall surfaces. AFM deflection (A) and height (B) images of the nascent cell wall displaying an architecture of concentric rings surrounding a central depression. C, AFM image of an area of mature cell wall, displaying an irregular network of fibres. Scale: 50 nm. Adapted from (Touhami et al., 2004).


biochemical composition of the bacterial surface (Dufrêne et al., 1997; Andre et al., 2010). As the presence of sulphur, found in proteins (cysteine and methionine residues) but not peptidoglycan, was very low (<0.1%), the authors concluded that as the surface of L. lactis was practically devoid of protein, and banding was due to the peptidoglycan architecture (Andre et al., 2010). The authors proposed that the peptidoglycan architecture in L. lactis consists of periodic bands of peptidoglycan, one layer thick, running around the cell circumference, parallel to the plasma membrane (Andre et al., 2010; Müller and Dufrêne, 2011). 
However, in practice the distribution in proteins of minor elements, such as sulphur, is typically below the detection limit of XPS (McArthur, 2006). Furthermore, the banded architecture was absent from peptidoglycan sacculi devoid of secondary wall polymers (Andre et al., 2010). Therefore the conclusions of this study are controversial, as in living Gram-positive organisms, peptidoglycan, teichoic acids, and proteins may all contribute to the cell surface architecture. AFM images and interaction maps using ConA (which binds glucose-based glycopolymers) functionalised tips, showed that the cell cylinder of living Lactobacillus plantarum was abundant in WTAs and had a rough architecture, whilst cell poles were almost devoid of WTAs and were smooth (Andre et al., 2011). Therefore the presence of secondary wall polymers may contribute to the cell surface architecture. These studies highlight the necessity of using purified sacculi to investigate the peptidoglycan architecture.


 (
B
) (
A
)[image: ]
[image: ]
Figure 1.16. AFM of the cell surface in living L. lactis cells. A, AFM images (a-c) of a living L. lactis pellicle mutant, displaying an architecture of circumferential bands, oriented perpendicular to the long axis of the cell. B, Model of peptidoglycan architecture in L. lactis showing circumferential hoops of peptidoglycan bundles, one layer thick. Adapted from (Andre et al., 2010; Müller and Dufrêne, 2011).


1.9	Project aims
Previous work in this lab has characterised the peptidoglycan architecture of the Gram-positive rod-shaped bacterium B. subtilis (Hayhurst et al., 2008). The current study aimed to further characterise the peptidoglycan architecture of Gram-positive bacteria by analysis of organisms with alternative morphologies.
The first aim of this study was to develop a model of peptidoglycan architecture in ovococcal bacteria, by combining biochemical analysis of ovococcal peptidoglycan with atomic force microscopy (AFM) of purified sacculi to identify architectural features, and super-resolution fluorescence microscopy analysis of the growth dynamics of ovococcal cells.
The second aim of this study was to characterise the peptidoglycan architecture of the model Gram-positive coccus S. aureus, which represents the most basic bacterial morphology, a sphere, yet has a comparatively complex division strategy based on strictly orthogonal planes. 
Elucidation of the S. aureus cell wall architecture would facilitate further investigation of the cell wall dynamics. Previous work in the lab identified four putative glucosaminidases in S. aureus. The final aim of this study was to determine the role of these enzymes in the cell cycle of S. aureus.

Chapter 2
Materials and Methods

2.1		Growth media
Unless otherwise stated, all media were prepared using distilled water (dH2O) and were sterilised by autoclaving for 20 min at 121 °C (15 pounds per square inch).

2.1.1		Tryptone soy broth (TSB)
Tryptone soy broth (Oxoid)						30 g l-1
Oxoid Agar No. 1 (1.5% [w/v]) was added for TSB agar (TSA).

2.1.2		Todd Hewitt broth supplemented with yeast extract (THY)
Todd Hewitt broth (Fluka)						37 g l-1
Yeast extract (Oxoid)							5 g l-1

2.1.3		THY blood agar
Oxoid Agar No. 1 (1.5% [w/v]) was added to 380 ml THY, autoclaved and cooled to 50 °C. 20 ml pre-warmed (room temperature) defibrinated horse blood (TCS Biosciences) was added, giving a final horse blood concentration was 5% (w/v). 


2.1.4		Brain Heart Infusion (BHI)
Brain heart infusion (Oxoid)						37 g l-1
Oxoid Agar No. 1 (1.5% [w/v]) was added for BHI agar.

2.1.5		Luria-Bertani (LB)
Tryptone (Oxoid)							10 g l-1
NaCl									10 g l-1
Yeast extract (Oxoid)							5 g l-1
Oxoid Agar No. 1 (1.5% [w/v]) was added for LB agar.

2.1.6		LK
Tryptone (Oxoid)							10 g l-1
KCl									7 g l-1
Yeast extract (Oxoid)							5 g l-1
For LK citrate bottom agar, 1.0% (w/v) Oxoid Agar No. 1, and 0.7% (w/v) Oxoid Agar No. 1for LK citrate top agar. Autoclaved LK agar was cooled to 50 °C and then supplemented with 0.05% (w/v) sodium citrate.

2.1.7		M17
M17 (Oxoid)								37 g l-1
Autoclaved M17 was cooled to 50 °C and sterile glucose solution added to 0.5% (w/v). Oxoid Agar No. 1 (1.5% [w/v]) was added for M17 agar.

2.1.8		Nutrient broth (NB)
Nutrient broth (Oxoid)						13 g l-1
Oxoid Agar No. 1 (1.5% [w/v]) was added for Nutrient agar (NA).

2.1.9		Nutrient agar (NA)
Nutrient agar (Oxoid)							28 g l-1

2.1.10		Phage agar
Casamino acids (Oxoid)						3 g l-1
NaCl									5.9 g l-1
Yeast extract (Oxoid)							3 g l-1
Oxoid Agar No. 1 (0.33% [w/v]) was added for phage top agar. Oxoid Agar No. 1 (1.0% [w/v]) was added for phage bottom agar.

2.1.11		Hydrolysis assay plates
TSA (Chapter 2.1.1) was supplemented with autoclaved M. lysodeikticus ATCC No. 4698 (Sigma) cell walls such that the final concentration corresponded to an OD600 of ~3.0.
2.1.12		Blue-white colony selection on X-gal plates
β-galactosidase activity from constructs containing lacZ as a reporter gene was detected by supplementing TSA with 40 µg ml-1 filter-sterilised X-gal. Hydrolysis of X-gal by β-galactosidase produces β-D-galactopyranoside and 5-bromo-4-chloro-3-indolyl, an insoluble blue dye that visually indicates lacZ expression.

2.2		Antibiotics
Antibiotics used in this study are listed in Table 2.1. For stock solutions, antibiotics were dissolved in the appropriate solvent, filter sterilised (0.2 µm pore size) and aliquots stored at -20 °C. For agar plates, media was cooled to approximately 50 °C prior to addition of antibiotic stock solution. For liquid media, antibiotic stock solutions were added just before use. Concentrations for antibiotic selection were as shown in Table 2.1, unless otherwise stated.

2.3 		Buffers and stock solutions
Stock solutions were prepared using dH2O unless otherwise stated, and stored at room temperature. Solutions used for microbiological work or in vitro DNA manipulation were sterilised by autoclaving. All methods described in this chapter are in accordance with Sambrook and Russel (2001) unless otherwise stated.

2.3.1		Phosphate buffered saline (PBS)
NaCl									8.0 g l-1
KCl									0.2 g l-1
Na2HPO4								1.4 g l-1
KH2PO4								0.2 g l-1
The pH was adjusted to 7.4 using a dilute solution of Na2HPO4 or KH2PO4 as appropriate.

2.3.2		Tris/Acetate/EDTA buffer (TAE) (50x)
Trizma base								242 g l-1
Glacial acetic acid							57.1 ml l-1
Na2EDTA (0.5 M pH 8.0)						100 ml l-1
50x TAE buffer was diluted 1:50 to provide working concentration TAE. 

2.3.3		Tris/EDTA/NaCl buffer (TES)
Trizma base								2.42 g l-1
EDTA									1.86 g l-1
NaCl									5.84 g l-1
The pH was adjusted to 8.0 before autoclaving.

2.3.4		Boric acid buffer
Boric acid								0.5 M
The pH was adjusted to 8.7 with NaOH prior to autoclaving.

Table 2.1 Antibiotic stock solutions and concentrations
	Antibiotic
	Stock concentration
(mg ml-1)
	Working concentration
(µg ml-1)
	Solvent

	Ampicillin 	(Amp)
	50
	50
	dH2O

	Erythromycin 	(Ery)
	5
	5
	95% (v/v) ethanol

	Lincomycin 	(Lin)
	25
	25
	50 % (v/v) ethanol

	Kanamycin 	(Kan)
	50
	50
	dH2O

	Neomycin 	(Neo)
	50
	50
	dH2O

	Minocycline 	(Tmn)
	2
	2
	dH2O

	Tetracycline 	(Tet)
	5
	5
	95% (v/v) ethanol

	Chloramphenicol	(Chl)
	30
	30
	95% (v/v) ethanol

	Vancomycin 	(Van)
	0.1
	1
	dH2O

	Spectinomycin	(Spc)
	100
	100
	dH20


To avoid the emergence of spontaneous S. aureus mutants, EryR strains were selected on Ery and Lin.  KanR strains were selected on Kan and Neo at the stated concentrations.


2.3.5		Phage buffer
MgSO4								1 mM
CaCl2									4 mM
Tris-HCl (pH 7.8)							50 mM
NaCl									0.6% (w/v)
Gelatin									0.1% (w/v)

2.3.6		SDS-PAGE solutions
2.3.6.1	SDS-PAGE reservoir buffer (10x)
Glycine								144 g l-1
Tris base								30.3 g l-1
SDS									10 g l-1
10x SDS-PAGE reservoir buffer was diluted 1:10 for working concentration buffer.

2.3.6.2	Laemmli SDS-PAGE sample buffer (2x)
Tris-HCl pH 6.8							0.62 M
SDS									10% (w/v)
Glycerol								20% (v/v)
Bromophenol blue							0.1% (w/v)
β-mercaptoethanol							10% (v/v)
2.3.6.3	Coomassie blue staining solution
Coomassie blue							0.1% (w/v)
Ethanol								40% (v/v)
Glacial acetic acid							10% (v/v)

2.3.6.4	Destain solution
Ethanol								40% (v/v)
Glacial acetic acid							10% (v/v)

2.3.6.5	Renaturing solution
Triton X-100								0.1% (v/v)
MgCl2									10 mM
Tri-HCl pH 7.5							25 mM

2.3.6.6	10x SDS-PAGE reservoir buffer
Glycine								144 g l-1
Tris base								30.3 g l-1
SDS									10 g l-1
A working solution of SDS-PAGE electrophoresis buffer was prepared by diluting 10x SDS-PAGE electrophoresis buffer 1:10 with dH2O.
2.3.6.7	Renaturing gel stain (10×)
Methylene blue							2 g
KOH (2.0 M)								1.79 ml
dH2O to total volume 200 ml

2.3.7		HiTrap protein purification buffers
2.3.7.1	0.1 M Sodium phosphate buffer (pH 7.2)
Na2HPO4 (1.0 M )							68.4 ml
NaH2PO4 (1.0 M)							31.6 ml
The volume was adjust to 1 L with H2O and autoclaved.

2.3.7.2	START buffer
0.1M Sodium phosphate buffer (pH 7.2)				200 ml
NaCl									0.5 M
Urea (purification of insoluble proteins only)			8.0 M
The volume was adjusted to 1 L with dH2O.

2.3.7.3	Elution buffer
START buffer containing:
Imidazole								0.5 M
2.3.8		HPLC and FPLC buffers
Typically 1L volumes of buffers were prepared using Milli-Q (MilliPore) filtered water. All buffers were filtered (0.2 µm pore size) and degassed prior to use.

2.3.8.1	Muropeptide analysis
Buffer A
NaH2PO4								40 mM
Sodium azide (from 1% (w/v)  stock)					136 µl l-1
The buffer was adjusted to pH 4 with phosphoric acid.

Buffer B
NaH2PO4								40 mM
Methanol								20% (v/v)
The buffer was adjusted to pH 4 with phosphoric acid prior to addition of methanol.

2.3.8.2.	Cation exchange (FPLC) buffers
Buffer A 
NaH2PO4								100 mM
The buffer was adjusted to pH 2 with phosphoric acid.


Buffer B
NaH2PO4								100 mM
NaCl									1 M
The buffer was adjusted to pH 2 with phosphoric acid.

Buffer C
Acetonitrile								100%

All buffers were prepared to a final volume of 1 l.

2.3.8.3		Size exclusion chromatography
100 mM sodium phosphate buffer (pH 6.0) was prepared as follows:
Na2HPO4 (1 M)								12 ml
NaH2PO4 (1 M)								88 ml
The final volume was adjusted to 1 l.

2.3.9		Fixative preparation
2.3.9.1 	Preparation of 16% (w/v) paraformaldehyde
100 mM sodium phosphate buffer (pH 7.0) was prepared as follows:
Na2HPO4 (1 M)								57.7 ml
NaH2PO4 (1 M)								42.3 ml
The final volume was adjusted to 1 l.

For 16% (w/v) paraformaldehyde:
100 mM sodium phosphate buffer (pH 7)					50 ml
Paraformaldehyde								8.0 g

The solution was heated to 60°C in a water bath and mixed vigorously. NaOH (≥5 M) solution was added drop wise, with heating and vigorous mixing, until the solution cleared. Solution was stored at 4 °C for no longer than 8 weeks.

2.3.9.2.	Fixative
Paraformaldehyde, 16 % (w/v)						1.68 ml
Glutaraldehyde, 25 % (w/v)							2 µl
100 mM sodium phosphate buffer (pH 7)					8.32 ml

2.4		Bacterial strains and plasmids
2.4.1		Bacillus subtilis strains
The strain used in this study was B. subtilis 168. Routine culture of B. subtilis was on NA plates for solid media, or NB for liquid culture at 37 °C with aeration. Liquid cultures were typically inoculated to a known OD600 from an overnight starter culture. For short term storage, plate cultures were stored at room temperature for up to 48 h. For long term storage 20% (v/v) glycerol was combined with an overnight culture, snap frozen in liquid N2 and stored at -70 °C.

2.4.2		Enterococcus faecalis strains
The strain used in this study was E. faecalis JH2-2. Routine culture of E. faecalis was on TSA plates for solid media, or TSB for liquid culture at 37 °C with aeration. Liquid cultures were typically inoculated to a known OD600 from an overnight starter culture. For short term storage, plate cultures were stored at 4 °C for up two weeks. For long term storage 20% (v/v) glycerol was combined with an overnight culture, snap frozen in liquid N2 and stored at -70 °C.

2.4.3		Escherichia coli strains
The E. coli strains used in this study are listed in Table 2.2. Routine culture of E. coli was on LB agar plates for solid media, or LB for liquid culture at 37 °C with aeration. Liquid cultures were typically inoculated to a known OD600 from an overnight starter culture. For short term storage, plate cultures were stored at 4 °C for up two weeks. For long term storage 20% (v/v) glycerol was combined with an overnight culture, snap frozen in liquid N2 and stored at -70 °C.

2.4.4		Lactococcus lactis strains
The L. lactis strains used in this study are listed in Table 2.3. Routine culture of L. lactis was on M17 agar plates for solid media, or M17 for liquid culture at 30 °C with aeration. Liquid cultures were typically inoculated to a known OD600 from an overnight starter culture. For short term storage, plate cultures were stored at 4 °C for up two weeks. For long term storage 20% (v/v) glycerol was combined with an overnight culture, snap frozen in liquid N2 and stored at -70 °C.

2.4.5		Streptococcus pneumoniae strains
The S. pneumoniae strain used in this study was S. pneumoniae R6, an avirulent, unencapsulated derivative of D39. Routine culture of S. pneumoniae was on THY blood agar plates for solid media, or THY for liquid culture at 37 °C without aeration. Liquid cultures were typically inoculated to a known OD600 from an exponential phase starter culture. Plate cultures were stored at room temperature for no longer than 48 hours. For long term storage 20% (v/v) glycerol was combined with an overnight culture, snap frozen in liquid N2 and stored at -70 °C.

2.4.6		Staphylococcus aureus strains
The S. aureus strains used in this study are listed in Table 2.4. Routine culture of S. aureus was on TSB agar plates for solid media, or TSB for liquid culture at 37 °C with aeration. Liquid cultures were typically inoculated to a known OD600 from an overnight starter culture. For short term storage, plate cultures were stored at 4 °C for up two weeks. For long term storage 20% (v/v) glycerol was combined with an overnight culture, snap frozen in liquid N2 and stored at -70 °C.


Table 2.2 E. coli strains used in this study
	Strain
	Relevant background/genotype/markers
	Source

	BL21 (DE3)
	F- ompT hsdSB (rB- mB-) gal dcm (DE3)
	Novagen

	Top10
	F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80 lacZ ΔM15 ΔlacX74 recA1 deoR araD139 Δ(ara-leu) 7697 galK rpsL (StrR) endA1 nupG
	Invitrogen

	SJF2195
	BL21 (DE3) pSRC003
	(Clarke et al., 2006)

	SJF3061
	BL21 (DE3) pSRC002
	(Clarke et al., 2006)

	SJF3062
	BL21 (DE3) pET24d+ sagB overexpression construct
	(Hayhurst, 2006)




Table 2.3 L. lactis strains used in this study
	Strain
	Relevant background/genotype/markers
	Source

	MG1363
	Wild type
	(Chapot-Chartier et al., 2010).

	VES5751
	Spontaneous MG1363 pellicle mutant, CCAA duplication in llmg_0226
	(Chapot-Chartier et al., 2010).




Table 2.4 S. aureus strains used in this study
	S. aureus strain
	Relevant genotype/marker
	Source

	SH1000
	Functional rsbU+ derivative of 8325-4
	(Horsburgh et al., 2002)

	RN4220
	Restriction deficient derivative of 8325-4
	(Kreiswirth et al., 1983)

	SJF1363
	SH1000 atl::pAZ106 SA2297::tetL (EryR, TetR)
	Horsburgh and Foster, unpublished

	SJF1367
	SH1000 atl::pAZ106 (EryR)
	(Foster, 1995)

	SJF1380
	SH1000 SA2297::tetL (TmnR)
	Horsburgh and Foster, unpublished

	SJF2115
	SH1000 scaH::tetM (TetR)
	(Mohamad, 2007)

	SJF2117
	SH1000 sagB::kan (KanR)
	(Mohamad, 2007)

	SJF2118
	SH1000 atl::pAZ106 sagB::kan (EryR, KanR)
	(Mohamad, 2007)

	SJF2119
	SH1000 SA2297::tetL sagB::kan (KanR, TmnR)
	(Mohamad, 2007)

	
	
	

	S. aureus strain
	Relevant genotype/marker
	Source

	SJF2120
	SH1000 atl::pAZ106 sagB::kan SA2297::tetL (EryR, KanR, TmnR)
	(Mohamad, 2007)

	SJF2121
	SH1000 atl::pAZ106 scaH::tetM (EryR, TetR)
	(Mohamad, 2007)

	SJF2122
	SH1000 SA2297::tetL scaH::tetM (TetR, TmnR)
	(Mohamad, 2007)

	SJF2123
	SH1000 sagB::kan scaH::tetM (KanR, TetR)
	(Mohamad, 2007)

	SJF2124
	SH1000 atl::pAZ106 SA2297::tetL scaH::tetM (EryR, TetR, TmnR)
	(Mohamad, 2007)

	SJF2125
	SH1000 atl::pAZ106 sagB::kan scaH::tetM (EryR, KanR, TetR)
	(Mohamad, 2007)

	SJF2126
	SH1000 SA2297::tetL sagB::kan scaH::tetM (KanR, TetR, TmnR)
	(Mohamad, 2007)

	SJF4090
	RN4220 PSpac-sagB (EryR)
	This study

	SJF4151
	SH1000 PSpac-sagB atl::spc SA2297::tetL scaH::tetM (EryR, SpcR, TetR, TmnR)
	This study

	SJF4092
	SH1000 atl::spc SA2297::tetL scaH::tetM pGL485 (ChlR, SpcR, TetR, TmnR)
	This study

	SJF4093
	SH1000 PSpac-sagB (EryR) pGL485
	This study

	SJF4094
	SH1000 PSpac-sagB atl::spc SA2297::tetL scaH::tetM pGL485 (ChlR, EryR, SpcR, TetR, TmnR)
	This study

	SJF4095
	SH1000 atl::spc SA2297::tetL scaH:tetM (SpcR, TetR, TmnR)
	This study

	SJF4091
	SA113 atl::spc (SpcR)
	(Pasztor et al., 2010)

	VF17
	SH1000 pGL485 (ChlR)
	(Steele et al., 2011)


Abbreviations: ChlR, chloramphenicol resistance; EryR, erythromycin resistance; KanR, kanamycin resistance; SpcR, spectinomycin resistance; TetR, tetracycline resistance; TmnR, minocycline resistance.

2.4.7 Plasmids
The plasmids used in this study are listed in Table 2.5. All plasmid DNA was purified using QIAGEN kits according to the manufacturer’s instructions (Chapter 2.8.2). Purified plasmids were stored in dH20 at -20 °C.

2.5		Chemicals and enzymes
All chemicals used in this study were purchased from Fisher Scientific or Sigma-Aldrich unless otherwise stated. Concentrations and storage of stock solutions are shown in Table 2.6. Several peptidoglycan hydrolases were used throughout this study. A list of enzymes and reaction conditions is provided in Table 2.7.

2.6		Centrifugation
Details of centrifuges used to harvest samples throughout this study are given below. Centrifugation was carried out at room temperature unless otherwise stated:
i. Eppendorf microfuge 5415D.
Max. load, 24 × 2.0 ml;	Max. speed, 13,200rpm (16,110 ×g)
ii. Sigma centrifuge 4K15C
Max. load, 16 × 50 ml; 	Max speed, 5,100 rpm (5525 ×g)
iii. Jouan centrifuge JAC50.10
Max. load, 6 × 50 ml;		Max. speed, 13,000 rpm (10,000 ×g)
iv. Avanti J25I (Beckman)
JA-20: Max. load, 6 × 50 ml;	Max. speed, 20,000 rpm (48,384 ×g)
JA-10.5: Max. load, 6 × 400 ml;	Max. speed, 10,000 rpm (18,480 ×g)
Table 2.5 Plasmids used in this study
	Plasmid
	Relevant background/genotype/markers
	Source

	pAZ106
	Promoterless transcriptional lacZ fusion vector. Used as a lacZ expression reporter plasmid; AmpR(E. coli), EryR(S. aureus)
	(Kemp et al., 1991)

	pCN36
	Vector carrying tetM cassette suitable for selection in Gram-positive bacteria; AmpR (E.coli), TetR (S. aureus)
	(Charpentier et al., 2004)

	pDG1513
	Vector carrying tetL cassette suitable for selection in Gram-positive bacteria; TmnR
	(Guérout-Fleury et al., 1995)

	pET21a
	His6-tag overexpression vector; AmpR
	Novagen

	pET24d
	His6-tag overexpression vector; KanR
	Novagen

	pGL433b
	Vector carrying kan cassette suitable for selection in Gram-positive bacteria; KanR
	Garcia-Lara and Foster, unpublished

	pGL485
	Derivative of the E. coli-S. aureus shuttle vector pMJ8426, carrying the E. coli lacI gene under the control of a constitutive promoter; SpcR (E.coli), ChlR (S. aureus)
	(Cooper et al., 2009)

	pInvSA
	pUC19 containing a 2.4 kb fragment of the region spanning the sagB gene. The sagB gene has been inactivated by a 600 bp deletion; AmpR
	(Mohamad, 2007)

	pInvSAT
	pInvSA with insertion of tetM resistance cassette amplified from pCN36; AmpR
	(Mohamad, 2007)

	pMAL64
	Suicide vector comprising sagA::tetL 4 way clone (BamHI-EcoRI with KpnI tet cassette) in pAZ106; AmpR (E. coli), EryR, TmnR (S. aureus)
	Horsburgh and Foster, unpublished

	pMUTIN4
	Insertion vector carrying IPTG-inducible Spac promoter; AmpR (E. coli), EryR (S. aureus)
	(Vagner et al., 1998)

	pRW01
	pMUTIN4 insertion vector carrying Pspac promoter and 650bp fragment of sagB; AmpR (E. coli), EryR (S. aureus)
	This study

	pSA18Kan
	pSA18M with kan replacement of tetM resistance cassette; AmpR (E. coli), EryR, TetR (S. aureus)
	(Mohamad, 2007)

	pSA18M
	pMUTIN4 containing EcoRI-BamHI cut fragment of pInvSAT; AmpR (E. coli), EryR (S. aureus)
	(Mohamad, 2007)

	pSA26D
	pMUTIN4 containing 2.7 kb fragment of scaH and ~1 kb of flanking region; AmpR (E. coli), EryR (S. aureus)
	(Mohamad, 2007)

	pSA26DKan
	pSA26D containing 1.5 kb kan cassette fragment from pGL433, inserted into KpnI site within the scaH gene; AmpR (E. coli), EryR, KanR (S. aureus)
	(Mohamad, 2007)

	pSA26Min
	pSA26DKan with tetM replacement of kan resistance cassette; AmpR (E. coli), EryR, KanR (S. aureus)
	(Mohamad, 2007)

	pSRC002
	atl amidase domain in pET21a
	(Clarke et al., 2006)

	pSRC003
	atl glucosaminidase domain in pET24d
	(Clarke et al., 2006)


Abbreviations: ChlR, chloramphenicol resistance; EryR, erythromycin resistance; KanR, kanamycin resistance; SpcR, spectinomycin resistance; TetR, tetracycline resistance; TmnR, minocycline resistance.

Table 2.6 Stock solutions and concentrations
	Stock solution
	Solvent
	Concentration
	Storage

	Alexa Fluor® 488 hydroxylamine (Molecular probes A30629)
	dH2O
	1 mg ml-1
	-20 °C in dark

	BODIPY® FL succinimidyl ester (Molecular probes D6140)
	DMSO
	1.25 mg ml-1
	-20 °C in dark

	Mutanolysin
	100 mM sodium phosphate pH 5.5
	20 mg ml-1
	-20 °C

	Glutaraldehyde
	dH2O
	25% (v/v)
	-20 °C

	Griffonia simplicifolia lectin II (GSII), Alexa Fluor® 594 conjugate
	PBS pH 7.4
	500 µg ml-1
	-20 °C in dark

	IPTG
(isopropyl–D-1‑thiogalactopyranoside)
	dH2O
	1 M
	-20 °C

	Lysozyme
	dH2O
	1 mg ml-1
	-20 °C

	Lysostaphin
	20 mM sodium acetate pH 5.2
	5 mg ml-1
	-20 °C

	Micrococcus lysodeikticus ATCC No. 4698 lyophilized cells (Sigma)
	dH2O
	500 mg ml-1
	Room temp (autoclaved)

	Pronase (Sigma)
	TES pH 8.0
	10 mg ml-1
	-20 °C

	Vancomycin, BODIPY®Fl conjugate
	dH2O
	100 µg ml-1
	-20 °C in dark

	Wheat germ agglutinin, Alexa Fluor® 350 conjugate
	PBS pH 7.4
	1 mg ml-1
	-20 °C in dark

	Wheat germ agglutinin, Alexa Fluor® 488 conjugate
	PBS pH 7.4
	1 mg ml-1
	-20 °C in dark

	X-Gal (5-bromo-4-chloro-3-indolyl--D-galactopyranoside)
	DMF
	40 mg ml-1
	-20 °C in dark




Table 2.7 Autolysin digest conditions. Enzyme was typically incubated with 1-2 mg ml-1 purified peptidoglycan 
	Enzyme
	Concentration
µg ml-1
	Buffer

	rAtl amidase
	100
	10 mM Tris-HCl, pH 7.5; 0.1 mM CaCl2

	rAtl glucosaminidase
	100
	25 mM sodium phosphate buffer, pH 5.6

	Mutanolysin
	250
	50 mM sodium phosphate buffer, pH 5.5

	rSagB
	250
	50 mM Sodium citrate buffer, pH 6.0; 0.1 mM MgCl2

	Lysostaphin
	250 
	50 mM Tris-HCl, pH 7.0

	
	
	




2.7		Determination of bacterial cell density
2.7.1		Measurement by spectrophotometry (OD600)
Spectrophotometric measurement at 600 nm wavelength (OD600) was conducted for quantification of the bacterial yield of a liquid culture. Measurements were taken using a Biochrom WPA Biowave DNA Life Science spectrophotometer. Culture samples were diluted in sterile culture medium or buffer as appropriate, to provide readings within the optimum accuracy range (below 0.6). For growth experiments involving mutants with clumping phenotypes, cells were first sonicated gently using a Sanyo Soniprep 150, until cell aggregates were visibly dispersed (~30 s), which was verified by microscopy.

2.7.2		Measurement by direct cell counts (cfu ml-1)
Viable cell numbers of liquid cultures were quantified by direct cell counts. Bacterial samples were serial diluted 1:10 in PBS. 10 µl of each dilution was spotted onto TSB agar plates containing appropriate antibiotics or supplements as necessary. The number of colony forming units (cfu) was determined once individual colonies could easily be visualised for quantification (between 12 and 48 h growth). For growth experiments involving mutants with clumping phenotypes, cells were first sonicated gently using a Sanyo Soniprep 150, until aggregates were visibly dispersed (~30 s), which was verified by microscopy.


2.8		DNA purification techniques
2.8.1		Genomic DNA extraction
Genomic DNA of S. aureus was isolated and purified with a QIAGEN DNeasyTM kit using a method based on the manufacturer’s instructions. A 1 ml aliquot of an overnight culture (~1 x108 cells) was centrifuged in a microcentrifuge tube at 14,000 rpm for 2 min. The supernatant was discarded, and the pellet resuspended in 180 µl of PBS with 500 µg ml-1 lysostaphin and incubated at 37 °C for 30 minutes. The resulting lysed culture was combined with 25 µl proteinase K (20 mg ml-1) and 200 µl buffer AL, mixed by vortex and incubated at 56 °C for 25 min. Following incubation, 200 µl of 100% (v/v) ethanol was added and mixed thoroughly by vortex. The entire mixture was transferred by pipette to a DNeasyTM Mini Spin Column and centrifuged at 8000 rpm for 1 min. The flow-through and collection tube were discarded and the column placed in a new collection tube before addition of 500 µl of AW1 buffer. Following centrifugation at 8000 rpm for 1 min and transfer of the column to a fresh collection tube, 500 µl of buffer AW2 was added. The column was centrifuged at 14,000 rpm for 3 min to ensure that the column was dry. The column was carefully transferred to a fresh microcentrifuge tube, ensuring that the column did not come into contact with the flow-through. DNA was eluted by addition of 200 µl of AE buffer directly to the filter, incubation at room temperature for 1 min, and centrifugation at 8000 rpm for 1 min. Long term storage for genomic DNA was at -20 °C.

2.8.2		Small scale plasmid preparation from E. coli
Small-scale plasmid purification from E. coli cells was carried out using the QIAGEN QIAprepTM Spin column kit. One millilitre of E. coli cells from an overnight culture was centrifuged for 2 min at 10,000 rpm, and the pellet resuspended in 250 µl buffer P1 with RNase A. Lysis reagent (250 µl buffer P2) was added, and the cell suspension inverted six times then incubated for 1 min. Prolonged incubation (>5 min) can cause the plasmid DNA to become denatured. Lysis was stopped by addition of neutralisation buffer (350 µl buffer N3), and the sample was immediately inverted six times to prevent localised precipitation. Cell debris was removed by centrifugation for 10 min at 13,000 rpm, and the supernatant was transferred to a clean QIAprep spin column. The supernatant was centrifuged for 60 s. The flow-through was discarded and the column washed with 750 µl wash buffer PE by centrifugation (1 min at 13,000 rpm). Residual wash buffer may interfere with future reactions, therefore the flow-through was discarded and the column dried by centrifugation for 1 min at 13,000 rpm. The column was placed in a clean 1.5 ml microfuge tube. To elute DNA, 50 µl TE buffer was added to the column, incubated for 1 min then centrifuged for 1 min at 13,000 rpm.

2.8.3		Gel extraction of DNA 
DNA was separated by electrophoresis using a 1% (w/v) TAE agarose gel, and the required band excised using a clean razor blade. DNA was extracted using a QIAGEN QIAquick gel extraction kit. The gel slice was weighed, suspended in 3× volume of buffer QG and incubated for approximately 10 min at 50 °C. Once the gel was completely dissolved, one gel volume of isopropanol was added. The sample was applied to a QIAquick spin column and centrifuged at 13,000 rpm for 1 min to bind DNA to the column membrane. The flow-through was discarded and the column washed once with 500 µl buffer QG by centrifugation at 13,000 rpm for 1 min. The flow-through was discarded and the column washed as before using 750 µl buffer PE. As residual ethanol may interfere with future reactions, the flow-through was discarded and the column dried by centrifugation for 1 min at 13,000 rpm. The column was placed in a clean 1.5 ml microfuge tube and DNA eluted by incubation for 1 min with 50 µl buffer EB, followed by centrifugation for 1 min at 13,000 rpm.

2.8.4		Purification of PCR products
QIAGEN buffer PB was mixed with the PCR sample in a 5:1 ratio respectively. The solution was transferred to a QIAquick spin column and washed by centrifugation for 1 min at 13,000 rpm. The flow-through was discarded and residual ethanol removed by further centrifugation for 1 min at 13,000 rpm. The column was placed in a clean microcentrifuge tube and DNA eluted by incubation for 1 min with 30 µl elution buffer EB, followed by centrifugation for 1 min at 13,000 rpm.

2.8.5		Ethanol precipitation of DNA
The DNA sample was combined with 1.0 µl of 20 mg ml-1 glycogen (Roche) to aid visualisation of the DNA pellet, 0.1× volume of 3 M sodium acetate pH 5 and 3× volume of ice-cold absolute ethanol. The sample was incubated for 3 h at -20 °C. Precipitated DNA was recovered by centrifugation at 4 °C for 15 min at 13,000 rpm. The supernatant was discarded and the pellet was washed twice in 70% (v/v) ice-cold ethanol by pipette. The DNA pellet was air dried, then resuspended in sterile water to the required volume. 


2.9		In vitro DNA manipulation techniques
2.9.1		Polymerase chain reaction (PCR) techniques
2.9.1.1	Primer design
Primers used for PCR amplification were short oligonucleotides (20-40 bp). Details are provided in Table 2.8. Primer designs were based on gene sequences of S. aureus 8325 or COL. Optimum primer binding sites were identified using Primer 3.0 (http://frodo.wi.mit.edu). Restriction sites were introduced as necessary to the 5’ end of primers, and a thymine hexamer tail added to facilitate efficient restriction digest. Primers were synthesised by Eurofins MWG Operon and were stored as a 100 µM solution at -20 °C.

2.9.1.2	PCR amplification
Standard PCR amplification reactions were performed using DreamTaqTM Green PCR Master Mix (Fermentas). Cloning reactions were performed using high-fidelity Extensor PCR ReddyMix™ (ThermoScientific). Both master mix solutions are supplied at 2× concentration.

PCR samples were prepared as follows, using sterile 0.2 ml thin-walled PCR tubes (total reaction mix 25 µl):
	Master mix	 (DreamTaq/Extensor)			12.5 µl
	Template DNA (~100 ng)					1 µl
	Forward primer (100 µM)					1 µl
	Reverse primer (100 µM)					1 µl
	dH2O to total 25 µl						9.5 µl
PCR reactions were performed using a Techne TC-5000 thermal cycler (Bibby Scientific) according to the following program:

1 cycle		Initial denaturing		94 °C			5 min
30 cycles	Denaturing			94 °C			30 s
		Annealing			54-58 °C		30 s
		Extension			68 °C			1 min per kb
1 cycle		Final extension		68 °C			5 min
Reaction products were stored at -20 °C.

2.9.1.3		Colony PCR screening of E. coli
PCR reactions were performed as above, except that in place of template DNA, a single colony was patched onto an appropriate selective agar plate, then emulsified into the PCR reaction mix.

2.9.1.4	Restriction endonuclease digestion
Restriction enzymes were supplied by Promega or New England Biolabs. All DNA digests were carried out in accordance with manufacturer’s instructions, using the supplied buffers. Restriction digests were incubated for at least 4 h at 37 °C. When digest products were required for future reactions, the restriction enzymes were inactivated by incubation at 70 °C for 5 min.

2.9.1.5	DNA ligation
The required DNA insert and plasmid vector were pre-digested with appropriate restriction enzymes. Each 15 µl ligation reaction comprised a 1:3 molar ratio of vector to insert, 1.5 µl of 10× T4 DNA ligase buffer and 1 µl T4 DNA ligase (3 U µl-1; Promega). The ligation mixture was incubated overnight at 16 °C, and transformed directly into competent cells. To determine the ligation efficiency, linearised vector was ligated in the absence of DNA insert and transformed into competent cells in parallel.

2.9.1.6	Agarose gel electrophoresis
Routine separation of DNA fragments was carried out by electrophoresis using a 1% (w/v) agarose gel in TAE buffer. Gels were cast and run using an appropriate size of horizontal electrophoresis tank (Life Technologies). For visualisation of DNA, 4 µl of ethidium bromide (10 mg ml-1) was added to the molten agarose.
For loading of samples, 6× loading dye (Promega) was mixed by pipette with DNA sample to a 1× final concentration, then the sample was loaded into the gel wells. A 1 kb DNA ladder (7 µl; ThermoScientific) was included in parallel for estimation of DNA fragment size and concentration. Electrophoresis was performed at 100-120 V for 30-60 min at room temperature. DNA bands were visualised with a UV transilluminator at 260 nm. Images were recorded using a UVP Tec Digital camera and UVP Doc Gel documentation system.
Table 2.8 Oligonucleotides used as primers.
	Primer 
	Sequence
	Restriction site
	Source

	MM73
	CTCTAGAGCTGCCTGCCGCG
	-
	Masalha, unpublished

	RW01_F
	TTTTTTGAATTCAACAATGACCTAAGAGGTGTGGA
	EcoRI
	This study

	RW01_R
	TTTTTTGGATCCCAACCATGCTTTTTAGC
	BamHI
	This study

	SA1825_F
	TTTTTTGAATTCAACAATGACCTAAGAGGTGTGGA
	EcoRI
	This study

	SA8125_R
	TTTTTTGGATCCCAACCATGCTTTTTAGC
	BamHI
	This study

	P1
	CGGGCTCTAGATAATCCACACAGCTGGCGTCTTAGC
	XbaI
	(Mohamad, 2007)

	P2
	CGGCCGGTACCAGGATCTGTTTCGAATAATGATGTTGC
	KpnI
	(Mohamad, 2007)

	FD2
	CGGCGGGTACCAACATCATTATTCGAAACAGATCCTAG
	KpnI
	(Mohamad, 2007)

	RD2
	CGGGCAAGCTTTATTTACGTGCAAATGATATTAATC
	HindIII
	(Mohamad, 2007)

	FKan
	GGCGGGGTACCCAGCGAACCATTTGAGG
	KpnI
	(Mohamad, 2007)

	RKan
	GGGGCGGTACCAATTCCTCGTAGGCGCTCGG
	KpnI
	(Mohamad, 2007)

	P1
	CGGGCTCTAGATAATCCACACAGCTGGCGTCTTAGC
	XbaI
	(Mohamad, 2007)

	P2
	CGGCCGGTACCAGGATCTGTTTCGAATAATGATGTTGC
	KpnI
	(Mohamad, 2007)

	P5C
	GCCGGGGTCGACTTTAGCACTATTTTGGGA
	SalI
	(Mohamad, 2007)

	P6C
	GGGCCGGATCCTTCAAGGTATAGTTTGAGC
	BamHI
	(Mohamad, 2007)

	P6
	GGGCCGGATCCTTCAAGGTATAGTTTGAGCC
	BamHI
	(Mohamad, 2007)

	P7
	TATTATGAGCTCTATCGTCGTATTCGGCTTAAG
	SacI
	(Mohamad, 2007)

	MinFK3
	AACAAGGTACCAATATGCTCTTACGTGCT
	KpnI
	(Mohamad, 2007)

	MinFK4
	AACAAGGTACCAGAAATATTGAAGCTAGT
	KpnI
	(Mohamad, 2007)

	InvF1
	GCGCGGGGTACCAGAACATGAAGACTGAAGGAA
	KpnI
	(Mohamad, 2007)

	InvR1
	GCGCGGGGTACCTTCAATCTTAATGTCGGAT
	KpnI
	(Mohamad, 2007)

	OL-32
	CCGGTACCCGGATTTTATGACCGATGATGAAG
	KpnI
	(Mohamad, 2007)

	OL-33
	CCGGTACCTTAGAAATCCCTTTGAGAATGTTT
	KpnI
	(Mohamad, 2007)

	OL-239/2
	ACAGGATCCAATTATCACGTACAACTGG
	BamHI
	Horsburgh, unpublished

	
	
	
	

	Primer 
	Sequence
	Restriction site
	Source

	OL-240
	ACAGGTACCTGTATTGGTGCTGATGCAATTCATTC
	KpnI
	Horsburgh, unpublished

	OL-241
	ACAGGTACCGTTTGGCGTGGTAACGTCAC
	KpnI
	Horsburgh, unpublished

	OL-242
	ACAGAATTCGCATTTCAACGCTACTATTG
	EcoRI
	Horsburgh, unpublished

	EnzF
	GCGGCCATGGATACACCTCAAAAAGAT
	NcoI
	(Mohamad, 2007)

	EnzR
	GCGCGCCTCGAGTGGATATGGCATACT
	XhoI
	(Mohamad, 2007)

	1825_F
	GCGCCCATGGTATCCGATCAGATATTTTTCAAACATGTT
	NcoI
	This study

	I825_R
	GCGCCTCGAGCTTATTCAAATGTTTACTGTCATC
	XhoI
	This study

	Amid_F
	GCACAACATATGTCAGTTGCTGCAACACCAAAAACGAG
	NdeI
	(Clarke et al., 2006)

	Amid_R
	AAGCCTCGAGAGCTGTTTTTGGTTGTGCTAC
	XhoI
	(Clarke et al., 2006)

	Gluc_F
	CAGCTCCATGGCTTATACTGTTACTAAACCAC
	NcoI
	(Clarke et al., 2006)

	Gluc_R
	GCGCCTCGAGTTTATATTGTGGGATGTCGAAG
	XhoI
	(Clarke et al., 2006)

	OL-250
	CTAAGTCCATGGGTGAAGCGGACTTAAATAAAG
	NcoI
	(Mohamad, 2007)

	OL-251
	GAAGCACTCGAGTGCAGTAACCCAATGTCCAGC
	XhoI
	(Mohamad, 2007)


Restriction sites included for cloning purposes are indicated in italics.


2.9.1.7	DNA sequencing
Plasmids were sequenced at the Core Genomics Facility, University of Sheffield. Sequence data was analysed using FinchTV software (Geospiza).

2.10		Transformation techniques
2.10.1		Transformation of E. coli
2.10.1.1	Preparation of electrocompetent E. coli
E. coli TOP10 and TunerTM (DE3) strains were used for transformation in this study. E. coli were streaked to single colonies on LB agar and incubated overnight at 37 °C. A single fresh colony was inoculated into 25 ml LB and incubated overnight at 37 °C with aeration at 250 rpm. Four millilitres of overnight culture was used to inoculate 400 ml pre-warmed LB, and grown at 37 °C, aeration at 250 rpm to OD600 of approximately 0.5. The culture was rapidly chilled in an ice-slurry for 20 min, then cells harvested by centrifugation from 4 ×100 ml culture at 5000 rpm, for 10 min at 4 °C. Cells were washed three times in 25 ml ice-cold sterile dH2O by centrifugation and resuspension as above. Pellets were resuspended in 500 µl ice-cold sterile dH2O, and ice-cold 50% (v/v) glycerol added to a final concentration of 10% (v/v) glycerol. Electrocompetent cells were divided into 50 µl aliquots and snap-frozen in liquid nitrogen. Long term storage was at -80 °C.

2.10.1.2	Transformation of competent E. coli by electroporation
Electrocompetent E. coli cells were thawed on ice and approximately 1 ng of purified 
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plasmid DNA or 5 µl ligation sample added, then transferred by pipette to pre-chilled electroporation cuvettes (1 mm; BioRad). Electroporation was carried out using a Gene Pulser apparatus at 1.75 kV, 25 µF and 200 Ω settings. E. coli were immediately resuspended in 400 µl LB and transferred to a sterile 30 ml universal, then incubated at 37 °C with aeration at 250 rpm for 2 h. Recovered cells were then plated onto LB agar plates with appropriate antibiotic selection (50 µl and 100 µl aliquots) and incubated overnight at 37 °C. As a negative control, electroporation of competent E. coli in the absence of vector was carried out in parallel.

2.10.2		Transformation of S. aureus
2.10.2.1	Preparation of electrocompetent S. aureus RN4220
S. aureus RN4220 was streaked to single colonies on BHI agar and incubated overnight at 37 °C. A single fresh colony was inoculated into 400 ml BHI and incubated for 10-12 h at 37 °C with aeration at 250 rpm. This culture was used to inoculate 400 ml pre-warmed BHI to OD600 of 0.1 and grown at 37 °C, aeration at 250 rpm. At OD600 of approximately 0.5 the fresh culture was harvested by centrifugation and resuspension of 4× 100 ml culture at 5,100 rpm for 10 min at room temperature. Cells were washed three times in 25 ml sterile dH2O and once in 25 ml of 10% (v/v) glycerol, at room temperature by centrifugation and resuspension as above. Pellets were resuspended in 10 ml of 10% (v/v) glycerol and incubated for 30 min at room temperature. Cells were harvested by centrifugation and resuspension, and the supernatant discarded. Pellets were resuspended in ~400 µl 10% (v/v) glycerol, divided into 50 µl aliquots and used immediately for transformation with a suicide vector, or snap-frozen in liquid nitrogen and stored long term at -80 °C for future transformation with replicative plasmids. 
2.10.2.2	Transformation of competent S. aureus RN4220 by electroporation
Approximately 1 μg of purified plasmid DNA was added to a 50 µl aliquot of competent S. aureus RN4220, then transferred by pipette to an electroporation cuvette (1 mm; BioRad). Electroporation was carried out using a Gene Pulser apparatus at 2.3 kV, 25 µF and 100 Ω settings. S. aureus were immediately resuspended in 1 ml BHI, transferred to a sterile 30 ml universal and incubated at 37 °C with aeration at 250 rpm for 3 h. Recovered cells were then plated onto BHI agar plates with appropriate antibiotic selection (200 µl aliquots) and incubated for 48 h at 37 °C. As a negative control, electroporation of competent S. aureus in the absence of vector was carried out in parallel.

2.10.3		Phage techniques
2.10.3.1	Bacteriophage
Phage transduction of S. aureus was carried out using bacteriophage Φ11 (Mani et al., 1993) or Φ85. These are S. aureus specific, temperate transducing phages of serological group B, which require Ca2+ ions for maintenance of infection (Novick, 1991).

2.10.3.2	Preparation of phage lysates
The required donor strain was grown overnight in 5ml BHI with appropriate antibiotic selection, at 37 °C with aeration at 250 rpm. The overnight culture was inoculated to OD600 of approximately 0.2 in a 30 ml universal containing 5 ml BHI, 5ml phage buffer and 100 µl of Φ11 or Φ85 phage lysate. The lysate mixture was incubated at room temperature until clear, or overnight at 25 °C. Clear lysates were enriched 2-3 times with a fresh donor strain as before. The final clear lysate was filter sterilised (0.2 µm pore size) and stored at 4 °C

2.10.3.3	Determination of phage titre
S. aureus SH1000 was grown in 5 ml BHI to OD600 of approximately 0.5. Serial dilutions of the phage lysate of interest were prepared in phage buffer (10-2 – 10-7 range) and 100 µl of each dilution added to a 400 µl aliquot of SH1000 cultures with 50 µl CaCl2. The aliquots were incubated for 10 min at room temperature, then combined with 5 ml phage top agar and overlaid onto a phage bottom agar plate. Plates were incubated at 37 °C for 48 h before quantification of plaque forming units. Successful phage lysates were typically in the range 10-7 to 10-10 pfu ml-1.

2.10.3.4	Phage transduction
The recipient S. aureus strain was grown overnight in 50 ml LK at 37 °C with aeration at 250 rpm, and cells harvested by centrifugation at 5000 rpm for 10 min at room temperature. The pellet was resuspended in 1.5 ml LK, and 500 µl used to inoculate lysate solutions comprising 1ml LK, 10 mM CaCl2 and either 500 µl, 100 µl or 0 µl (negative control) of the appropriate phage lysate. The cultures were incubated in a water bath at 37 °C for 25 minutes without aeration, then for a further 15 min in the water bath with shaking at 200 rpm. One millilitre of ice-cold 0.02 M sodium citrate was added and the culture incubated on ice for 5 min. Cells were harvested by centrifugation at 4 °C for 10 min at 5000 rpm, and the pellet resuspended in 1 ml of ice-cold 0.02 M sodium citrate and incubated on ice for 45 min. The cultures were spread (200 µl aliquots) onto LK bottom agar plates containing 0.05% (w/v) sodium citrate and incubated at 37 °C for 2 h. The plates were then overlaid with 5 ml LK top agar containing the appropriate selective antibiotics at 3× concentration. Plates were incubated at 37 °C. Colonies typically appeared after 48 h incubation and were patched onto TSA plates with appropriate antibiotic selection.

2.11		Protein analysis
2.11.1		SDS-PAGE and renaturing SDS-PAGE
Protein extracts were analysed by SDS-PAGE using the method of Laemmli (1970). Peptidoglycan hydrolase activity was assayed by renaturing gel electrophoresis as described by Foster (1992).

SDS-PAGE 10% (w/v) resolving gel
dH2O									3.5 ml
1.5 M Tris-HCl (pH 8.8)						2.5 ml
10% (w/v) SDS							100 µl
30% (w/v) Acrylamide/Bis (37.5:1)					4.0 ml
10% (w/v) Ammonium persulphate					100 µl
TEMED (N,N,N’N’-tetramethyl-ethylenediamine)			20 µl

For renaturing gels, the resolving gel was supplemented with purified cell walls of B. subtilis at a concentration of 0.05 % (w/v). The components were added in the above order, mixed gently and immediately loaded between the glass plates of a gel casting apparatus by pipette. The resolving gel was overlaid with 100% (v/v) isopropanol to isolate it from air and ensure an even surface. Once the resolving gel had set, a stacking gel was prepared as follows.

SDS-PAGE 4% (w/v) stacking gel
dH2O									7.35 ml
1.0 M Tris-HCl (pH 6.8)						1.25 ml
10% (w/v) SDS							100 µl
30% (w/v) Acrylamide/Bis (37.5:1)					1.3 ml
10% (w/v) Ammonium persulphate					100 µl
TEMED (N,N,N’N’-tetramethyl-ethylenediamine)			20 µl

The isopropanol overlay was removed from the resolving gel by washing 3 times with water. Stacking gel components were added in the above order, mixed gently and loaded on top of the resolving gel. A plastic comb was inserted into the stacking gel to create sample loading wells and separate the gel from air. 5 µl of TEMED was added to each corner to ensure rapid crosslinking at the exposed corners. Once set, the gel was transferred to a BioRad tank and submerged in 1x SDS-PAGE electrophoresis buffer. An appropriate volume of sample was loaded into the wells by pipette. A Dalton Mark VII-L (Sigma) molecular weight marker (10 µl) was also loaded. Proteins were separated by electrophoresis at 150 V, until the blue dye front of the sample buffer reached the base of the gel plate.
2.11.2		Coomassie staining
For visualisation of protein bands, SDS-PAGE gels were submerged in Coomassie blue stain for 30-60 min with gentle mixing. The gel was then destained by submerging Coomassie destain along with paper towel for blotting of Coomassie blue stain, and incubated overnight until the gel background was cleared. Molecular masses were estimated by comparison to the molecular weight markers of known size.

2.12 		Production of recombinant proteins
2.12.1 	Expression of recombinant protein in E. coli TunerTM (DE3)
A single colony of E. coli TunerTM (DE3) carrying an over-expression plasmid (pET21a or pET24d) containing the DNA insert of interest, was used to inoculate 10 ml LB with appropriate antibiotic for maintenance of the plasmid. The culture was incubated overnight at 37 °C with aeration at 250 rpm, then inoculated to an OD600 of 0.05 into 1 l of pre-warmed LB. The culture was grown at 37 °C with aeration at 250 rpm. When the culture reached an OD600 of 0.6, 1 mM IPTG was added to induce recombinant protein overexpression, and incubated for a further 3 h. Cells were harvested by centrifugation at 4 °C for 10 min at 5000 ×g and the pellets stored at -20 °C.

2.12.2		Determination of recombinant protein solubility
Cells prepared in Chapter 2.12.1 were thawed and resuspended in 5 ml buffer A. The cell suspension was freeze-thawed three times at -80 °C, then sonicated 6 times on ice with a Sanyo Soniprep 150, for 10 s with 30 s chilling on ice between each sonication. The suspension was centrifuged at 10,000 ×g for 25 min at 4 °C. The supernatant containing the solubilised cell material was decanted, whilst the insoluble pellet was resuspended in 5 ml START buffer containing 8 M urea. The soluble and insoluble fractions were analysed for the presence of over-expressed recombinant protein by SDS-PAGE. 

2.12.3		Preparation of cell lysates for purification
If over-expressed recombinant protein was deemed to be soluble, the soluble fraction prepared in Chapter 2.12.2 was filtered using 0.45 µm pore size filters prior to HiTrap purification. If the recombinant protein was insoluble, the insoluble fraction was adjusted to 50 ml with START buffer containing 8 M urea and incubated overnight at 4 °C. Cell debris was separated by centrifugation at 10,000 ×g for 25 min at 4 °C, and the supernatant filtered as above.

2.12.4		Protein purification using a HiTrap column
His-tagged proteins were purified using a BioRad Econo Gradient pump and fraction collector with a 280 nm wavelength Econo UV monitor, for detection of eluting material. A 5 ml HiTrap chelating column (GE Healthcare) was washed with 15 ml of dH2O, charged with 2.5 ml of 0.1 M NiSO4, then washed again with 15 ml dH2O to remove excess NiSO4. The tubing of a BioRad Econo Gradient pump and fraction collector was flushed with 20 ml water, and then 20 ml START buffer at a rate of 1 ml min-1. For insoluble proteins all purification buffers contained 8 M urea. The HiTrap column was attached to the BioRad Econo Gradient pump and equilibrated with 5 column volumes of START buffer. The supernatant containing the His-tagged recombinant protein prepared in Chapter 2.12.3 was applied to the column, and unbound material eluted with START buffer plus 5% elution buffer, until the UV absorbance flatlined. Chelated His-tagged proteins were eluted from the column using a gradient of 5-100% elution buffer containing 0.5 M imidazole. Fractions likely to contain the protein of interest by UV detection were collected and analysed by SDS-PAGE. The HiTrap column was detached and stripped with 5 column volumes of 0.05 M EDTA and washed with 5 column volumes of dH2O, then 3 column volumes of 20% (v/v) ethanol for long-term storage at 4 °C. BioRad Econo Gradient pump and fraction collector was flushed with dH2O followed by 20% (v/v) ethanol.

2.12.5 	Protein dialysis
Fractions containing recombinant protein collected from Chapter 2.12.4 were combined and transferred to dialysis membrane tubing. Soluble proteins were dialysed in PBS for 24 h at 4 °C, with four buffer changes. Insoluble proteins were dialysed sequentially in PBS containing 4 M, 2 M, 1 M and 0 M urea over 24 h at 4 °C. Protein concentration was estimated using the BioRad colorimetric protein assay according to the manufacturers’ instructions.

2.13		Growth experiments
2.13.1		Pulse-chase labelling of nascent cell wall synthesis in S. aureus
An overnight culture was prepared in BHI supplemented with 125 mM D-serine, and used to inoculate a 50 ml culture of pre-warmed BHI containing 125 mM D-serine to OD600 0.01. The culture was incubated at 37 °C with aeration at 250 rpm. At an OD600 of approximately 0.4, the cells were harvested by centrifugation at 5000 rpm for 10 min at room temperature. The cell pellets were washed three times in 1 ml BHI by centrifugation at 13,000 rpm for 1 min at room temperature, then resuspended in 50 ml pre-warmed BHI without D-serine. The culture was incubated at 37 °C with aeration at 250 rpm for approximately one doubling time (~25 min), which was confirmed by doubling of optical density. The media was then supplemented with D-serine at 125 mM final concentration. One millilitre samples were extracted at 15 minute intervals, transferred to an microcentrifuge tube containing 1.0 µg ml-1 of a 1:1 mix of vancomycin (Sigma):vancomycin-BODIPY (Invitrogen) and incubated for 5 min at the appropriate growth temperature on a rotary mixer. Labelled cells were washed once with PBS then fixed (Chapter 2.15.1) and labelled with vancomycin (Chapter 2.15.2).

2.13.2		Growth of an IPTG-inducible conditional S. aureus mutant 
The conditional mutant was streaked to single colonies onto TSA containing 30 µg ml-1 chloramphenicol, without IPTG, and incubated at 37 °C for 24-36 h. A single colony inoculated into 10 ml TSB containing 30 µg ml-1 chloramphenicol and no IPTG and incubated for ~8 h at 37 °C with aeration. Exponential phase cells were sonicated gently with a Sanyo Soniprep 150 for ~30 s to disperse aggregates. The optical density of dispersed cells was measured. The suspension was then used to inoculate 400ml pre-warmed TSB containing 30 µg ml-1 chloramphenicol, and either 0 M or 1 mM IPTG, to equivalent OD600 10-5 (~104 cfu ml-1). Optical density was measured every hour for growth experiments. Cell were harvested at OD600 0.5 for phenotype analysis.

2.13.3		Growth at high salt concentration
For studies of salt sensitivity, TSA media was prepared with various concentrations of NaCl up to 2.0 M, and autoclaved. The presence of salt affected the melting temperature of the agar, therefore molten media was removed from the autoclave and cooled to ~60 °C with addition of appropriate antibiotics immediately before pouring of plates.
For the salt sensitivity assay, S. aureus strains were grown to mid-exponential phase in TSB, washed once in PBS, then adjusted to OD600 0.1. Ten-fold serial dilutions were prepared, and 5 µl or 10 µl of each cell suspension spotted onto TSA-NaCl plates.

2.14 		Preparation of purified cell walls and sacculi
2.14.1 	Breakage of cell walls for imaging
When broken cell walls were required for imaging purposes, cell breakage was carried out immediately prior to boiling in 5% (w/v) SDS during cell wall purification (Chapter 2.14.3). Breakage of B. subtilis cells was achieved by passing 20-30 ml cell suspensions through a French press at approximately 1000 psi. S. aureus cells were broken by applying 800 µl of a thick cell suspension to lysing matrix tubes containing 0.1 mm silica spheres (Lysing Matrix B; MP Biomedicals), and mechanically shearing 6 times using an MP Biomedicals FastPrep 24 Homogeniser. Ovococci were broken either by French press at approximately 1500 psi or by mechanical breakage as described above.

2.14.2		Extraction of cell walls for fluorescence microscopy
An overnight culture was used to inoculate 50 ml of appropriate pre-warmed media to OD600 and incubated under the required growth conditions (Chapter 2.4), until exponential phase (final OD600 ~0.3). The culture was immediately decanted into excess boiling 5% (w/v) SDS. Cells were then incubated for 30 min at 50°C, then harvested by centrifugation at 8000 rpm at room temperature for 15 min. Cells were washed six times with 60 °C water by centrifugation as above, then incubated in 250 µl of 48% (v/v) HF for 48 h. Extracted cell walls were then washed at least six times by centrifugation and resuspension with sterile dH20, until the pH was at least 5.

2.14.3		Extraction of cell walls for AFM
An exponential phase culture (OD600 ~0.4) was harvested by centrifugation (5000 xg for 10 min at room temperature) and supernatant discarded. The pellet was immediately resuspended in ~20ml boiling dH2O and boiled in a water bath for 10 min to kill the cells and inactivate autolysins. Cells were resuspended in 10 ml pre-heated 5% (w/v) SDS and boiled for 25 min for removal of non-covalently bound cell wall components. Cell suspensions were transferred as 1 ml aliquots to 1.5 ml microfuge tubes and harvested by centrifugation at 14,000 xg for 10 min at room temperature, then resuspended in pre-heated 4% (w/v) SDS and boiled for 15 min. Material was then washed six times by centrifugation and resuspension (as above) in dH2O (60 °C) to remove SDS. For hydrolysis of covalently bound proteins, pellets were resuspended in 1 ml 50 mM Tris-HCl (pH 7.5) containing 2 mg ml-1 pronase and incubated at 60 °C for 90 min. The resulting walls were harvested by centrifugation and washed once with water.

2.14.4 	Chemical purification of sacculi
Following chemical extraction of cell walls, removal of accessory polymers was achieved by incubation in 250 µl of 48% (v/v) hydrofluoric acid (HF) at 4 °C for 48 h. Purified peptidoglycan sacculi were recovered by centrifugation and washed at least six times with LC-MS CHROMASOLV® grade water (Fluka) at room temperature, until the pH reached at least 5.0. Purified sacculi were stored as pellets at -20 °C.

2.14.5		Preparation of cell walls and sacculi for AFM imaging
Purified cell walls were thawed and washed by centrifugation (13,000rpm for 5 min) and resuspension at least six times with LC-MS CHROMASOLV® grade water (Fluka) at room temperature. Sacculi were prepared at an appropriate working concentration for imaging of the cell walls (approximately 10-fold), and sonicated gently with a Sanyo Soniprep 150 for 10-20 s to disperse cell wall aggregates. Around 5 µl was transferred to a freshly cleaved mica sheet attached to a magnetic stub, and dried gently under nitrogen gas.


2.15		Microscopy
2.15.1		Fixing of cells for microscopy
Cell pellets were resuspended in fixative (Chapter 2.3.9) for 30 min at room temperature. Fixed cells were washed at least twice in sterile dH2O by centrifugation at 13,000 rpm for 2 min at room temperature.

2.15.2	Fluorescent vancomycin labelling of nascent cell wall synthesis.
A 1 ml aliquot of exponential phase culture was transferred to a microcentrifuge tube containing 1.0 µg ml-1 of a 1:1 mix of vancomycin (Sigma):vancomycin-BODIPY (Invitrogen) and incubated for 5 min at the appropriate growth temperature on a rotary mixer. Aliquots were washed twice with sterile dH2O by centrifugation (13,000 rpm for 1 min) and resuspension, then fixed as described previously (Chapter 2.15.1)

2.15.3		Labelling of cell walls with fluorescent lectins. 
An appropriate dilution of the extracted cell or purified sacculi was resuspended to 250 µl volume in dH2O with 1.0 mM CaCl2 and 100 µg ml-1 of the appropriate fluorescent lectin for 30 min. Labelled pellets were washed at least 3 times by centrifugation (13,000 rpm for 5 min) to remove excess lectin.


2.15.4		Labelling of cell walls with chemical probes.
Extracted cells or purified sacculi were used for labelling. The sample was washed once in 0.1 M sodium carbonate (pH 8.3) buffer and resuspended in the same buffer, and sonicated gently using a Sanyo Soniprep 150 to disperse aggregates. BODIPY SSE or HAF488 was added to a final concentration of 100 µg ml-1. The total reaction volume was 200 µl. The suspension was incubated in the dark on a rotary mixer at room temperature for 1 h. Samples were washed by centrifugation (13,000 rpm for 5 min) at least twice in dH2O. Sacculi provide little contrast by brightfield microscopy, and were typically dual labelled with WGA Alexa Fluor 350 (Chapter 2.15.3) to aid visualisation for the sample field without bleaching the BODIPY SSE or HAF488 signal.

2.15.5		Slide preparation for light microscopy
Glass slides were washed once with soap, the rinsed thoroughly with dH2O followed by 70 % (v/v) ethanol. Slides were air-dried, then 10 µl of 0.01 % (w/v) poly-L-lysine (Sigma) applied to aid attachment of the sample to the slide surface, and set on a flat surface to air-dry. An appropriate sample dilution was prepared in dH2O, and 5 µl spread gently onto the poly-L-lysine coated slide and left to air-dry. A coverslip was then mounted with 5 µl SlowFade Gold antifade reagent (Molecular Probes), and sealed by spotting DPX mountant (BDH) at each corner.
 
2.15.6		Fluorescence microscopy.
Fluorescence microscopy was carried out using a DeltaVision deconvolution microscope (Applied precision) equipped with appropriate filters for imaging of each fluorophore (Table 2.9). Images were deconvolved using SoftWoRx suite v.3.5.1. Deconvolved fluorescence images were processed, and cell measurements carried out, using ImageJ version 1.43u.

2.15.7	Three dimensional structured illumination microscopy (3D-SIM) 
Super-resolution 3D-SIM was carried out at the University of Dundee Light Microscope Facility using an OMX v.3 system (Applied Precision). Images were reconstructed and aligned using SoftWoRx suite v.4.5.0 (unreleased development version). Contrast optimisation, 3D reconstruction and cell measurements were performed using ImageJ v.1.43u.

2.15.8		Imaging of purified cell walls by AFM
Sacculi were imaged using a Multimode AFM with and Extended Nanoscope IIIa controller (Veeco Instruments). Imaging was carried out in tapping mode using silicon tips (Olympus) under ambient conditions. Post-processing of images was performed using Gwyddeon v2.19 software.

2.15.9		Electron microscopy
Cells were grown to exponential phase (final OD600 ~ 0.5), washed by centrifugation with distilled water and fixed with 3% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 overnight at 4°C.

Table 2.9 DeltaVision filter sets.
	Filter
	Compatible fluorophore
	Excitation
filter/bandpass (nm)
	Excitation
filter/bandpass (nm)

	DAPI
	AlexaFluor 350
	360/40
	457/50

	FITC/YFP
	AlexaFluor 488, BODIPY-FL
	490/20
	528/38

	mRFP
	AlexaFluor 594
	580/20
	630/60





Fixed cells were then prepared for electron microscopy by Chris Hill at the Electron Microscopy Unit, University of Sheffield, using the method as follows. Fixed cells were washed twice in 0.1 M sodium cacodylate buffer pH 7.4 and post-fixed in 2% (w/v) aqueous osmium tetroxide for 2 h at room temperature. Cells were washed once with cacodylate buffer by centrifugation then dehydrated by stepwise incubation at room temperature in 75% (v/v) ethanol (15 min), 95% (v/v) ethanol (15 min), absolute ethanol (2 × 15 min) and dried absolute ethanol (2 × 15 min). 
For transmission electron microscopy the specimens were equilibrated in propylene oxide (2 × 10 min), and infiltration accomplished using a 1:1 mixture of propylene oxide:araldite resin overnight at room temperature. Pellets were incubated in fresh 100% (v/v) araldite (6-8 h), then embedded in 100% (v/v) araldite and polymerised at 60°C for 48 h. Eighty nm sections were cut using a Reicher Ultracut E ultramicrotome and stained with a saturated solution of uranyl acetate in 50% (v/v) ethanol for 25 min. Sections were washed in distilled water and stained in Reynold’s lead citrate (Reynolds, 1963) for 25 min. Sections were viewed using a FEI Tecnai transmission electron microscope operating at 80 kV.
For scanning electron microscopy the specimens were incubated for 30 min using a 1:1 mixture of absolute ethanol : 100% (v/v) hexamethyldisilazane. Specimens were incubated for a further 30 min in 100% hexamethyldisilazane and air-dried overnight. Dried samples were mounted on 12.5 mm diameter stubs and coated with approximately 25 nm gold using an Edwards S150B sputter coater. Specimens were examined using an FEI XL-20 scanning electron microscope operating at 20 kV. 


2.16	Preparation of cell walls for biochemical analysis
2.16.1		Cell wall radiolabelling and purification.
Cells were grown from overnight cultures in optimal growth conditions until exponential phase (OD600 0.3). The exponential phase cultures were inoculated into 50 ml of pre-warmed LB containing 0.185 MBq N-acetyl[14C]glucosamine (1.67 TBq/mmol; Hartmann Analytic) and 500 ml of non radioactive medium to give a starting OD600=0.04. Cells were grown to OD600 of 0.3-0.4, then harvested by centrifugation at 5,000 ×g for 5 min at room temperature. Radiolabelled peptidoglycan was chemically extracted as described in Chapter 2.14.3-2.14.4, except that HF was removed by washing in Milli-Q water (MilliPore). Sacculi were stored at -20°C as pellets. By this method, 5 to 20 mg of radiolabelled peptidoglycan was obtained for each species. Scintillation measurements indicated that the pelleted material contained less than 10% of the initial N-acetyl[14C]glucosamine inoculum.
2.16.2		Amidase digest of glycan strands from stem peptides.
Analysis of glycan chain length was carried out based on the method of Boneca et al. (2000). Radiolabelled peptidoglycan sacculi were digested with the amidase domain of the bifunctional S. aureus autolysin Atl. Typically, 1–2 mg of peptidoglycan was digested overnight with 250 µg Atl amidase in 10 mM Tris-HCl (pH 7.0) containing 1 mM CaCl2. The sample was boiled in a water bath for 3 min to inactivate the enzyme, then insoluble material pelleted by centrifugation at 14,000 ×g for 10 min, and the supernatant collected for further analysis. Counts in the supernatant and pellet fractions using N-acetyl[14C]glucosamine radiolabelled material were used to determine hydrolysis efficiency. The solubilised peptidoglycan fraction was adjusted to pH 2 ready for purification by cation exchange.
2.16.3		Sodium borohydride reduction of soluble peptidoglycan material
The presence of α- and β-anomers in the peptidoglycan hampers resolution of distinct peaks by HPLC. Following solubilisation of peptidoglycan fragments by enzymatic digest, reduction of peptidoglycan with sodium borohydride was therefore carried out as described by Boneca et al. (2000). The soluble fraction was separated from insoluble material by centrifugation at 13,000 rpm for 10 min at room temperature, then the pH of 500µl of soluble material raised by addition of 350 µl of 0.5 M boric acid buffer (pH 8.7). Ten milligrams of sodium borohydride was added, and the sample incubated for 15 min at room temperature. The reaction was halted by adjusting the sample to pH 2 using neat phosphoric acid.

2.16.4		Ion exchange separation of glycan strands and peptide stems
An Amersham FPLC P-900 system was used for cation exchange purification of glycan strands. Amidase digested peptidoglycan at pH 2 (Chapter 2.16.2) was injected onto a MonoS column (Amersham Biosciences) equilibrated with buffer A (Chapter 2.3.8.2). The column was washed with 4.5 ml of buffer A (Chapter 2.3.8.2). Glycan strands were eluted during this wash. The column was then washed with 5.5 ml of Buffer B (Chapter 2.3.8.2) containing 1 M NaCl to elute the bound material containing peptide stems. 

2.16.5		HPLC separation of glycan strands.
Size exclusion chromatography of glycan strands was performed as described by Hayhurst et al. (2008). The purified radiolabelled glycan strands were freeze-dried and resuspended in 100 mM phosphate buffer (pH 6.0) (Chapter 2.3.8.3). Approximately 25,000 cpm of each glycan strand fraction (corresponding to 50-100 µg peptidoglycan) was loaded in 200 µl volume onto either a TSKSW2000 (7.5 x 600 mm) or TSKSW4000 (7.5 x 300 mm) size exclusion HPLC column (Tosoh), pre-equilibrated in 100 mM phosphate buffer (pH 6.0) (Chapter 2.3.8.3). Samples were eluted at a flow rate of 1 ml min-1. Fractions were collected every 15 s (250 µl volumes) and counted by mixing in Ultima GoldTM scintillation cocktail (Perkin Elmer) to detect radiolabelled glycan strands. 
The gel filtration columns were calibrated using dextran standards (analytical standards grade for GPC, Sigma-Aldrich: 1000 Da, #31416; 1500 Da, #31394; 5000 Da, #00269; 10 000 Da, #D9260; 12 000 Da, #00270; 25 000 Da, #00271; 50 000 Da, #00891; 80 000 Da, #00892; 150 000 Da, #00893). Typically 200 µl of dextran (10 mg ml-1) was injected in phosphate buffer at a flow rate of 1 ml min-1. Fractions were collected every 15 s (250 ml) and neutral sugars were detected using a colorimetric phenolsulphuric acid assay (Kennedy and Pagliuca, 1994). For rp-HPLC analyses, glycan strands were reduced and analysed as previously described (Boneca et al., 2000).

2.16.6		Analysis of glycan strand distribution.
To avoid bias due to the exponential distribution of glycan strands as they are eluted from the size-exclusion column we re-plotted the radioactivity elution profile on a linear axis. The percentage of radioactivity above and below the threshold value of 25 kDa was determined by integrating the area under the curve. 
Radioactivity counts are directly proportional to the number of disaccharides present, and so do not reflect the abundance of a particular strand size (for example, one glycan strand of 100 disaccharides gives the same signal as 20 strands of 5 disaccharides). We therefore divided the radioactivity counts (cpm) by the corresponding theoretical molecular weight (MW) deduced from the calibration curves to reveal the abundance of strand lengths. The distributions were normalised by plotted the glycan chain lengths as a percentage relative to the maximum CPM/MW ratio observed in each organism.

2.16.7		Muropeptide analysis by RP-HPLC
Purified peptidoglycan sacculi (Chapter 2.14.3-2.14.4) were resuspended with 25 mM sodium phosphate buffer (pH 5.6) and muropeptides released by digestion for 16 h at 37 °C with 250 µg ml-1 mutanolysin, an N-acetylmuramidase (Table 2.7). The enzyme was inactivated by boiling for 3 min, then insoluble material separated from the soluble fraction by centrifugation at 13,000 rpm for 10 min. The soluble fraction was reduced with sodium borohydride as described in Chapter 2.16.3, except that the reaction was stopped by lowering the pH to 4 with phosphoric acid. Reduced muropeptide samples were filtered (0.45 µm pore size) prior to injection of 10-50 µl muropeptide sample on a Waters HPLC system with a Hypersil octadecylsilane column (4.6 x 250 mm, 5µm particle size; Sigma). The column was pre-equilibrated with Buffer A (Chapter 2.3.8.1) and muropeptides eluted at a flow rate of 0.5 ml min-1, using a linear gradient of 0-100 % buffer B containing 20% (v/v) methanol over 270 min. Elution of muropeptide material was detected by monitoring absorbance at 202 nm. Peaks were collected for further analysis either manually or using a fraction collector.


Chapter 3
Cell wall dynamics and peptidoglycan architecture of ovococcal bacteria

The work in this chapter was carried out in collaboration with Stéphane Mesnage (Chain length analysis of radiolabelled glycans by gel filtration) and Ivo G. Boneca (Glycan chain length analysis by RP-HPLC)

3.1		Introduction
3.1.1		Investigating the cell wall architecture of ovococci
Studies of peptidoglycan architecture in bacteria have largely focused on model organisms with rod-shape, i.e. Escherichia coli, Bacillus subtilis and more recently the curved rod Caulobacter crescentus which undergoes cellular differentiation as part of the cell cycle (Koch, 1998; Meroueh et al., 2006; den Blaauwen et al., 2008; Hayhurst et al., 2008; Goley et al., 2010; Vollmer and Seligman, 2010). These organisms are excellent models due to the availability of genetic tools to perform sophisticated morphogenesis studies (Zapun et al., 2008). Furthermore the phenotypes of cell growth and cell division mutants are relatively easy to characterise and quantify, with filamentous, coccoid and branched morphologies having been reported (Kruse et al., 2003; Figge et al., 2004; Feucht and Errington, 2005; Potluri et al., 2012). However, bacteria are morphologically diverse and it is essential to look beyond rod-shaped organisms in order to fully understand the mechanisms of morphogenesis in bacteria, and to identify clinically appropriate targets to treat the broad range of bacterial pathogens. Recent studies have begun to redress the balance by examining morphogenesis in organisms with spherical shape (cocci) and oval shape (“ovococci”) (Zapun et al., 2008; Andre et al., 2010; Turner et al., 2010; Pérez-Núñez et al., 2011). This chapter is concerned with morphogenesis in ovococcal bacteria.
Following the early characterisation of ovococcal cell walls by Tomasz, Shockman and Higgins (Chapter 1.5.2.3), investigation of peptidoglycan architecture in ovococcal species has remained scarce. Two factors have likely contributed; the functional ambiguity of the two biosynthetic machineries in cell growth (Chapter 1.5.2.3), and a dearth of techniques capable of investigating the in vivo architecture of the complex peptidoglycan macromolecule. Recently, the advent of microscopy techniques capable of nanometre scale resolution has opened the possibility of directly visualising the nanoscale architecture of bacterial cell walls, including atomic force microscopy (AFM), and the super-resolution fluorescence microscopies, STED, 3D-SIM and PALM/STORM (Binnig et al., 1986; Huang et al., 2010). At present the most mature and broadly applied of these techniques for microbial research is AFM. A schematic describing AFM imaging is presented in Figure 3.1 (Dorobantu and Gray, 2010). However few studies have applied this technique to the cell wall architecture of ovococci. Analysis of the surface architecture of living Lactococcus lactis cells by AFM revealed the presence on the cell surface of approximately 25 nm wide bands running around the short axis of the cell, parallel to the plasma membrane (Andre et al., 2010). Single molecule recognition using a LysM functionalised tip indicated the presence of peptidoglycan on these ridges. The authors proposed a planar model of peptidoglycan architecture in ovococci, comprising a single layer of peptidoglycan nanocables arranged as hoops or helices around the short axis of the cell (Andre et al., 2010; Tripathi et al., 2012). However, the observed architecture may not reflect the 
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Figure 3.1. Schematic of an Atomic Force Microscope (AFM). A cantilever with a sharp tip scans back and forth (raster scan) across the sample surface. The deflection of the tip by the surface is recorded by reflecting a laser beam from the cantilever to a photodetector, and translating the deflection into a topographical image. The image generated is referred to as a ‘height image’. To reduce lateral shearing forces that may displace the sample, the cantilever can be driven to oscillate at a high frequency, referred to as “tapping mode”. The AFM tip ‘taps’ across the sample instead of being in constant contact with the surface. A secondary effect of the cantilever oscillation is that weak interactions between the tip and sample surface cause the tip oscillation to move out of phase with the motor driven oscillation (Zlatanova et al., 2000). This phase shift is converted into an image in which topographical features are highlighted, as are changes in the chemical and mechanical properties of the sample. Such an image is referred to as a “phase image”. Both height and phase image are presented in this study.


de novo nanoscale organisation of the peptidoglycan, as similar bands were not seen on purified sacculi. The extent to which integral cell wall secondary polymers or autolysin activities contribute to the observed architecture remains unclear. This model also does not account for the presence of two peptidoglycan biosynthesis machineries and their contribution to the growth mode of ovococcal cells (Chapter 1.5.2.3). 
The relationship between the dynamics of peptidoglycan synthesis and the resulting cell wall architecture has been largely ignored (Vollmer and Seligman, 2010). In this work, we combined biochemical analyses with super-resolution microscopy to dissect the cell wall peptidoglycan architecture and dynamics of three species of ovococcus: Streptococcus pneumoniae, Enterococcus faecalis and L. lactis. Based on our results, we propose that ovococci have a unique peptidoglycan architecture not observed previously in other model organisms.

3.1.2		Aims of this chapter
1. Determine the distribution of glycan chain lengths in ovococcal bacteria
2. Investigate the peptidoglycan architecture of ovococci by AFM
3. Compare the growth mode of different ovococcal species
4. Develop a model of peptidoglycan synthesis in ovococci relating biochemical and architectural data to the growth mode of ovococcal bacteria


3.2		Results
3.2.1		Glycan chain length in ovococcal bacteria
3.2.1.2	Generation of recombinant Atl amidase 
To separate intact glycan strands from peptide stems, purified peptidoglycan sacculi are hydrolysed with an N-acetylmuramyl-ʟ-alanine amidase (amidase), an enzyme that cleaves the amide bond between MurNAc and ʟ-alanine. The major autolysin of Staphylococcus aureus is a bifunction peptidoglycan hydrolase, Atl, which has both amidase and glucosaminidase domains. An E. coli overexpression construct, pSRC002 (Table 2.5) was developed previously in our lab. The pSRC002 construct comprises a pET21a overexpression vector with His-tagged Atl amidase domain insertion under control of an IPTG inducible promoter (Clarke et al., 2006). Previous characterisation work showed that the purified recombinant protein was capable of apparent complete hydrolysis of B. subtilis peptidoglycan (Hayhurst et al., 2008). 

3.2.1.2.1	Overexpression of Atl amidase
Overexpression of Atl amidase was carried out by IPTG induction as described in Chapter 2.12.1. Successful over-expression of the recombinant protein was indicated by the presence of a high yield protein band of approximately 62 kDa four hours post-IPTG induction, corresponding to the predicted mass of Atl amidase (Figure 3.2A, lane 2). This band was absent from the pre-IPTG induction sample (Figure 3.2A, lane 1). Protein solubility was determined by SDS-PAGE analysis as described in Chapter 2.12.2. The overexpressed protein was present in the soluble fraction (Figure 3.2A, lanes 3 and 4). However attempts to purify the soluble protein were initially unsuccessful (data not shown). Although Atl amidase was present in the soluble fraction, it apparently became insoluble and it was necessary to purify Atl amidase under denaturing conditions. Such a trend was observed during previous attempts to over-express soluble Atl amidase (Hayhurst, 2006).

3.2.1.2.2	Purification of Atl amidase
The recombinant Atl amidase contains a C-terminal His tag, facilitating purification in a single step by nickel-affinity chromatography using a HiTrap column as described in Chapter 2.12.4. As Atl amidase was insoluble, it was necessary to purify the amidase in the presence of 8 M urea. Protein was purified using the HiTrap system and eluted using an imidazole gradient as described in Chapter 2.12.4. Elution of Atl amidase was maximal at a buffer concentration corresponding to approximately 150 mM imidazole, as indicated by UV detection at 280 nm. Fractions corresponding to this absorbance peak were collected and analysed by SDS-PAGE, confirming overexpression of protein at the expected size for Atl amidase (Fig 3.1B). Some smaller bands present in the overloaded lanes, were most likely Atl amidase degradation products.
Appropriate fractions were pooled and salt/urea concentrations depleted by dialysis in 1 l PBS, with stepwise decreases in urea concentration as described in Chapter 2.12.5. Incremental decrease in urea concentration helps prevent precipitation of the recombinant protein. Buffer was changed six times over a 24 hour period. The final urea concentration of the sample was approximately 250 µM. Final Atl amidase concentration was 2.5 mg ml-1 as determined by Bio-Rad protein concentration assay (Chapter 2.12.5).
[image: Description: Fig 3.1.emf]
Figure 3.2. Overexpression and purification of Atl amidase. (A) SDS-PAGE analysis shows a large protein band corresponding to the 62 kDA Atl amidase. Lane 1, total cell protein pre-IPTG induction; lane 2, total cell protein 4 hours post-IPTG induction; lane 3, soluble protein fraction 4 hours post-IPTG induction; lane 4, insoluble protein fraction four hours post-IPTG induction. (B) SDS-PAGE analysis of fractions collected following HiTrap column purification indicates the presence of the 62kDa recombinant Atl amidase (Lanes 1-14). Protein bands were visualised with coomassie blue staining solution (Chapter 2.3.6.3). Black arrows indicate putative Atl amidase bands. MW, molecular weight marker.


3.2.1.3	Hydrolysis of radiolabelled peptidoglycan with Atl amidase
[bookmark: _GoBack]Peptidoglycan of ovococci was labelled with N-acetyl[14C]glucosamine, purified, and digested with the S. aureus Atl amidase as described in Chapters 2.16.1 to 2.16.3 and Table 2.7. Incomplete digest by Atl amidase could lead to the detection of artificially long glycan strands due to the presence of cross-linked glycans. The amidase treated peptidoglycan was therefore further digested with mutanolysin (Table 2.7) to release any undigested material. Residual cross-linked material would be detected as disaccharide-peptide monomers and dimers. Peptidoglycan that had not been treated with Atl amidase was digested with mutanolysin as a control. Muropeptide analysis of the non-amidase treated sample revealed that peaks corresponding to dimeric peptides were eluted between approximately 35-60 min depending on the species (Figure 3.3A, shaded area). No corresponding disaccharide-peptide material was detected in the Atl amidase treated sample (Figure 3.3B and C, shaded area), confirming the completeness of the Atl amidase digest.

3.2.1.4	Rationale for analysis of ovococci glycan chain length by size-exclusion HPLC
Analysis of glycan strands by rp-HPLC is a precise method for resolving glycan chains of up to around 30 disaccharides in length (Boneca et al., 2000). However this method is incapable of resolving longer glycan strands (Hayhurst et al., 2008). The total glycan strand population of the ovococci could not be resolved by rp-HPLC (data not shown) suggesting that the average chain length was relatively long. Glycan chain length in ovococci was therefore investigated by size-exclusion HPLC. This method is capable of 
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Figure 3.3. HPLC analysis of 14C-labelled glycan strands. For each of the ovococci and S. aureus, the following traces are shown: (A) rp-HPLC muropeptide profile of peptidoglycan after mutanolysin digestion. (B) rp-HPLC profile of Atl amidase and mutanolysin-digested, radiolabelled glycan material after MonoS separation. (C) Radioactivity profile corresponding to (B). (D) Radioactivity profile of Atl amidase and mutanolysin-digested, glycan material when the MonoS separation was omitted. The regions corresponding to dimeric muropeptides are highlighted in grey (36 to 52 min for S. pneumoniae; 37 to 48 min for L. lactis; 42 to 62 min for E. faecalis; 40 to 52 min for S. aureus). The absence of muropeptides with retention times corresponding to dimeric disaccharide-peptides confirmed that the Atl amidase digest was complete. Similar controls have been published previously for B. subtilis (Hayhurst et al., 2008). Analysis by rp-HPLC was conducted by Ivo Boneca, Institut Pasteur, France.


revealing the total glycan chain distribution across a broad size range. Two columns were used for optimal resolution of short glycan strands (1-50 kDa, TSKSW2000) and very long glycan strands (25-500 kDa, TSKSW4000). 

3.2.1.5	Calibration of size-exclusion columns
Ideally the gel-filtration columns would be calibrated using pure glycan standards of known size. However, no such standards were available at the time of this study. We therefore used dextran molecules as standards to emulate the glycan backbone, assuming that the low level of branching (5%, equivalent to a monosaccharide or disaccharide branch every 20 residues of the main polysaccharide backbone) would have a marginal impact on their retention time (Figure 3.4). Calibration of the TSKSW2000 and TSKSW4000 was carried out as described in Chapter 2.16.5 (Kennedy and Pagliuca, 1994), using dextran standards and a colorimetric phenolsulphuric acid assay for detection of dextrans in the eluted fractions. This calibration permitted conversion of the eluate retention time to apparent molecular weight (MW) in kDa. The apparent MW could then easily be converted to glycan chain length, as the mass in KDa is approximately double the length in disaccharides (i.e. one disaccharide unit is equal to 2 KDa apparent MW).

3.2.1.6	Rationale for exclusion of cation-exchange step for purification of radiolabelled glycan chains
Previous studies of glycan chain length have been conducted following separation of glycan material from peptide stems by cation-exchange chromatography (MonoS) at pH 2.0 (Harz et al., 1990; Boneca et al., 2000; Hayhurst et al., 2008). However, S. pneumoniae in particular has a substantial level (40 to 80%) of deacetylated GlcNAc residues (Ohno et al., 1982; Vollmer and Tomasz, 2000). Glucosamine residues could bind to the MonoS column under the conditions used here, raising the possibility that a fraction of the glycan chains would be retained on the column and lost to further analysis. Since our analysis utilised radiolabelled glycan strands to ensure that only glycan material was considered in our analysis, and did not rely on the UV trace (A202) for detection of glycans, it was not essential to separate the glycan fraction from peptides. We therefore omitted the MonoS step and analysed total Atl amidase digested peptidoglycan samples directly (Figure 3.5A and B). As a comparison, we also performed these experiments including the cation-exchange step (Figure 3.5C and D). In the cases of B. subtils, S. aureus, E. faecalis and L. lactis, distribution of glycan strands was unaffected by inclusion or exclusion of the MonoS purification step. However, in the case of S. pneumoniae, approximately 60% of the glycan material was lost on inclusion of the MonoS step due to a high proportion of deacetylated GlcNAc residues in this species. This result indicated that the cation-exchange step should be omitted to ensure analysis of the complete population of glycan strands.

3.2.1.7	Analysis of ovococcal glycan strand length distribution by size-exclusion HPLC
For comparative purposes, two model Gram-positive organisms, (B. subtilis and S. aureus) reported to have very long and short glycan strands respectively, were included in our analysis of ovococcal glycan chain length (Boneca et al., 2000; Hayhurst et al., 2008). E. faecalis, L. lactis and S. pneumoniae had similar glycan strand distributions 
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Figure 3.4. Calibration of TSKSW2000 and TSKSW4000 columns with dextran standards. (A) Calibration curve used to determine the mass of radioactive glycan material (CPM) based on the elution volume from a TSKSW2000 (left) or TSKSW4000 (right) size-exclusion column. (B) The theoretical molecular weight (in kDa) was deduced from calibration of the column using dextran standards of known size (1-150 kDa, Chapter 2.16.5) to mimic the glycan backbone. The neutrally charged dextrans were detected by colorimetric phenolsulphuric acid assay of the collected fractions (Chapter 2.16.5) (Kennedy and Pagliuca, 1994). Work conducted by Stéphane Mesnage.


when analysed with a TSKSW2000 column (Figure 3.5A). The majority of radioactive material corresponded to glycan strands with an apparent molecular weight (MW) greater than 25 kDa (50 disaccharides), close to the theoretical resolution limit of the TSKSW2000 column (Figure 3.5A; see Chapter 2.16.6 for the rationale behind the analysis).
Since long strands contain more N-acetyl[14C]glucosamine residues than short strands, radioactivity does not directly correlate with the abundance of strands of a particular size (i.e. one strand of one hundred disaccharides has the same radioactivity as twenty strands of five disaccharides). To take into account the fact that radioactivity increases with glycan chain length, we plotted the relative chain length distribution by calculating the ratio between radioactivity and apparent MW (cpm/MW; Figure 3.5B and Table 3.1). Between 44% and 57% of ovococcal glycan strand material consisted of glycan strands with an apparent MW of greater than 25 kDa (50 disaccharides). The proportion of long to short glycan strands in ovococci was virtually identical to that of B. subtilis (53% of glycan strands >50 disaccharides) and significantly larger than that of S. aureus (14% of glycan strands >50 disaccharides) (Table 3.1A).
A second gel filtration column was then used with optimal resolution of dextran masses between 25 and 500 kDa (TSKSW4000; Figure 3.5B). The improved resolution of high molecular weight material purified from ovococci indicated that approximately 8% to 14% of the glycan strands had an apparent size >100 disaccharides. Again, these values were similar to B. subtilis (14% of glycan strands >100 disaccharides; Table 3.1A) and much higher than S. aureus (no glycan strands >100 disaccharides; Table 3.1A). The finding that the ovococci have very long glycan strands has important implications for peptidoglycan architecture, as it precludes the possibility of a purely scaffold architecture in ovococci (Dmitriev et al., 2003).
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Figure 3.5. Glycan strand length distribution in Gram-positive bacteria. Radiolabelled sacculi were digested with recombinant amidase. Glycan strand distribution was determined by gel filtration HPLC using two columns with distinct separation ranges to resolve long and short glycan strands. Left, TSKSW2000 column with optimal theoretical resolution of dextran standards between 1 and 30 kDa; right, TSKSW4000 with optimal theoretical resolution of dextran standards between 25 and 500 kDa. (A) Samples containing 10 000–20 000 cpm were eluted at a flow rate of 1 ml min-1; fractions were collected every 15 s and analysed by scintillation counting. Muramidase hydrolysis of radiolabelled material confirmed that it was glycan (mutanolysin digest of B. subtilis glycan strands is shown). (B) To take into account the fact that longer strands incorporate more radioactive N-acetylglucosamine, the radioactivity counts (cpm) were divided by the corresponding theoretical molecular weight (MW). Glycan chain abundance was plotted as a percentage relative to maximal (cpm/MW) ratio. (C) and (D) Glycan chains were purified from peptide stems by inclusion of a cation exchange (MonoS) step prior to gel filtration, the chain length distributions (C and D) were comparable to the results obtained without a cation exchange step (A and B). Work conducted in collaboration with Stéphane Mesnage.


	 (
A
)% Glycan chains

	
	>25 kDa (50 DS)
TSKSW2000 (TSKSW4000)
	>50 kDa (100 DS)
TSKSW2000 (TSKSW4000)
	>100 kDa (200 DS)
TSKSW4000

	B. subtilis 
S. pneumoniae
E. faecalis
L. lactis
	52.7 (25.1)
57.3 (27.9)
46.9 (20.4) 
43.9 (23.0)
	20.8 (14.2)
28.1 (14.2)
14.7 (8.2) 
15.7 (9.3)
	4.5
4.1
1.9
2.2

	S. aureus
	14.2 (2.6)
	1.4 (0.0)
	0.0



	 (
B
)% Glycan chains

	
	>25 kDa (50 DS)
TSKSW2000 (TSKSW4000)
	>50 kDa (100 DS)
TSKSW2000 (TSKSW4000)
	>100 kDa (200 DS)
TSKSW4000

	B. subtilis 
S. pneumoniae
E. faecalis
 L. lactis
	47.0 (29.5)
36.3 (22.4)
42.5 (26.6)
42.6 (23.2)
	19.3 (15.6)
10.6 (9.6)
16.0 (11.5)
14.9 (9.4)
	5.8
4.6
5.9
3.9

	S. aureus
	17.1 (5.9)
	3.5 (1.7)
	0.0


Table 3.1. Glycan chain length distribution in Gram-positive bacteria determined by size-exclusion chromatography. (A) Amidase-digested peptidoglycan (B) Amidase digested peptidoglycan additionally purified using cation-exchange chromatography (MonoS). The relative abundance of glycan chains above 25, 50 or 100 kDa was determined as described in Chapter 2.16.6, using either a TSKSW2000 (black font) or a TSKSW4000 column (red font). Work conducted in collaboration with Stéphane Mesnage.


3.2.2		Analysis of the in situ glycan chain length distribution by differential fluorescence microscopy
The glycan chain distribution in situ was obtained using a differential fluorescent lectin binding assay based on the method of Hayhurst et al. (2008). Whole cells devoid of accessory wall polymers were prepared as described in Chapter 2.14.2. Extracted cells were labelled using AlexaFluor conjugates of Wheat Germ Agglutinin (WGA), which binds GlcNAc residues throughout the peptidoglycan, and Griffonia simplicifolia lectin II (GSII), which binds only to non-reducing GlcNAc termini (Chapter 2.15.3). A fluorescent signal due to binding of GSII-AlexaFluor would therefore be strongest in regions of predominantly short glycan chains.
Ovococcal cell walls labelled uniformly with fluorescent WGA (Figure 3.6A to C). By contrast, no signal (E. faecalis and L. lactis; Figure 3.6A and B) or very weak labelling (S. pneumoniae, Figure 3.6C) was detected using fluorescent GSII. A small number of S. pneumoniae cells were strongly labelled due to apparent lysis. The labelling pattern in ovococci contrasted with S. aureus, an organism with predominantly short glycan strands. S. aureus exhibited uniform strong labelling with both WGA and GSII (Figure 3.6D). This suggests that in ovococci, short glycan chains are not restricted to a specific subcellular localisation, but rather distributed throughout the whole cell wall, as seen previously for B. subtilis (Hayhurst et al., 2008).

3.2.3		AFM of ovococcal cell walls containing secondary polymers
 It is possible that covalently bound accessory wall polymers such as teichoic acids and polysaccharides contribute to the architecture of the cell wall. We therefore began by imaging ovococcal cell walls in the presence of these secondary wall structures. To characterize whole extracted cell walls by AFM, cells were gently broken to release the cytoplasmic contents, facilitating imaging of flattened sacculi (Chapter 2.14.1). Non-covalently bound components were then extracted by boiling cells in SDS and covalently bound proteins were removed by protease treatment (Chapter 2.14.3). Extracted cell walls were dried onto a mica sheet and imaged in ‘tapping mode’ under ambient conditions (Chapter 2.14.5 and 2.15.8).
Extracted cell walls retained the overall morphological characteristics of the cell (Figure 3.7). Cell morphology and cell dimensions appeared most similar between S. pneumoniae and L. lactis (Figure 3.8A-C), which were more elongated at the peripheral wall than E. faecalis (Figure 3.8D). Extracted cell walls of all the ovococci appeared extremely smooth suggesting either the absence of order to the nanoscale architecture, or that the peptidoglycan architecture is obscured by the presence of covalently bound wall polymers (Figure 3.8). In all cases annular features associated with growth and division, namely septa and equatorial rings, were observed. These are discussed in more detail in Chapter 3.2.4.
Thickness measurements of dried extracted cell walls (Figure 3.9, blue bars) revealed that the average single leaf thickness was similar between E. faecalis JH2-2 (14.2 nm ± 1.5 nm, n=22) and L. lactis MG1363 (13.5 nm ± 1.5 nm, n=37). L. lactis VES5751, a wall polysaccharide mutant derivative of MG1363 (Chapot-Chartier et al., 2010), was included in the study to ensure that the observed cell wall architecture was not due to the retention of capsular material. VES5751 was not significantly thinner than the parental strain (12.6 nm ± 1.2 nm, n=19), suggesting a minor contribution to average wall thickness by the polysaccharide layer. The average leaf thickness of S. pneumoniae R6 was surprisingly thin at just 7.1 nm ± 0.7 nm (n=22)
3.2.4		Characterisation of ovococcal peptidoglycan architecture by AFM
Since peptidoglycan is the major structural component of the cell wall, sacculi were further purified to remove all accessory wall polymers covalently anchored to the C6 group of MurNAc, including techoic acids. This was achieved by weak acid treatment with hydrofluoric acid (HF), a compound used to hydrolyse the phosphodiester linkage whilst leaving the peptidoglycan structure unaffected (Chapter 2.14.4; Atrih et al., 1999). There was a 28-46% decrease in the average single leaf thickness upon removal of secondary wall polymers by treatment of sacculi with HF (Figure 3.9). The average single leaf thickness for HF treated ovococcal cells was found to be 9.4 nm ± 1.0 nm for E. faecalis JH2-2 (n=41), 9.5 nm ± 1.5 nm for L. lactis MG1363 (n=75), 6.8 nm ± 2 nm for L. lactis VES5751 (n=18) and just 4.3 nm ± 0.8 nm for S. pneumoniae R6 (n=42).

3.2.4.1 	The exterior architecture of purified ovococcal sacculi
Even after HF treatment, the sacculus exterior of all three species of ovococcus appeared smooth (Figure 3.10 and 3.11). However, annular features associated with growth and division (septa and equatorial rings) were more distinct upon HF treatment (Figure 3.11). In S. pneumoniae a thick rib of peptidoglycan parallel to the short axis of the mid-cell was attributed to the septal cross-wall on the sacculus interior which runs around the upper and lower leaflets as a single continuous ring (Figure 3.11A). Although such bands were observed in E. faecalis sacculi (Figure 3.11D), folds observed across the mid-cell suggested that characteristic flattening of the sacculus was altered to accommodate a more deeply penetrating septal annulus (Figure 3.8D). Sacculi 
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Figure 3.6. Differential lectin labelling of the ovococci. E. faecalis JH2-2 (A), L. lactis MG1363 (B), S. pneumoniae R6 (C) and S. aureus SH1000 (D) extracted cells were labelled with Wheat Germ Agglutinin (WGA) or Griffonia simplicifolia lectin II (GSII) fluorescent conjugates. Brightfield and fluorescence images show that whilst all the ovococci are strongly labelled with WGA, labelling with GSII is absent (A), (B) or very weak (C) suggesting that glycan strands in ovococci are relatively long and heterogeneously distributed. This labelling pattern contrasts with S. aureus, where uniform strong labelling is detected with both WGA and GSII (D).
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Figure 3.7. Field of S. pneumoniae extracted cell walls. Field showing broken and unbroken S. pneumoniae R6 extracted cell walls from exponential phase cultures. AFM height (H) and phase (P) images are presented. Common features of AFM fields of flattened cell walls are highlighted to aid interpretation. Scales: H 50 nm, P 17°.
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Figure 3.8. Architecture of ovococcal cell walls. Representative AFM height (H) and phase (P) images showing architecture of extracted cell walls from exponential phase cultures of ovococci. (A) S. pneumoniae R6, (B) L. lactis MG1363 (C) VES5751 [a wall polysaccharide mutant derivative of MG1363 (Chapot-Chartier et al., 2010)], and (D) E. faecalis JH2-2. Annular features associated with growth and division are indicated (septum and equatorial rings). Scales: (A) H 25 nm, P 33°; (B) H 50 nm, P 17°; (C) H 40 nm, P 40°; (D) H 85 nm, P 23°; (E) H 35 nm, P 35°, inset H 9 nm, P 27°.
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Figure 3.9. Single leaf thickness measurements of extracted cell walls and purified peptidoglycan sacculi. Blue bars show single leaf thickness measurements of extracted cell walls prior to removal of secondary wall polymers. Red bars represent single leaf thickness measurements of purified peptidoglycan sacculi after removal of secondary wall polymers with 48% (v/v) HF. Error bars show the standard deviation from the mean. Number of sacculi measured for each sample is as follows: extracted cell walls (blue bars) R6 n=22, MG1363 n=37, VES5751 n=19, JH2-2 n=22; purified sacculi (red bars) R6 n=42, MG1363 n=75, VES5751 n=18, JH2-2 n=41.


of L. lactis and E. faecalis consistently contained a single growth annulus at the mid-cell flanked by equatorial rings (Figure 3.11 B-D), whilst S. pneumoniae sacculi carried up to three growth annuli in parallel (Figure 3.11 A). Equatorial rings were less distinct than features associated with nascent synthesis, appearing as a thickened ring of peptidoglycan, the nanoscale architecture of which was contiguous with the sacculus wall (Figure 3.11, insets).

3.2.4.2	The interior architecture of purified ovococcal sacculi
The architecture of the sacculus exterior was very smooth, even after HF treatment (Figure 3.11). This may be due to the action of hydrolases altering peptidoglycan architecture as has been proposed for B. subtilis (Smith et al., 2000; Hayhurst et al., 2008). However the architecture of the sacculus interior may be more distinct. To investigate the interior sacculus architecture, cells were broken by French press or mechanical shearing. In all ovococci, broken sacculi characteristically fractured parallel to the short axis of the cell, usually adjacent to the septal annulus (Figure 3.12A). Intact septa in various stages of completion fragmented as discrete structures in E. faecalis (Figure 3.12B), but were rarely observed with S. pneumoniae or L. lactis (Figure 3.12C). 
When the interior architecture of S. pneumoniae was exposed, bands of peptidoglycan with average width 18 nm ± 4 nm (n = 31) were observed parallel to the short axis of the peripheral wall (Figure 3.13A-E). These bands were much narrower in diameter than peptidoglycan cables imaged in B. subtilis (~50 nm) and showed no evidence of twisting associated with a cabled wall architecture (Hayhurst et al., 2008). The interior wall of cell poles appeared smooth with subtle centripetal features suggesting that in S. pneumoniae the architecture of peptidoglycan synthesised by septation is distinct from that made at the peripheral wall (Figure 3.13F). The distinctive peripheral wall banding pattern was occasionally observed on the interior wall of E. faecalis but not in L. lactis samples (Figure 3.14). Although no clear periodicity was observed, the nanoscale architecture suggested that the peptidoglycan network was preferentially orientated in the direction of the short axis (Figure 3.13 and 3.14).

3.2.5		Investigation of ovococcal cell wall dynamics by fluorescence microscopy
The cell size of ovococci (~1 µm) is close to the diffraction limit of optical resolution (0.2 µm) and therefore represents a major obstacle to the study of the dynamics of growth and division. Here we used super-resolution fluorescence microscopy to gain insight into the spatial and temporal dynamics of growth and division in ovococci.
Fixed cells, labelled with fluorescent vancomycin, that binds D-ala-D-ala residues in peptidoglycan, were imaged by OMX three dimensional structured illumination microscopy (3D-SIM; Figure 3.15; Gustafsson, 2000; Posch et al., 2010). Although the gross characteristics of the cell cycle were initially visualized by conventional deconvolution microscopy, OMX imaging revealed novel, subtle differences between growth and division dynamics of the three ovococcal species (Figure 3.15 and 3.16A-C). Super-resolution allowed accurate measurement of subcellular features with a resolution of approximately 50 nm in the x-y plane and 125 nm in the z plane. Four distinct dimensions (cell length (L), maximal cell width (W), cross-wall diameter (C) and septal aperture diameter (A) were measured in individual cells to follow cell elongation, septum progression and cell constriction (Figure 3.16D).
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Figure 3.10. AFM imaging of S. pneumoniae purified peptidoglycan sacculi. The field shows representative AFM height (H) and phase (P) images of broken and unbroken S. pneumoniae R6 sacculi, from exponential phase cultures. To aid interpretation, common features of flattened sacculi are highlighted. Scales: H 50 nm, P 17°.
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Figure 3.11. The peptidoglycan architecture on the sacculus exterior in ovococci. AFM height (H) and phase (P) images of the surface architecture of ovococcus sacculi. Annular features are indicated. For each set of images, an area of the sacculus is highlighted in the middle image. This region is presented in higher resolution in the bottom image of each set. Scales (top to bottom): (A) H 40 nm P 12°, H 20 nm P 6°, H 15 nm P 8° (R6); (B) H 50 nm P 11°, H 40 nm P 9°, H 40 nm P 43° (MG1363); (C) H 50 nm P 26°, H 43 nm P 8°, H 30 nm P 11° (VES5751); (D) H 40 nm P 23°, H 40 nm P 35°, H 20 nm P 29° (JH2-2).
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Figure 3.12. Gallery of septal peptidoglycan architecture of the ovococci. (A) Left, AFM height (H) and phase (P) images of a L. lactis MG1363 cell wall broken so as to reveal the major structures of the sacculus. White box denotes the area of zoom (right) corresponding to a fully exposed, incomplete septum. The phase image shows subtle features generally oriented around the incomplete annulus. (B) and (C) AFM images of purified peptidoglycan sacculi obtained after removal of secondary polymers by HF treatment. (B) E. faecalis JH2-2 septal peptidoglycan architecture. E. faecalis septa were readily exposed. No strictly periodic architecture is observed, however subtle centripetal features suggest a preferential orientation of nanoscale architecture around the annulus. (C) Peptidoglycan architecture of septa in S. pneumoniae R6 (left) and L. lactis MG1363 (right). Septa were rarely exposed in S. pneumoniae and L. lactis samples. Scales: (Left to right) (A) H 55 nm P 35°, H 50 nm P 27° (MG1363); (B) H 30 nm P 0.6°, H 15 nm P 1.5°, H 15 nm P 15°, H 40 nm P 2.7° (JH2-2); (C) H 20 nm P 14° (R6), H 30 nm P 17° (R6), H 42 nm P 20° (MG1363), H 14 nm P 9° (MG1363).
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Figure 3.13. AFM gallery showing the interior peptidoglycan architecture of S. pneumoniae sacculi. AFM height (H) and phase (P) images showing the architecture of the sacculus interior in S. pneumoniae R6. (A) to (E) Images show broken sacculi with exposed peripheral wall displaying a circumferential banding pattern running across the short axis of the cell. Exposed poles display a smooth and centripetal architecture. (F) Architecture of an incomplete septum revealing a centripetal pattern (left). (Right) a closing septal annulus (top) with 3D height render (bottom). Scales: (left to right) (A) H 15 nm P 16°; (B) H 10 nm P 21° (C) H 15 nm P 18°, inset H 10 nm P 20°; (D) H 15 nm P 10°, inset H 15 nm P 6°; (E) H 10 nm P 9°; (F) H 8 nm P 9° (left), H 17 nm P 18° (right).
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Figure 3.14. Interior peptidoglycan architecture of L. lactis and E. faecalis. AFM height (H) and phase (P) images showing the interior peripheral wall architecture of L. lactis MG1363, VES5751 and E. faecalis JH2-2. The architecture at the peripheral wall in these species is less pronounced than that observed for S. pneumoniae R6 (Figure 3.13). Scales: (A) H 30 nm P 19° (MG1363); (B) H22 nm P 10° (VES5751); (C) H 14 nm P 11° (JH2-2).


Overall shape and cell dimensions appeared most similar between S. pneumoniae and L. lactis, which were more elongated than E. faecalis (Table 3.2). As expected for cells which divide in a plane perpendicular to the long axis and parallel to the short axis, significant variation was observed in cell length, whereas maximum cell width showed little variation throughout the cell cycle (Table 3.2).

3.2.6		Temporal and spatial regulation of the cell cycle in ovococci
We analysed the temporal regulation of successive rounds of division in non-limiting growth conditions, where growth rates were comparable between ovococci (between 48 and 56 minutes per generation). A complete division began with the appearance of vancomycin labelling at the mid-cell and ended when the diameter of the septal aperture was zero. We recorded the appearance of new labelling foci in presumptive daughter cells during progression of septation. Progression of septation was followed by plotting septal aperture against cross-wall diameter (Figure 3.17). S. pneumoniae displayed overlapping rounds of growth and division, as strong vancomycin labelling was observed in presumptive daughter cells before closure of the septum (Figure 3.17A). By contrast, E. faecalis and L. lactis displayed discrete rounds of growth and division. In E. faecalis, vancomycin labelling was detected in presumptive daughter cells only when the septum had closed, but simultaneous with splitting of the septal cross-wall (diameter of aperture equal to zero, see red circles in (Figure 3.17B). In L. lactis, vancomycin labelling was never observed in presumptive daughter cells (resulting in the absence of red circles in Figure 3.17C) indicating that, in this organism, division (i.e. septum synthesis and splitting) must be completed before a new round of division is initiated.
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Figure 3.15 Structured Illumination OMX microscopy of vancomycin labelled ovococci. Fields of (A) S. pneumoniae R6, (B) L. lactis MG1363 and (C) E. faecalis JH2-2 displaying subtle differences in vancomycin-BODIPY labelling patterns when imaged by 3D-SIM (OMX). Scale bar: 2 µm.
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Figure 3.16 Comparison between deconvolution microscopy and structured illumination microscopy of vancomycin labelled ovococci. (A) S. pneumoniae R6, (B) L. lactis MG1363 and (C) E. faecalis JH2-2. Images show a comparison between standard deconvolution microscopy (DeltaVision, DV) and structured illumination (OMX) microscopy of the same cell in each of the ovococci. (D) Schematic showing the measurements recorded for ovococcal cells imaged by OMX, to analyse the cell cycle in ovococci. A, septal aperture; C, maximal cross-wall diameter; L, total cell length; W, maximal cell width.


The synchronisation of septum synthesis and septum hydrolysis varies between the ovococci. In L. lactis, and more prominently in S. pneumoniae, labelled peptidoglycan mainly occurred as thin rings (Figure 3.15A-B and Movie 3.1A-B), indicating that in these ovococci septum progression is concomitant with hydrolysis for daughter cell separation. Consistent with AFM observations, broad septal discs were frequently visualized by fluorescence microscopy in E. faecalis samples (Figure 3.15C and Movie 3.1C) suggesting that septum formation and hydrolysis are not tightly synchronized processes in this organism. In L. lactis (Figure 3.15B and Movie 3.1B) vancomycin labelling occurs as a thin ring at mid-cell, but also relatively uniformly over the area of the cell wall associated with peripheral wall synthesis. This may suggest longevity of the maintenance of D-ala-D-ala residues which are able to bind vancomycin within the peripheral wall.
The dynamics of cell division were investigated for each of the ovococci using the ratio between cross-wall diameter and maximal cell width (C/W), plotted against cell length, as an indicator of septum constriction. Three developmental phases were defined corresponding to elongation (C/W>0.95), transition to constriction (0.7<C/W<0.95) and constriction (C/W<0.7). L. lactis was the only organism for which a strict elongation phase was observed, accounting for an increase in cell length of approximately 600 nm. This phase was followed by transition to cell constriction (0.7<C/W<0.95) during which the cell length continued to increase by up to 700 nm (Figure 3.18A). By contrast, a short cell elongation phase corresponding to an increase in cell length of approximately 300 nm was detected in S. pneumoniae before transition to septation (Figure 3.18B). Instead, cell constriction occurred simultaneously with elongation at the equatorial rings of the forming daughter cells. The existence of overlapping rounds of cell division and a greater variation in cell width (Table 3.2) gave rise to a more heterogeneous distribution 
Table 3.2. Average cell length and width of ovococci. Average cell dimensions and standard deviations are in nm (n=50).
	Species
	Length (L)
	Maximal width (W)

	S. pneumoniae
	1870 ± 520
	820 ± 70

	E. faecalis
	1370 ± 320
	860 ± 40

	L. lactis
	1920 ± 360
	890 ± 30
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Figure 3.17. Peptidoglycan synthesis during growth and division of the ovococci. The timing of successive rounds of cell division was followed in (A) S. pneumoniae R6, (B) E. faecalis JH2-2 and (C) L. lactis MG1363 by plotting the diameter of the septal aperture (as an indicator of septum progression; see Figure 3.16D) against the diameter of the septal cross-wall (as an indicator of cell separation; see Figure 3.16D). All strains were grown in non-limiting conditions to ensure equivalent doubling times. (), cells showing a single ring of vancomycin labelling at the septum; (○), cells with additional rings of labelling at equators of presumptive daughter cells. S. pneumoniae shows overlapping rounds of synthesis, whereas E. faecalis and L. lactis show discrete rounds of division, however E. faecalis initiates the next round of division before cell separation is completed.
of cell dimensions. In addition, a proportion of the cells (~ 6%) did not undergo septation but continued to elongate at multiple vancomycin labelling foci. Similar to S. pneumoniae, a relatively short elongation phase was detected prior to cell constriction in E. faecalis (Figure 3.18C). Elongation accounted for an approximate length increase of 300 nm. Septum constriction and cell elongation progressed simultaneously throughout the cell cycle.
The overall distribution of cell numbers in each phase was similar between the ovococci (Figure 3.18). Most of the cell cycle was devoted to elongation (46% to 54% of cells). The number of cells undergoing transition to septation was slightly lower in E. faecalis (26%) as compared to L. lactis and S. pneumoniae (46% and 38% respectively), suggesting that in this organism septation occurs more rapidly. 
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Figure 3.18. Dynamics of cell growth and division in ovococci. Cell cycle progression was followed in (A) L. lactis MG1363, (B) S. pneumoniae R6 and (C) E. faecalis JH2-2 by plotting total cell length against the width ratio (cross-wall diameter over maximal cell width, C/W; see Figure 3.16D) as an indicator of septum constriction. Increasing length with little or no change in C/W ratio indicates an elongation phase. Increasing length with decreasing C/W ratio indicates septum constriction during cell growth. The dotted lines indicate threshold values of C/W, defining the developmental stages described in (D). (D) Model of cell growth and division in different ovococci. Cells were grouped in three developmental phases: elongation (C/W>0.95), transition to constriction (0.7<C/W<0.95) and constriction (C/W<0.7). For each phase, an interpretive model is provided; () represent the peripheral peptidoglycan biosynthesis machinery; () represent the septal peptidoglycan biosynthesis machinery. Red rings represent peripheral elongation and black rings represent septal synthesis. Annular features of the peptidoglycan in dark blue include the equatorial rings identified by AFM and the cross-wall. Representative vancomycin-labelled cells accompany each diagram. The percentage of cells in each developmental stage (n=50) is shown for each ovococcus.

3.3		Discussion
Computational simulations based on the chain length reported for E. coli and S. aureus proposed a scaffold model in these organisms, in which the glycan strands are arranged perpendicular to the cell membrane (Dmitriev et al., 2003, 2004). This scaffold organisation remains controversial especially in E. coli where most of the glycan chains have a length of 20 to 25 disaccharides (Vollmer and Höltje, 2004), which is inconsistent with the proposed architecture. Whether the scaffold model can be applied to other bacteria is unknown. To address this issue, we investigated the chain length of the glycan strands, a major constraint on peptidoglycan architecture, in three ovococci. Several approaches have been previously described to determine glycan chain length (Ward, 1973; Glauner, 1988; Boneca et al., 2000). Unfortunately, each of these methods introduces bias (Vollmer, 2008) or resolves a limited range of strand sizes. For example, rp-HPLC resolved short glycan strands in S. aureus and E. coli, but was inadequate in the case of B. subtilis. More recently, a size-exclusion chromatography strategy was developed to reveal the glycan chain distribution in B. subtilis (Hayhurst et al., 2008). We applied a similar strategy to re-evaluate the entire complexity of chain sizes in Gram-positive bacteria, using two size-exclusion columns with distinct resolution ranges. We used dextran molecules as standards to emulate the glycan backbone, assuming that their low level of branching has a marginal impact on their retention time (Figure 3.4A and B). Using S. aureus, we found that strand size peaked between 5 and 10 disaccharides (Figure 3.5B). This is in agreement with previous rp-HPLC results, which reported a predominant length between 3 and 10 disaccharides (Boneca et al., 2000). All ovococci contained much longer glycan strands than those found in S. aureus. In fact, the glycan length distribution in ovococci was virtually identical to that of B. subtilis, which has markedly long strands (Hayhurst et al., 2008). 
Although we did not observe a large proportion of extremely long glycan strands (~25% strands >250 kDa, (Hayhurst et al., 2008)) as previously observed in B. subtilis (attributable to the radiolabelling method in rich medium, favouring autolysin activities), a high proportion of long glycan strands (Table 3.1) seems to be a phenomenon unique to Gram-positives (Vollmer and Seligman, 2010). Consistent with the presence of long glycan strands, labelling of ovococcus cell walls with the fluorescent GSII lectin gave no significant fluorescence signal for L. lactis and E. faecalis and a very weak signal for S. pneumoniae at the limit of detection. The ability of size-exclusion chromatography to separate long glycan strand material (>25 disaccharides) that could not be resolved by rp-HPLC allows the glycan strand distribution to be determined. Therefore, the use of size-exclusion chromatography has direct implications for the modelling of peptidoglycan architecture. Considering a length of 1 nm per disaccharide (Vollmer and Höltje, 2004) and a maximum cell envelope thickness of 50 nm (Zuber et al., 2006; Matias and Beveridge, 2007), the significant proportion of chains of over 100 disaccharides in ovococci (between 8 and 14%) is clearly not in favour of a scaffold architecture in these bacteria. In S. aureus, we found that 3% to 14% of glycan chains contained 50 or more disaccharides, depending on the column used. This represents a significant proportion of strands that were not taken into account when developing the scaffold model proposed for S. aureus (Dmitriev et al., 2004). 
The apparent lack of cell wall labelling with GSII suggested that the glycan chains of different sizes are distributed heterogeneously throughout the sacculus. Yet it is tempting to speculate that the peripheral wall contains a higher proportion of glycan strands. In rod shaped organisms the lateral forces acting on the cylinder wall are twice that of longitudinal direction (Hayhurst et al., 2008) and the peripheral wall of ovococci should be subjected to similar turgor pressure. Long strands at the peripheral wall would help to maintain the elongated shape of the cell, by lowering the elasticity of the peptidoglycan in this region. More sensitive methods of assaying peptidoglycan biochemistry in situ are required to address this question. The development of probes for assaying peptidoglycan biochemistry in situ, in conjunction with super-resolution microscopies capable of single fluorescent molecule detection (e.g. PALM, STORM), may provide a solution. These possibilities are discussed in more detail in Chapter 6.
The relationship between peptidoglycan biochemistry and architecture is unknown. Extensive AFM analysis of the peptidoglycan architecture of three model ovococci (S. pneumoniae, L. lactis and E. faecalis) suggested that glycan strands are preferentially oriented circumferentially, parallel to the short axis of the cell (Figure 3.19A). Such an orientation is consistent with the presence of a broad glycan strand distribution and the mode of peptidoglycan synthesis, as a vertical scaffold organisation would be difficult to accommodate (Figure 3.19B). This circumferential orientation of peptidoglycan, parallel to the cell short axis, was present at the level of the macroscale architecture, as annular features associated with growth and division, and at the nanoscale level. This was particularly evident at the interior peripheral wall of S. pneumoniae which possessed parallel bands of material, the average width (approximately 18 nm) suggesting that they were composed of several intertwined glycan strands. Such bands were rarely seen in E. faecalis and were not present in L. lactis, although preferentially circumferential orientation of the smooth nanoscale architecture was observed. The pronounced nascent banding architecture in S. pneumoniae could result from the abundance of sites of peptidoglycan synthesis due to overlapping rounds of division. A lack of cabled peptidoglycan architecture is in agreement with recent work on L. lactis using purified sacculi (Andre et al., 2010). 
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Figure 3.19. Model of peptidoglycan architecture in a dividing ovococcus. (A) The peripheral wall synthesis machinery produces an architecture of parallel bands adjacent to the equatorial rings (red dashes). The septal machinery produces a septum with a smooth centripetal architecture (green rings). Glycan strands are preferentially oriented around the short axis of the cell, parallel to the cell membrane. All peptidoglycan synthesis occurs from a single mid-cell focus. The precise temporal and spatial localisation of the peripheral and septal machineries remains unclear. (B) Orientation of glycan strands in the septal disc. In a vertical model of ovococcus peptidoglycan architecture (left), the glycan strands (red dashes) are oriented perpendicular to the septal annulus and would be restricted by the width of the septum. It would be difficult to accommodate very long glycan strands in this model. In a horizontal arrangement of glycan strands (black lines, right), glycan chain length is unrestricted (right) as the strands are oriented lengthwise around the septal annulus.

Since peptidoglycan purification by HF extraction alters neither the biochemistry of peptidoglycan nor its architecture (Ries et al., 1997; Hayhurst et al., 2008), it may be that nascent peptidoglycan architecture is lost via rapid remodelling due to autolytic activity. In support of this hypothesis, the architectural features were always observed in close proximity to annular growth rings (Figure 3.8) where glycan chain length is expected to be maximal. Previous AFM studies on living L. lactis cells identified topographic ridges on the outer cell surface (Andre et al., 2010) that are not present on pure peptidoglycan. Thus, other wall components such as teichoic acids, polysaccharides and/or proteins exposed at the surface of L. lactis contribute to the overall cell wall architectural features. However, unless purified material is used, such features cannot be unequivocally assigned to peptidoglycan, the structural integrity determinant of the cell wall. 
Our AFM analysis showed that the cell wall architecture in ovococci is distinct from that observed in other Gram-positive species. The rod-shaped organism B. subtilis has a cabled architecture along the cylinder, and apparent spiral septa (Hayhurst et al., 2008). In contrast, the spherical S. aureus has a complex, dynamic architecture of rings of nascent peptidoglycan which mature during growth into a knobbly architecture (Chapter 4). Our analysis of ovococci also revealed architectural variation between species. To explain the differences in cell wall ultra-structure, we followed the dynamics of the ovococcal cell cycle using fluorescent vancomycin labelling in conjunction with 3D-SIM (OMX) super-resolution microscopy. To our knowledge this is the first reported use of 3D-SIM to study bacterial specimens with a size close to the resolution limit of conventional light microscopy. 
We propose a model describing the cell cycle for each of the ovococci, taking into account AFM and fluorescence microscopy data (Figure 3.18D). These models account for the activity of the peptidoglycan synthesis machineries involved in elongation (in red) and septation (in black). They highlight major differences in the temporal and spatial regulation of the cell cycle in the ovococci: (i) the initiation of subsequent rounds of division; (ii) the coordination of septal constriction with cell separation; (iii) the timing of peripheral vs. septal peptidoglycan synthesis. 
Our AFM analysis of ovococci showed that the sacculus exterior was extremely smooth. This is not surprising as the entire outer surface is revealed as the result of hydrolytic activity coordinated with peptidoglycan synthesis. As the peripheral wall is split at the mid-cell, the internal peptidoglycan is pulled into the stress-bearing plane and becomes the exposed outer surface of the cell wall. In all the ovococci included in this study, cell separation primarily relies on glucosaminidase activity (Buist et al., 1995; De Las Rivas et al., 2002; Mesnage et al., 2008). A unique feature of E. faecalis was the formation of a deeply penetrating cross-wall prior to cell separation. Such a cross-wall was never seen in the other ovococci, as a result of a tight association between septum constriction and hydrolysis. Our data thus indicate that synchronisation of glucosaminidase enzymes with peptidoglycan synthesis is regulated differently amongst ovococci. The precise mechanism responsible for the coordination of septum synthesis with hydrolysis awaits further analysis.
A hallmark of the ovococci, identified by AFM, is the presence of equatorial ring features in presumptive daughter cells (Figure 3.11; Higgins and Shockman, 1970) that coincide with the initiation site of the next round of peptidoglycan synthesis (Figure 3.17). No mechanism for targeting the division machinery to the nascent septum has been identified in the ovococci. One possibility is that epigenetic information encoded by the local peptidoglycan architecture to the equatorial rings aids recruitment of the peptidoglycan synthesis machinery. The use of such intergenerational peptidoglycan architectural features to convey information to guide the spatial control of nascent synthesis has recently been suggested for S. aureus (Chapter 4; Turner et al., 2010). In the ovococci, following recruitment of the peripheral wall peptidoglycan synthesis machinery at the equatorial rings, a single annulus of peptidoglycan synthesis is detected from which both elongation and septation occur. Elongation and septation are therefore intimately linked processes in ovococci.
A very recent study on S. pneumoniae also provides support for the two-state elongation-septation model (Land and Winkler, 2011). Our results are in agreement with recent studies in L. lactis which revealed that in filamentous cells, peripheral wall synthesis was co-localised with FtsK, one of the first proteins to localize at the septal Z-ring (Pérez-Núñez et al., 2011). Interestingly, it has been shown in C. crescentus that independent of Mre-mediated elongation, FtsZ-dependent elongation also occurs prior to constriction (Aaron et al., 2007). Co-localisation of all the high molecular weight penicillin binding proteins, which are responsible for peptidoglycan biosynthesis, with FtsZ has been reported in S. pneumoniae (Zapun et al., 2008) suggesting that a similar mechanism to C. crescentus may exist in the ovococci for the coordination of elongation and constriction during the cell cycle. Unfortunately there are no studies reporting FtsZ-depletion in ovococcal species. If both peripheral elongation and septation are FtsZ-dependent events, the strictly sequential process of peripheral elongation prior to septation observed in this study would be necessary to prevent formation of coccoid shaped cells due to premature septation. Such a finding would raise the possibility that, in ovococci, peripheral elongation and septal biosynthesis machineries share common elements, in addition to the unique components of the ovococcal elongasome and divisome.


Chapter 4
Peptidoglycan architecture of S. aureus

The work in this chapter was carried out in collaboration with Robert D. Turner (AFM and vancomycin labelling) and Emma C. Ratcliffe (AFM).

4.1		Introduction
4.1.1		The cell wall architecture of S. aureus
Whilst several models of peptidoglycan architecture have been proposed based primarily on characterisation of the peptidoglycan biochemistry (Koch, 1998; Dmitriev et al., 2004; Meroueh et al., 2006; Vollmer and Seligman, 2010), direct observation of the cell wall architecture has proved challenging. A number of features have been identified by microscopy of the S. aureus cell wall ultrastructure. Equatorial rings associated with septal disks were observed by EM of purified sacculi (Gilbo et al., 1967). EM and AFM studies revealed centripetal rings associated with the exposed septal crosswall following division, and a fibrous honeycomb architecture was observed at the mature wall by AFM (Amako and Umeda, 1978; Giesbrecht et al., 1992, 1997; Touhami et al., 2004). Video AFM has been used to observe growth and division of individual S. aureus cells (Kailas et al., 2009).
Despite the fact that AFM is a method capable of generating high contrast, nanometre resolution images of surfaces, this technique has not been used specifically to probe the peptidoglycan architecture of purified S. aureus sacculi. Studies of the cell wall ultrastructure have typically imaged living cells, where secondary wall polymers and proteins could contribute to the observed architecture This chapter aims to characterise the major architectural features of S. aureus by AFM of sacculi, and to relate these to the growth mode of the cell. This data will be used as a foundation on which to develop new methods for investigating the in situ peptidoglycan architecture that enables cells to undergo dynamic growth processes, and to adapt to their environment in order to maintain viability.

4.1.2		Aims of this chapter
1. Characterise peptidoglycan architectural features of S. aureus
1. Investigate the dynamics of peptidoglycan synthesis and the intergenerational inheritance of cell wall material
1. Develop a model relating peptidoglycan architecture to the growth mode of S. aureus


4.2		Results
4.2.1 	AFM analysis of S. aureus peptidoglycan architecture
Sacculi were mechanically broken and purified by boiling in SDS, pronase treatment and incubation in HF to remove all non-covalently and covalently bound wall polymers including teichoic acids. Sacculi were air-dried onto a clean mica-sheet and imaged by AFM in tapping-mode under ambient conditions (Chapter 2.15.8). Over 400 images of sacculi were obtained. A typical field of sacculi is shown in Figure 4.1. In some cases, sacculi remained intact and retained the cytoplasmic material, which obscured the sacculus surface features (Figure 4.1). 

4.2.1.1	Gross features of S. aureus peptidoglycan sacculi
The major feature of S. aureus sacculi is a thick ring of peptidoglycan that encircles the cell circumferentially (Figure 4.2A). The fine architecture of the ring had a regular corrugated appearance, resembling the crimped outer edge of a pie (Figure 4.2A, inset). The ring was therefore denoted the “piecrust”. Piecrusts were always observed to encircle the cell equatorially on the apparent plane of division, denoting the outer boundary of the septal cross wall (Figure 4.2A). Measurement of the piecrust diameter (inclusive of the outer edge) indicated that the piecrust does not undergo constriction during septation, but remains at a constant size approximately equal to the diameter of the cell (Figure 4.2B). The average diameter of the piecrust measured from dried, broken sacculi was 1100 nm ± 100 nm (n=89), which is just slightly less than cell diameter measurements taken from optical microscopy images of fixed, hydrated cells (1400 nm ± 200 nm, n = 127). Incomplete septa flattened in the plane of the mica 
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Figure 4.1. AFM analysis of purified S. aureus sacculi. Height (H) and phase (P) images showing a typical field of broken S. aureus sacculi dried onto a mica surface. Scales: bar 500 nm, H 200 nm, P 16°. Image by R. D. Turner.	
[image: Figure 4.4.tif]

[image: Figure 4.4.tif]
Figure 4.2. Architecture of the peptidoglycan “piecrust” feature associated with septation in S. aureus. (A) and (B) Height (H) and phase (P) AFM images showing peptidoglycan “piecrust” rings which encircle the incomplete septa. A higher resolution image of the piecrust (area marked by rectangular box in the phase image) is shown beneath each image. (C) Measurement  of the outer diameter of the piecrust ring (n= 89 sacculi). Measurements were performed on sacculi where the piecrust was in the plane of the mica. Scales (A) top H 75 nm, P 13°, bottom H 12.5 nm, P 13°; (B) Top, H 100 nm, P 9°, bottom H 12.5 nm, P 9°. Images and measurements provided by R. D. Turner.	

were always surrounded by a thick piecrust ring, suggesting that piecrust formation occurs prior to synthesis of the invaginating septal cross-wall (Figure 4.2A, bottom). This hypothesis is further supported by the fact that when sacculi were flattened such that the piecrust was oriented perpendicular to the plane of the mica, the fully formed piecrust appeared as two parallel bands, suggesting the absence of a deeply penetrating septal cross wall (Figure 4.2A, top).

4.2.1.2	Nanoscale architecture of S. aureus sacculi by AFM
Two distinct architectures were observed on the outer surface of S. aureus sacculi, a circle of peptidoglycan covering slightly less than half the surface of the cell, comprising an architecture of smooth, concentric rings, consistent with the peptidoglycan associated rings reported previously (Figure 4.3; Amako et al., 1982). The remainder of the sacculus had an architecture of rough knobbles of peptidoglycan (Figure 4.3). The architecture of peptidoglycan knobbles was attributed to the mature cell wall. More disordered regions of concentric ring architecture were observed rarely, and were interpreted as regions of nascent cell wall (rings architecture) transitioning to the knobbled architecture of the mature cell wall (Figure 4.3D).

4.2.1.3	Labelling of nascent cell wall with fluorescent vancomycin
In order to correlate AFM observations with the growth mode of the S. aureus cells, we investigated the dynamics of peptidoglycan synthesis during the cell cycle by labelling sites of nascent peptidoglycan synthesis with fluorescent vancomycin. Vancomycin binds to terminal D-alanine residues of uncross-linked peptide stems, which are most 
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Figure 4.3. Peptidoglycan architecture of the nascent and mature cell wall hemispheres of S. aureus. (A) Top, AFM height (H) and phase (P) images of a broken sacculus showing a smooth architecture of peptidoglycan rings at the nascent cell wall, and a rough architecture of peptidoglycan knobbles at the mature cell wall. (B) High resolution images of regions highlighted in (A) showing a rough architecture of apparent knobbles of peptidoglycan, or a smoother architecture comprising rings of peptidoglycan. An interpretive diagram of the knobbles and rings architectures is also provided. (C) Further examples of sacculi displaying an intact smooth disc of peptidoglycan (rings architecture, nascent cell wall) surrounded by rough peptidoglycan (knobbles architecture, mature cell wall). (D) Nascent rings undergoing apparent transition to knobbled architecture. Scales: (A) H 100nm, P 9° (B) Knobbles H 20 nm, P 9°; Rings H 18 nm, P 9° (C) (i) H 70 nm, P 18°; (ii) H 75 nm, P 6°; (iii) H 80 nm, P 14° (D) H 50 nm, P 13°. The majority of images were provided by R. D. Turner or E. C. Ratcliffe.

abundant at sites of nascent peptidoglycan synthesis (Reynolds, 1989).

However, S. aureus has a high proportion of D-Ala-D-Ala residues throughout the cell wall, possibly due to low carboxypeptidase activity (de Jonge et al., 1992). By supplementing the growth media with an excess of an alternative D-amino acid, the terminal D-Ala can be substituted for the new D-amino acid, preventing binding by vancomycin (Pinho and Errington, 2003). It is therefore possible to create a window or pulse of cell wall permissive to vancomycin labelling by growing cells in the presence of a substitute D-amino acid, then returning the cells to culture media lacking substitute amino acids for a short time. SH1000 cells were grown in BHI supplemented with 1.25 M D-serine to exponential phase, harvested and washed by centrifugation, then transferred to BHI with no D-serine supplement, and incubated for one generation time (approximately 25 min). An aliquot of cell suspension was then removed for labelling with vancomycin-BODIPY-FL conjugate as described in chapter 2.15.2
Fluorescence microscopy revealed that the vancomycin-BODIPY-FL conjugate localises mainly to the nascent cell wall at the septum. Vancomycin labelling indicated that nascent peptidoglycan was present as either a ring or closed disc bisecting the cell (Figure 4.4). In some cases, daughter cell separation was initiated, resulting in splitting at the periphery of the septal cross wall. In these instances the labelled wall had an X or Y conformation, consistent with previous observations that septal splitting is initiated at the outer edge of the cell (Figure 4.4B; Yamada et al., 1996). An X conformation was interpreted as the simultaneous initiation of septal splitting around the equator of the septum, whilst septal splitting was initiated asymmetrically in Y conformation cells. Some cells undergoing septal splitting exhibited a faint band of labelling on a perpendicular plane in daughter cells (Figure 4.4B, orthogonal new growth). This was interpreted as the synthesis of a new piecrust on the next division plane.
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Figure 4.4. Dynamics of nascent peptidoglycan synthesis and daughter cell separation in S. aureus. (A) S. aureus cells labelled with fluorescent vancomycin following 25 min growth in BHI media in the absence of D-serine. White arrows indicate bright labelling at the septum. (B) Representative cells and interpretive schematic defining key stages in septal wall synthesis and cell separation of S. aureus. (C) Proportion of cells at different stages of septal wall synthesis and splitting. As the precise appearance of orthogonal new growth is difficult to determine, all ‘X’ conformation cells with and without new growth are classed as “other”. (D) Distribution of cell volumes at different stages of septation and separation as identified in (C). Interpretive schematic and measurements provided by R. D. Turner.

An approximately equal proportion of cells were observed to have an incomplete septum or to be undergoing septal splitting. Only a small proportion of cells (~10%) displayed a completed septum with no hydrolytic splitting, suggesting that septal hydrolysis is rapidly initiated following completion of the septum (Figure 4.4C). As expected, cell volume was smallest in hemispherical cells with a complete septum, increased in pseudo-hemispherical cells splitting at the septum, and was greatest in individual spherical cells with incomplete septa (Figure 4.4D)

4.2.1.4 The orientation of intersecting peptidoglycan ribs
AFM images revealed the presence of intersecting circular bands, i.e. piecrusts and less distinct ribs (Figure 4.5). The bands were arranged equatorially around the sacculus, perpendicular to one another. The piecrust marks the boundary between the two daughter cells prior to cell separation. Ribs were interpreted as piecrusts which had divided between daughter cells during previous rounds of division and therefore denote the previous orthogonal division planes of the cell. A rib intersecting with a piecrust formed a cross junction whilst two intersecting ribs formed a T-junction (Figure 4.5). When the thick piecrust is split equatorially during daughter cell separation, a cross-junction will become T-junction. A model illustrating the arrangement of the orthogonal ribs around the cell is shown in Figure 4.6, and illustrates how the arrangement of the ribs is altered following cell division and inheritance by daughter cells. They comprise a whole rib derived from the piecrust during the most recent division, a half rib from the preceding round of division, and a quarter rib from the division before that. The quarter rib marks the new division plane and is overwritten by synthesis of the piecrust.
[image: Figure 4.7.tif]
Figure 4.5. Architecture of orthogonal peptidoglycan ribs in S. aureus. (A-C) A gallery of AFM height (H) and phase (P) images showing intersecting peptidoglycan ribs forming T-junctions and cross-junctions. Scales: (A) H 150 nm, P 45°; (B) H 60 nm, P 20°; (C) H 100 nm, P 8°. Images provided by R. D. Turner and E. C. Ratcliffe.
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Figure 4.6. Inheritance of peptidoglycan ribs. Model showing distribution and inheritance of peptidoglycan ribs on orthogonal division planes in S. aureus, during a single round of division. A piecrust is laid down on the plane of the quarter rib (grey) and is split between the two daughter cells when the cell divides.  The new quarter rib (red) denotes the next division plane in the daughter cells. Model provided by R. D. Turner.

4.2.2		The distribution of aging peptidoglycan in a growing population
We observed that as a consequence of division on orthogonal planes, S. aureus cell walls are theoretically divided into sectors demarcated by rib structures. Each sector is inherited from a different cell generation. We investigated this phenomenon using a pulse-chase strategy in conjunction with vancomycin labelling. Cells were grown in the presence of 1.25 M D-serine (+Ser) to exponential phase. Cell wall material synthesised during this time was not permissive to vancomycin labelling. Cells were harvested and washed by centrifugation, then transferred to media without D-serine (-Ser) for one generation time (approximately 25 min). Peptidoglycan synthesised during this period would be accessible to the vancomycin label. Cells were then returned to media containing 1.25M D-serine and 1 ml aliquots removed every 15 minutes for vancomycin labelling. Using this strategy, it was possible to follow the inheritance of the pulse of label-permissive peptidoglycan over subsequent generations.
Immediately after the pulse of (-Ser) growth and switch to (+Ser) media, vancomycin labelled the nascent peptidoglycan at the cell septum as described previously in Figure 4.4A (Figure 4.7, 0 min, white arrows). Following 30-60 min +Ser growth, vancomycin increasingly labelled away from the septum, at sites along the mature cell wall (Figure 4.7, 30-60 min, white arrows). After 60 min of growth, the intensity of vancomycin labelling deteriorated (data not shown), suggesting the depletion of available D-ala – D-ala residues, probably due to turnover of the peptidoglycan and incorporation of new material containing D-ala – D-ser peptide stem termini.
At the resolution of the microscope, it was not possible to directly visualise the configuration of peptidoglycan sectors labelled with fluorescent vancomycin. Figure 4.8 presents a theoretical model showing the age distribution of peptidoglycan sectors. The cell wall can be divided into segments comprising 1/2, 1/4 or 1/8 of the cell. The half-segment represents the nascent cell wall hemisphere and is 0 generations old (Figure 4.8, green). The quarter segment dates from 1 generation previous, and one of the one-eighth segments from 2 generations previous. The remaining sector comprising one-eighth of the cell must be at least 3 generations old, but could be any number of generations older.

4.2.3		The use of fluorescent probes for investigating peptidoglycan chemistry in situ
In light of the peptidoglycan architectural features described for S .aureus, it would be interesting to investigate whether such features are associated with a corresponding organisation of the underlying peptidoglycan chemistry. However, whilst biochemical analysis of the peptidoglycan chemistry across a population of cells by muropeptide analysis or glycan chain length analysis is relatively straight-forward (Atrih et al., 1999; Boneca et al., 2000; Hayhurst et al., 2008), there are many barriers to investigating the peptidoglycan chemistry in situ in single cells. These include the resolution of microscopy and the availability of suitable probes for investigating peptidoglycan chemistry. The remainder of this chapter will deal with the development of fluorescent probes for investigating peptidoglycan biochemistry in situ. 
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Figure 4.7. Inheritance of peptidoglycan in S. aureus revealed by vancomycin labelling. Initially the vancomycin label is present mainly at the septum (0-15 min, white arrows). However as the cell undergoes further rounds of division, the vancomycin label is increasingly present away from the septum at sites across the mature cell hemisphere (30-60 min, white arrows).
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Figure 4.8. Schematic showing aging of peptidoglycan by inheritance of cell wall sectors over multiple generations in S. aureus. Two hemispheres of a single cell are shown. Left, the nascent cell hemisphere; right, the mature cell hemisphere. Age is shown as number of generations. One eighth of the cell is at least three generations old (yellow). Black lines indicate the peptidoglycan ribs which demarcate each sector.


4.2.3.1	Selection of specific targets in the peptidoglycan chemistry
Previous work in our laboratory used differential labelling with fluorescent WGA and GSII conjugates to investigate the distribution of glycan chain lengths in S. aureus, B. subtilis and in ovococci (Chapter 3; Hayhurst et al., 2008). WGA lectin binds specifically to GlcNAc and related β1-4 linked carbohydrates (Miller and Bowles, 1982). GlcNAc residues are present throughout the glycan strands of peptidoglycan as part of the repeating GlcNAc – MurNAc disaccharide motif. We noted that S. aureus cells had a rather striking and peculiar labelling pattern when labelled with fluorescent WGA. As GlcNAc is present throughout the sacculus, WGA would be expected to label cell walls in their entirety. In practice however, WGA bound predominantly at the mature cell hemisphere, and showed poor labelling at nascent cell hemispheres and septa, giving the cells a characteristic “C” shaped fluorescence pattern (Figure 4.9). This pattern of WGA labelling has also been observed in other studies (Pinho and Errington, 2003). By comparison, vancomycin, which binds D-ala-D-ala residues present throughout S. aureus cell walls, binds at nascent cell walls and septa, as well as the mature cell wall (Figure 4.9).
WGA is a large molecule, forming a dimer of 36 kDa whereas vancomycin has a molecular weight of less than 1.5 kDa. We hypothesised that differential binding by WGA and vancomycin could be due to higher density of peptidoglycan in the nascent cell compared with the mature cell wall hemisphere. The density of peptidoglycan in the nascent cell wall may be sufficient to exclude access by large molecules such as WGA, but permissive to binding by smaller molecules such as vancomycin. We therefore explored the possibility of using small fluorescent probes to investigate the peptidoglycan chemistry in situ.
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Figure 4.9. Differential binding of fluorescent peptidoglycan probes. S. aureus SH1000 cells were labelled with Wheat Germ Agglutinin (WGA) AlexaFluor conjugate and Vancomycin BODIPY-FL (Van). The 36 kDa WGA lectin binds N-acetlyglucosamine residues throughout the peptidoglycan layer, but is excluded from the nascent cell wall. The 1.7 kDa vancomycin conjugate binds strongly throughout the entire cell wall (A) Field of cells. (B) Individual cells at different stages of the cell cycle.	

4.2.3.2	Identification of targets for labelling of peptidoglycan
In order to investigate the chemistry of peptidoglycan by fluorescence microscopy, we aimed to use a very small fluorescent probe to ensure access throughout the complete sacculus. One advantage to studying peptidoglycan is that the sacculi can be extracted from other cellular components. It is therefore possible to utilise chemical probes against fairly ubiquitous targets present in the chemical structure of the peptidoglycan. Commercially available fluorophores are typically modified with a short linker region that facilitates covalent conjugation to a molecular probe, responsible for the target specificity. The most common conjugation is between an amide group and a carboxyl group, forming an amide bond. We investigated whether it was possible to utilise this simple chemistry to conjugate the fluorophore directly to specific targets in the sacculi, rather than through an intermediary probe.
Figure 4.10 shows the typical structure of a cross-linked glycan disaccharide, lacking a peptide interbridge and including a reducing MurNAc terminus, which has a unique chemistry in relation to the rest of the glycan chain. A terminal GlcNAc would have similar chemistry, but with a hydroxyl group in place of the cross-linked peptide stem. The reducing terminus of the glycan strand contains a unique feature; C1 of the glucose ring is in redox state (represented as an aldehyde group in the open conformation, indicated with a red circle in Figure 4.10). This aldehyde group is a unique target present only at the reducing end of glycan chains but not found elsewhere in the peptidoglycan. Whilst m-diaminopimelate and the terminal D-alanine of the peptide stem contain carboxyl groups, this conformation is more stable than the aldehyde group of the glycan reducing terminus, and may therefore be less liable to undergoing amidation. It may therefore be possible to specifically target a fluorescent probe to 
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Figure 4.10. Schematic of candidate target sites for probing peptidoglycan chemistry in vivo. The chemical structure of a typical cross-linked peptidoglycan fragment, including one reducing terminus is shown. The red circle indicates an aldehyde group in a redox state, which is unique to glycan chain reducing termini. Carboxyl group on peptide stems are much more stable and unlikely to become involved in reaction with a chemical probe. Blue circles indicate free amine groups that are not present in glycan chains but are present on D-Glu and m-DAP residues in the peptide stems.


glycan chain termini. An obvious limitation of this method would be the inability to target glycan termini formed by lytic transglycosylation.
Amine groups present on m-DAP peptides are found in peptides stems, but not fully N-acetylated glycan chains (Figure 4.10). They are also present at the N-termini of stem peptides following hydrolysis with an amidase or endopeptidase, and D-glutamate may be modified by amidation. These amine groups represent a unique target for labelling of peptide stems, although not all amine groups may participate. It is unclear whether all of these amine groups would participate in covalent cross-linking with fluorescent probes.
4.2.3.3	Selection of fluorescent probes for investigating peptidoglycan chemistry
Selection of fluorescent probes was based on the suitability of the linker region for targeting either primary amines present on peptide stems, or aldehyde groups present on glycan chain reducing termini. Succinimidyl esters and their derivatives are commonly used for conjugation of fluorescent dyes to primary amines, and have several properties convenient for reaction with primary amines on sacculi. Sulfonated esters (sulfosuccinimidyl esters, SSE) are water soluble and insensitive to pH across a broad range (pH 4-10). They have low reactivity with non-target molecules such as aromatic amines, alcohols and phenols. The amide bond formed upon conjugation to the target molecule is also highly stable (Banks and Paquette, 1995). A BODIPY-FL sulfosuccinimidyl ester (BODIPY SSE) (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoic acid, succinimidyl ester; D-6140, Molecular Probes; Figure 4.11A) was selected for targeting of primary amines, as this fluorescent dye was readily available and previous work in this chapter using a vancomycin BODIPY-FL conjugate had shown it to be stable with strong fluorescence.
For spontaneous reaction with aldehydes, a hydrazide or hydroxylamine linker is typically used. Reaction of hydrazines with aldehydes produces a hydrazone that is somewhat unstable, whilst hydroxylamines react with aldehydes to yield an oxime which has superior hydrolytic stability (Kalia and Raines, 2008). The stability of the linkage can be further increased by reduction with sodium borohydride (NaBH4). Alexa Fluor 488 hydroxylamine (HAF488) was readily available (Alexa Fluor 488 C5-aminooxyacetamide, bis(triethylammonium salt; A30629, Molecular Probes; Figure 4.11B). Previous work using an Alexa Fluor 488 WGA conjugate showed that this dye had excellent stability and fluorescence.
In both cases, the fluorescent dyes contained a 5-carbon (C5) extended linker region. The C5 extension reduces the likelihood of the fluorophore itself interacting with the target molecule (Figure 4.11).

4.2.3.4	Labelling of peptide stems with BODIPY SSE
Cell walls of three different Gram-positive organisms representing rod-shaped (B. subtilis), ovococcoid (L. lactis) and coccoid (S. aureus) shaped cells were extracted of non-covalently bound polymers and protein content by SDS and pronase treatment. Extracted cells were then co-labelled with BODIPY SSE and an AlexaFluor 350 WGA conjugate (Figure 4.12). 
B. subtilis extracted cells labelled similarly with WGA and BODIPY SSE, and cell cylinders, poles and septa could be easily distinguished. However BODIPY SSE labelling revealed additional ring features, possibly nascent septa, which were absent from WGA labelled fields (Figure 4.12A, arrows). WGA mainly labelled uniformly in
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Figure 4.11. Structure of chemical probes selected for labelling peptidoglycan. (A) BODIPY-FL C5 succinimidyl ester (BODIPY SSE) was selected to target amine groups on peptide stems. (B) AlexaFluor 488 C5 hydroxylamine (HAF488) was selected for targeting glycan chain reducing termini. Arrows indicate possible positions (C5 or C6) of the linkage moiety. 

the majority of L. lactis cells, but in 38% of cells (n = 50) small patches with low fluorescence were observed at the mid-cell or equatorial region of forming daughter cells, and at the poles (Figure 4.12B, arrows). In an equal proportion of BODIPY SSE labelled L. lactis cells (38%, n = 50), labelling was much stronger at the cell poles than at the midcell. Ring features were occasionally observed at the equator of the forming daughter cells in the BODIPY SSE labelled L. lactis, but not in the WGA labelled fields (8% of cells, n = 50). Labelling of septal rings at the mid-cell tended to be stronger with WGA than with the BODIPY SSE probe. WGA labelling was stronger in 64% of cells with septal labelling (n = 25). 
WGA labelled S. aureus extracted cells gave the characteristic “C-shape” pattern observed previously, with poor labelling at nascent cell walls and septa (Figure 4.12C). By comparison, BODIPY SSE labelled throughout the cell walls, revealing both mature and nascent cell wall material. In addition, ring features of the peptidoglycan (presumably septa or piecrusts) were readily observed in BODIPY SSE labelled S. aureus, but were absent from the WGA labelled cells.
4.2.3.5	Inhibition of BODIPY SSE binding to B. subtilis cell walls
If the BODIPY SSE probe specifically binds to primary amines in the cell wall, it should be possible to block binding by prior reaction of the amine targets in the cell wall with a suitable antagonist. Non-specific binding by the probe would be unaffected. Acetylation of an amine with an acid anhydride results in the covalent substitution of a hydrogen on the amine group for an ethanoyl group which cannot be bound by SSE probes (Figure 4.13A). Extracted B. subtilis cells were acetylated with 150 mM acetic anhydride (50 mM Sodium Borate buffer at pH 9.0) for 30 minutes. As acetic acid is formed during the reaction, it was necessary to maintain the pH close 
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Figure 4.12. Differential labelling with WGA AlexaFluor 350 and BODIPY SSE in morphologically diverse Gram-positive bacteria. B. subtilis (A), L .lactis (B) and S. aureus (C) cells were extracted with SDS and pronase treatment to remove non-covalently bound wall polymers and proteins. Extracted cells were labelled with WGA AlexaFluor 350 (WGA) and BODIPY SSE (SE). Whilst cell walls label non-uniformly with WGA, cell walls label throughout with BODIPY SSE, and putative peptidoglycan features such as septa can be observed. White arrows: (A) B. subtilis, nascent septa revealed by BODIPY SSE labelling; (B) L. lactis, patches of reduced WGA binding. 


to 9.0 by addition of 5M NaOH as necessary. Extracted cells were then washed by centrifugation, resuspended in 0.1M Sodium Carbonate buffer pH 8.3 and labelled with BODIPY SSE as before.
Non-acetylated B. subtilis extracted cells labelled strongly with BODIPY SSE along the cylinder wall, poles and at apparent septa (Figure 4.13B). By contrast, when extracted cells were acetylated with acetic anhydride then incubated with BODIPY SSE, no labelling was evident across any part of the cell wall (Figure 4.13B). In these acetylated cells, intracellular fluorescence was observed only. The source of the observed intracellular fluorescence is unknown, but may result from non-specific interaction of the probe with intracellular material, or due to autofluorescence of the condensed cytoplasmic content trapped within the cell. 

4.2.3.6	BODIPY SSE labelling of hydrolysed peptidoglycan
Putative binding of the BODIPY SSE probe to peptide stems was blocked by acetylation of cell walls with acetic anhydride. Digestion of acetylated cell walls with an amidase should expose the amine group of the L-Ala residue of the peptide stems, which can be uniquely bound by the BODIPY SSE probe.
B. subtilis extracted cells were acetylated as described previously, washed with water by centrifugation, then 5 µl of an appropriate dilution dried onto a glass slide. The slide was then overlaid with 300 µl of 10 mM Tris-HCl, (pH 7.5) containing 0.1 mM CaCl2 and 100 µg ml-1 S. aureus Atl amidase, or PBS containing 100 µg ml-1 lysozyme and incubated at 37 °C. Five slides were prepared for each condition. At 15 minute intervals (from 0 to 60 minutes), one slide was selected and the buffer/enzyme solution 
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Figure 4.13 Treatment with acetic anhydride to block succinimidyl ester binding sites. (A) Reaction of acetic anhydride with an amine. (B) Binding of BODIPY SSE to extracted B. subtilis cells (untreated) and following overnight incubation with acetic anhydride to block the available amine groups (blocked).


removed by washing three times with water. The slide was incubated at 60 °C for 30 minutes to further inactivate remaining peptidoglycan hydrolase. The slide was then washed a further three times with water, overlaid with 0.1M Sodium Carbonate buffer (pH 8.3) containing 100 µg ml-1 BODIPY SSE, and incubated for 30 min. Excess buffer and probe was removed and the slide washed five times with water. The 0, 30 and 60 min time-points are presented in Figure 4.14. A control of extracted cells labelled with BODIPY SSE showed strong labelling of the cell wall (Figure 4.14A). Exposure settings were determined using this slide and were not altered throughout the microscopy session to improve the comparability of the fluorescence signal across multiple slides. As expected, a negative control of acetylated cells showed only intracellular fluorescence, with no binding at the cell wall by BODIPY SSE (Figure 4.14A). When B. subtilis cell walls were incubated with amidase, bright labelling was observed at apparent septa (Figure 4.14B, white arrows), but not at the cylinder wall or poles. The strongest labelling occurred immediately following exposure to amidase (Figure 4.14B, t=0) and diminished over the course of an hour (Figure 4.14B, t=60). Intracellular fluorescence was unaffected. As expected, cell walls incubated with lysozyme instead of amidase showed no labelling of the cell wall, since hydrolysis of a glycosidic bond does not expose an amine group (Figure 4.14C). There was no obvious lysis of extracted cells by brightfield microscopy. It is possible that highly lysed cells were removed from the slide during wash steps (Figure 4.14). Consistent with this hypothesis, the number of cells on the slide appeared to decrease qualitatively over time, suggesting that the cell walls were undergoing hydrolysis.
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Figure 4.14. BODIPY SSE labelling of amine groups exposed by amidase digest. Amine groups (the target of BODIPY SSE) were blocked by reaction with acetic anhydride. Cell walls were then digested with an amidase for up to 60 min, exposing L-Ala N-termini at the cleavage site. Lysozyme digest, which does not expose new amine groups, was carried out in parallel as a negative control. At each time point the reaction was stopped and cells walls labelled with BODIPY SSE. (A) Blocked; acetic anhydride treated cell walls labelled with BODIPY SSE without exposure to a hydrolase. Untreated; Cell walls labelled with BODIPY SSE, without acetic anhydride treatment or hydrolase exposure. (B) Amidase; Acetic anhydride treated cell walls digested with Atl amidase. White arrows indicate septal labelling. (C) Lysozyme; Acetic anhydride treated cell walls digested with lysozyme.

4.2.3.7	Labelling of purified peptidoglycan sacculi with BODIPY SSE
Extracted cells are convenient for use in light microscopy as they are devoid of many cell wall components that could potentially be bound by fluorescent probes, but retain sufficient mass for contrast to locate the field of cells by brightfield microscopy. However, fluorescence cannot be attributed solely to binding of the peptidoglycan layer as secondary wall polymers such as teichoic acids remain. Intracellular fluorescence also obscures imaging of the cell wall. B. subtilis cells were broken by French press to release intracellular material, and peptidoglycan sacculi purified by SDS, pronase and HF treatment (Chapter 2.14.1 and 2.14.2). When broken B. subtilis sacculi were labelled with BODIPY SSE, all of the major features of the sacculus could be identified, including cell poles, cylinder fragments and septa (Figure 4.15). When images were deconvolved, features such as septa and the edges of sacculi were well defined. Other regions of the sacculi had much weaker fluorescence (Figure 4.15, deconvolved). Labelling was more uniform prior to deconvolution (Figure 4.15, raw). Deconvolution algorithms typically require a series of z-stacks with each step in the z-direction typically around 200nm (the resolution in the z-plane of standard light microscopy). Given that the purified sacculi are far thinner than a single step in the z-plane, it is possible that the deconvolution algorithm introduces image artefacts. It is therefore important to consider both the raw data and deconvolved images when interpreting fluorescence images of sacculi.


4.2.3.8 	Labelling of glycan strand reducing termini with HAF488
Extracted cells of B. subtilis and S. aureus were labelled with the HAF488 probe, which targets the reducing termini of glycan strands. The cells were resuspended in 50 mM Sodium Citrate buffer (pH 5.0) in the presence of 100 µg ml-1 HAF488 and incubated for one hour, before washing three times with water and mounting on poly-L-lysine coated slides. When cells were imaged, intracellular fluorescence was apparent in both S. aureus and B. subtilis cells (Figure 4.16A). No labelling was observed at the cell wall of S. aureus. Very faint labelling of apparent septa was observed in B. subtilis prior to deconvolution, but was almost overwhelmed by the intensity of the intracellular fluorescence (Figure 4.16A, raw). The subtle labelling at the septum was lost following deconvolution of the image (Figure 4.16A, deconvolved).
The oxime linkage formed by reaction of a hydroxylamine with an aldehyde can be stabilised by reduction with NaBH3CN. Extracted B. subtilis cells, resuspended in 50 mM Sodium Citrate buffer (pH 5.0), were incubated with the HAF488 probe, then 10 mg of NaBH3CN added to the reaction mixture and the cell suspension incubated at room temperature for 30 min. Unexpectedly, the labelling pattern observed was similar to that obtained without NaBH3CN reduction, except that the overall fluorescence signal was somewhat weaker (Figure 4.16B).

4.2.3.9	 Labelling of purified sacculi with HAF488
Extracted cells labelled weakly with HAF488 and were obscured by intracellular fluorescence. Images could be improved by HF-purification, to reduce the amount of non-target material. Since the sacculi were unbroken, they retained the overall shape of 
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Figure 4.15. BODIPY SSE labelling of purified B. subtilis sacculi. Cell walls, devoid of secondary wall polymers including techoic acids, and broken by French press to release intracellular material, were labelled with BODIPY SSE. The raw (top) and deconvolved (bottom) images are shown, as the deconvolution process may introduce artefacts since flattened sacculi are thinner than the depth of field from a single Z-stack.


the cell. When S. aureus and B. subtilis extracted cells treated with HF were labelled with HAF488, fluorescence was apparent across the cell wall (Figure 4.17). Bright foci of labelling were interpreted as residual condensed intracellular contents. In S. aureus extracted cells treated with HF, rings of labelling in some cells were interpreted as septal rings or piecrusts, which had flattened in the plane of the field (Figure 4.17). B. subtilis labelled evenly across the cell cylinder and poles. Stronger labelling was present at putative septa (Figure 4.17). Subtle variations in the labelling intensity were highlighted in the deconvolved image, such as widely spaced diagonal bands of labelling across the B. subtilis cell cylinder. 
Purified S. aureus sacculi were labelled with HAF488 to visualise sacculi devoid of intracellular material (Figure 4.18). Labelling of sacculi was not uniform as some sacculi appeared to label more brightly across one half of the cell (Figure 4.18B). However, at the resolution of the deconvolution microscope it is difficult to interpret these images due to disruption of the cell shape following breakage.
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Figure 4.16. HAF488 labelling of extracted S. aureus and B. subtilis cells. Cells were treated with SDS and pronase to remove non-covalently bound wall polymers and proteins. (A) Fields of extracted S. aureus and B. subtilis cells labelled with HAF488. (B) Extracted B. subtilis cells labelled with HAF488 were reduced with sodium cyanoborohydride to stabilise the bond between HAF488 and the aldehyde group of the glycan reducing terminus.
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Figure 4.17. HAF488 labelling of B. subtilis and S. aureus extracted cells treated with HF. (A) Field of S. aureus (top) and B. subtilis (bottom) extracted cells treated with HF and labelled with HAF488. Raw images and deconvolved images are presented. (B) Individual cells from (A) highlighted to reveal the HAF488 labelling pattern.
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Figure 4.18. HAF488 labelling of broken, purified S. aureus peptidoglycan sacculi. Sacculi broken to release cell contents are fluorescent, indicating that the peptidoglycan itself has been labelled. (A) Field of HAF488 labelled S. aureus sacculi. Broken and unbroken sacculi can be seen. (B) Selected sacculi enlarged to highlight the HAF488 labelling pattern.


4.3		Discussion
4.3.1.		Peptidoglycan architecture of S. aureus.
AFM analysis revealed that S. aureus sacculi have an architecture of peptidoglycan rings associated with the nascent cell wall, and peptidoglycan knobbles at the mature cell wall. The presence of ring architecture at the nascent cell wall has been well documented as discussed previously. The presence of these rings in purified sacculi confirms that they are a feature of the peptidoglycan and not attributed to secondary wall polymers such as teichoic acid. The architecture of peptidoglycan knobbles was observed across the mature peptidoglycan, suggesting that the architecture of rings undergoes modification to a knobbled conformation. As vancomycin labelling indicates that peptidoglycan synthesis occurs mainly, if not exclusively, at the cell septum, the knobbles are unlikely to be the product of non-septal peptidoglycan synthesis, but most likely result from autolysis of the nascent cell wall rings.
The mechanism by which S. aureus cells establish the division plane is not understood. In rod-shaped bacteria, placement of the division site at mid-cell is thought to be mainly coordinated by the combined contribution of the Min system and nucleoid occlusion, which negatively regulate FtsZ ring formation, preventing Z-ring formation at the cell poles (Min) or over the chromosome (nucleoid occlusion) (Raskin and de Boer, 1999; Wu et al., 2009). Recently, positive regulation of Z-ring formation by SsgAB has been demonstrated in sporulating Streptomyces coelicolor species (Willemse et al., 2011). However, no proteinaceous system capable of specifying division on three planes has been identified in S. aureus. S. aureus has no Min system homologues and a DivIVA null mutant was not impaired for growth or morphology (Pinho and Errington, 2004). The activity of noc alone is insufficient to specify the orientation of the divisome on three planes. In order to correctly assign the division plane, S. aureus cells must have a mechanism to remember the previous two planes of division. As the division plane is re-oriented by each round of division, the mechanism cannot be genetically encoded. A heterogeneously distributed non-DNA component must therefore be inherited by each generation of daughter cells. In bacteria epigenetic inheritance has not been broadly investigated, but has been associated with polar inheritance of the chromosome segregation regulator TipN in C. crescentus, phase variation of pyelonephritis-associated pilus expression, and gene expression patterns favouring antibiotic resistance, independent of genetically encoded, specialised resistance determinants (Hernday et al., 2002; Adam et al., 2008; Schofield et al., 2010).
AFM analysis of S. aureus sacculi revealed the presence of peptidoglycan ribs which demark the equatorial plane of all three previous divisions, and are modified by each subsequent division. Peptidoglycan ribs therefore fill all the criteria required of a heterogeneously distributed epigenetic memory for orthogonal division. The epigenetic memory for division on orthogonal planes may therefore be encoded directly into the architecture of the peptidoglycan, which is modified and inherited by division of daughter cells. 
How might such a mechanism work? Intracellular protrusion of the peptidoglycan ribs could cause a localised deformation of the cytoplasmic membrane to coordinate proteinaceous systems that recognise membrane curvature. If the ribs do impinge on the membrane curvature, then the cell circumference is likely to be greatest on the plane containing the quarter rib, as this is the shortest rib and will cause the least membrane deformation. An alternative possibility is that the nanoscale peptidoglycan architecture at the ribs or rib junctions may be unique, facilitating localisation of the cell wall synthesis machinery or scaffold proteins that interact directly with the peptidoglycan, by providing a region rich in binding sites. The ribs could also be seeded, during piecrust synthesis, with effectors that prime the cell for division. However the two latter hypotheses are counter intuitive as the ribs are halved in size each time the cell divides, and the plane of division would therefore associate with the rib containing the fewest primed sites. Vancomycin labelling revealed that formation of a new piecrust on the future division plane overlapped with the current round of daughter cell separation. Piecrust formation was therefore initiated during a phase of cell asymmetry on one division plane (hemispherical shape). During this phase, the transient pole of the cell, diametrically opposite the completed septum, contains a T-junction formed by the intersecting half and quarter rib. Such a phenomenon could contribute to establishment of the next division plane. The means by which peptidoglycan ribs act as privileged sites for localisation of the division machinery remains unclear.

4.3.2	Investigation of peptidoglycan chemistry with fluorescent probes.
BODIPY SSE and WGA labelling was generally similar in B. subtilis and L. lactis extracted cells, suggesting that WGA is able to access GlcNAc binding sites homogenously in these organisms. However, additional rings of fluorescence were observed in filamentous B. subtilis cells labelled with BODIPY SSE. Presumably these rings were sites of nascent septation. The difference in labelling profile suggests either that WGA was unable to penetrate the cell wall sufficiently at these sites to give a strong signal, or that these sites contained a greater abundance of free-amine groups per unit volume of the cell wall. In either case, the difference in labelling pattern suggests that the local peptidoglycan architecture at these sites differs from the rest of the sacculus. In L. lactis BODIPY SSE labelled non-uniformly around the cell wall, often appearing brighter at the poles than at the mid-cell. This could reflect a difference in the degree of cross-linking between mature and nascent cell walls, perhaps resulting from the prolonged exposure of older cell hemispheres to autolysin activity. The BODIPY SSE labelling pattern in L. lactis is consistent with vancomycin labelling and AFM observations that cell wall synthesis and hydrolysis are tightly coordinated resulting in a very narrow growth annulus (Chapter 3). The ability to visualise apparent equatorial rings in daughter cells suggests superior access to binding sites by the BODIPY SSE probe.
The difference between the WGA and BODIPY SSE labelling pattern was most striking in the case of S. aureus. The difference was particularly marked in cells that had separated from sister cells, but that had not assumed spherical shape (i.e. pseudohemispherical cells). This difference indicates that the peptidoglycan architecture in nascent cell walls is fundamentally altered when the nascent cross wall matures to form a mature cell hemisphere. Presumably this is the same process resulting in the transition from rings to knobbles architecture revealed by AFM. The ability of pseudohemispherical S. aureus cells to endure after daughter cell separation, together with AFM evidence that nascent peptidoglycan architecture is fundamentally altered during maturation, indicates that transition to coccoid shape is not simply the result of volume increase by osmosis. We hypothesise that this processes is controlled by peptidoglycan hydrolases, which cleave bonds to increase the elasticity of the nascent cell wall, permitting expansion of the sacculus (growth by hydrolysis) to assume a spherical shape.
Treatment of B. subtilis cell walls with acetic anhydride blocked binding of the BODIPY SSE probe indicating the specificity of the probe for amine groups. When treated with Atl amidase, a strong fluorescence signal was obtained at the septa, decreasing with time presumably due to prolonged hydrolysis of sacculi and loss of material. However, further investigation will be required before concluding that increased BODIPY SSE labelling was due to binding of exposed L-Ala N-termini. Atl localises at the septum in vivo (Yamada et al., 1996). Exogenous Atl may preferentially bind at the septum in vitro. If so, Atl amidase bound at the septum could have been labelled by the probe. Improvement of the experimental method, for example by trypsin digest to inactivate Atl, or by washing the slides with a solution of NaCl and SDS to inhibit ionic interaction with the peptidoglycan and denature the protein, would preclude the possibility that septal fluorescence was due to Atl binding. It would also be useful to include an Atl glucosaminidase control as this would theoretically localise to the septum but would not expose N-termini as a result of hydrolysis. 
The HAF488 probe bound cell walls with much less intensity than the BODIPY SSE probe, as expected given that the abundance of glycan chain reducing termini in the cell wall is expected to be comparatively lower. This suggests that the HAF488 probe does not bind non-specifically to other related groups in the cell wall. Furthermore, cell walls were more easily visualised as the degree of purification increased (reducing the intensity of competing intracellular fluorescence). This suggests that there are few, if any, non-peptidoglycan targets in the cell wall that can be bound by the HAF488 probe. It is unknown whether all available reducing termini labelled with HAF488. Surprisingly, reduction with NaBH3CN to stabilise HAF488 binding resulted in decreased fluorescence. It is possible that the reducing conditions inactivated the AlexaFluor dye, which will require further investigation. The addition of aniline during incubation with a hydroxylamine catalyses the reaction between hydroxylamines and aldehydes, and it would be interesting to see if this improved the efficiency of HAF488 labelling of sacculi (Dirksen and Dawson, 2008). 
Labelling of purified peptidoglycan sacculi with BODIPY SSE and HAF488 indicated that the chemical probes bind peptidoglycan, although the precise specificity of the probes for the target remains to be demonstrated experimentally by analysis of purified glycan strands and muropeptides. Amino acid analysis by HPLC is not possible as derivatization of peptide stems into the substituent amino acids by acid hydrolysis would cleave the amide bond formed between the probe and the amino acid. It may be possible however to deduce the binding specificity by analysis of muropeptides and glycan material by HPLC coupled to mass spectrometry or by NMR analysis of purified peptides or glycan material. Analysis of the peptidoglycan structure of glycopeptides resistant Enterococcus faecium using a strategy of mass spectrometry analysis complemented by NMR allowed quantitative characterisation of individual muropeptide species that could not be adequately resolved by HPLC alone (Patti et al., 2008). In the case of HAF488, it would be necessary to examine the stability of the bound probe as HPLC separation is typically performed at pH 2.
The preliminary studies presented here demonstrate the potential of using chemical probes to elucidate peptidoglycan chemistry in situ. However the application of such probes in conjunction with standard light microscopy is of limited use as the resolution is insufficient. The utility of this method lies in the use of super-resolution microscopy to investigate peptidoglycan chemistry, for example PALM and STORM (Betzig et al., 2006; Rust et al., 2006), as these methods are capable of detecting the signal from individual fluorophores. By using PALM/STORM it may be possible to observe the distribution of fluorescent probes with nanometer scale resolution in a quantifiable manner, and to elucidate the underlying chemical architecture of the sacculus. If applied in combination with a non-fluorescence based technique such as AFM, the underlying chemistry of specific peptidoglycan structures such as septa, piecrusts and ribs could be deduced. For PALM/STORM purposes, it would be necessary to utilise photo-switchable fluorophores rather than the fluorophores used in this preliminary investigation (Rust et al., 2006). Full exploitation of chemical probes would be a major undertaking requiring cross-disciplinary collaboration for the development of stable chemical probes compatible with super resolution technologies and biochemical assays. However, through the use of such technologies it may finally be possible to determine the relationship between peptidoglycan chemistry and peptidoglycan architecture.


Chapter 5
The role of glucosaminidases in Staphylococcus aureus morphogenesis 

Foreword
The work in this chapter was the culmination of a project investigating glucosaminidase activity in S. aureus, utilising several mutants constructed by previous contributors. During preparation of this thesis it was discovered that a knockout mutant of the putative glucosaminidase, sagA (SACOL2298), made prior to the initiation of my project, was constructed incorrectly. A downstream gene, SACOL2297, encoding a putative monooxygenase, had actually been inactivated leaving sagA intact. There was insufficient time to repeat the work using the correct mutant background. The results are now interpreted in the context that sagA remains functional, and SACOL2297 non-functional. For clarity the number of glucosaminidases inactivated, or under control of an inducible promoter, is indicated in superscript after the genotype.

5.1		Introduction
5.1.1		Autolysins of S. aureus
The dynamics of peptidoglycan metabolism during cell growth and division are essentially carried out by two distinct processes: synthesis via incorporation of nascent material, and hydrolysis of the covalent bonds of the existing sacculus by peptidoglycan hydrolases. For every glycosidic or amide bond in the sacculus, there exists a hydrolase capable of cleaving that bond (Vollmer et al., 2008). There are two classes of peptidase for cleavage of LD- and DD- amide bond within the peptide stems: carboxypeptidases, which specifically cleave the C-terminal amino acid, and endopeptidases, that cleave all other bonds within the peptide stems. N-acetylmuramyl-L-alanine amidases class of hydrolases (commonly referred to as amidases) target the amide bond between MurNAc and the N-terminal L-alanine of the peptide stem (Vollmer et al., 2008). This is an important class of enzyme as it is essentially capable of separating glycan strands from the peptide component. Two classes of peptidoglycan hydrolase are able to cleave glycan strands, N-acetyl-β-D-muramidases (muramidases) and Endo-N-acetyl-β-D-glucosaminidases (glucosaminidases). Muramidases cleave the β-1,4-glycosidic bond linking MurNAc and GlcNAc residues. These enzymes fall into two further categories, lysozymes which produce a terminal MurNAc residue upon cleavage of the glycan strand, and lytic transglycosylases which cleave the glycan strand to form a terminal MurNAc with a 1,6-anhydro ring via a concurrent transglycosylation reaction (Höltje et al., 1975; Vollmer et al., 2008). Endo-N-acetyl-β-D-glucosaminidases (glucosaminidases) are autolysins which cleave the β1,4-glycosidic bond between GlcNAc and MurNAc of peptidoglycan to produce a terminal GlcNAc residue (Karamanos, 1997).
Previous studies have characterised only a small number of peptidoglycan hydrolases in S. aureus. The best characterised of these is Atl, the major autolysin of S. aureus. Atl is a bifunctional amidase-glucosaminidase, involved in cell separation and peptidoglycan turnover. It has an N-terminal amidase domain (Atl(ami)) and C-terminal glucosaminidase domain (Atl(glu)) (Foster, 1995; Oshida et al., 1995). Sle1 (also called Aaa), is an amidase with an apparent role in splitting of the septum (Heilmann et al., 2005; Kajimura et al., 2005). Two putative lytic transglycosylases have been characterised in S. aureus, IsaA and SceD (Stapleton et al., 2007). Cell separation was impaired in a sceD mutant and was exacerbated in an isaA sceD double mutant. Putative S. aureus endopeptidases include LytM, a putative Gly-Gly endopeptidase with homology to lysostaphin, (Ramadurai and Jayaswal, 1997; Ramadurai et al., 1999; Singh et al., 2010). LytN is a bifunctional peptidoglycan hydrolase with both amidase and D-alanyl-glycine endopeptidase activity(Sugai et al., 1998; Frankel et al., 2011).
A recent study of S. aureus glycan chain length using rp-HPLC identified the presence of satellite peaks in addition to the major glycan peaks. These satellite peaks were the apparent product of glucosaminidase activity (Boneca et al., 2000). This result suggests a critical role for glucosaminidase enzymes in processing of glycan chains of S. aureus. We propose a model for S. aureus cell growth by hydrolysis through the action of glucosaminidases, which has implications for both S. aureus peptidoglycan architecture and cell physiology. Together our data show that glucosaminidases play a critical role in S. aureus morphogenesis.

5.1.2		Aims of this chapter
1. Characterise multiple combinations of glucosaminidase mutant knock-out in S. aureus
2. Investigate the glycan chain distribution in glucosaminidase mutants 
3. Characterise the impact on S. aureus morphology and growth in glucosaminidase mutant backgrounds


5.2		Results
5.2.1		Identification of peptidoglycan hydrolases by bioinformatic analysis of the S. aureus COL genome
A bioinformatic screen for S. aureus autolysins was carried out using the S. aureus COL genome (Mohamad, 2007). The Atl(glu) amino acid sequence (residues 776-1256) was used as a BLAST search against the S. aureus COL genome. Three novel putative glucosaminidases were identified; SagA (SACOL2298), SagB (SACOL1825) and ScaH (SACOL2666) (Figure 5.1 and 5.2). SagA and SagB both shared ~40% identity with S. aureus Atl(glu). ScaH (SACOL2666) showed only slight homology to S. aureus Atl (26% identity over 145 amino acids) and no significant homology to SagA or SagB, but had greater homology (39% identity over 181 amino acids) to the glucosaminidase domain of B. subtilis LytG (Figure 5.1 and 5.2). A BLAST search of the S. aureus COL genome was carried out using Atl, SagA, SagB, and ScaH amino acid sequences as a search query, as well as previously characterized proteins of B. subtilis with putative peptidoglycan hydrolase activity (Smith et al., 2000) and a selection of autolysins from other Gram-positive species, such that hydrolases targeting all known classes of bond specificity were represented (Hayhurst, 2006). Any putative autolysins identified during the screen were then used to perform a repeat BLAST search. At least 20 putative peptidoglycan hydrolases were identified from the S. aureus COL genome (Table 5.1). No further putative glucosaminidases were indicated.

5.2.2		Confirmation of autolysin activity
Previous work in our lab demonstrated autolysin activity by zymogram against purified walls of B. subtilis HR168 and S. aureus SH1000, when the putative glucosaminidases Atl(glu), SagA, SagB and ScaH were overexpressed as recombinant C-terminal His-tagged proteins (Figure 5.3; Murray, 2001; Hayhurst, 2006; Mohamad, 2007). Amidase activity by CHAP domains has been suggested (Bateman and Rawlings, 2003; Rigden et al., 2003) therefore the putative glucosaminidase domain of ScaH was expressed without CHAP in order to verify its activity (Mohamad, 2007).
In the present study we aimed to investigate whether SagB is a glucosaminidase by mass spectrometry of muropeptide products following SagB treatment of sacculi. Recombinant SagB was therefore overexpressed and purified. Recombinant Atl(glu) was also overexpressed and purified for inclusion as a positive control.

5.2.2.1	Overexpression of Atl(glu) and SagB
Recombinant Atl(glu) and SagB were overexpressed by IPTG induction as described in Chapter 2.12.1. E. coli overexpression strains SJF3061 [rAtl(glu)]and SJF3062 (rSagB) (Table 2.2; Clarke et al., 2006; Hayhurst, 2006) were constructed previously. Four hours post-IPTG induction, overexpression of rAtl(glu) was indicated by a band at the expected size of 52 kDa (Figure 5.3A). The rSagB protein was present at the expected size of approximately 32 kDa (Figure 5.3B). These bands were absent from the pre-IPTG induction samples (Figure 5.3A and B). Protein solubility was determined by SDS-PAGE analysis as described in Chapter 2.12.2. Overexpressed rAtl(glu) was present in both the soluble and insoluble fractions Although there was slightly less soluble protein, purification of the soluble fraction using the HiTrap system returned a sufficiently high yield for subsequent studies. The rSagB protein was mainly present in the insoluble fraction and was therefore purified in the presence of 8M urea.
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Figure 5.1. Domain structure of four putative S. aureus glucosaminidases. Schematic representing the domain structures of the four putative glucosaminidases of S. aureus. (i) Atl (ii) SagA (iii) SagB (iv) ScaH. The percentage homology to Atl over a given length of amino acids is indicated in brackets. Black; signal peptide, blue; glucosaminidase domain, green; propeptide, yellow; amidase domain, red; repeat domain, orange; CHAP domain.

[image: Figure 5.2.png]
Figure 5.2. Amino acid sequence alignment of putative S. aureus glucosaminidases. The alignment was carried out using the T-Coffee multiple sequence alignment tool (Notredame et al., 2000). The region of homology within the Atl glucosaminidase domain is shown. Start and end amino acid positions are indicated for each of the putative glucosaminidases.



	Protein
	Activity
	Locus
(SACOL)
	Reference

	Atl
	Amidase/glucosaminidase
	1062
	(Oshida et al., 1995)

	SagA
	Putative glucosaminidase
	2298
	(Murray, 2001)

	SagB
	Putative glucosaminidase
	1825
	(Mohamad, 2007)

	ScaA
(Sle1/Aaa)
	Amidase
	0507
	(Heilmann et al., 2005)
(Pourmand et al., 2006)

	ScaB
	Putative amidase
	0723
	(Pourmand et al., 2006)

	ScaC
	Putative amidase
	2581
	(Pourmand et al., 2006)

	ScaD
	Putative amidase
	2291
	(Pourmand et al., 2006)

	ScaE
	Putative amidase
	0820
	(Pourmand et al., 2006)

	ScaF
	Putative amidase
	0270
	(Pourmand et al., 2006)

	ScaG
	Putative amidase
	2557
	(Pourmand et al., 2006)

	ScaH
	Putative glucosaminidase
	2666
	(Pourmand et al., 2006; Mohamad, 2007) 

	ScaI
	Putative amidase
	1576
	(Pourmand et al., 2006)

	ScaJ
	Putative amidase
	2295
	(Pourmand et al., 2006)

	IsaA
	Putative lytic transglycosylase
	2584
	(Stapleton et al., 2007)

	LytM
	Lysostaphin
	0263
	(Ramadurai and Jayaswal, 1997)

	LytN
	Amidase/Endopeptidase
	1264
	(Sugai et al., 1998; Frankel et al., 2011) 

	SceD
	Putative lytic transglycosylase
	2088
	(Stapleton et al., 2007)

	SA0191
	Putative lysostaphin
LytM (46%, 102 aa)†
	0191
	

	SA1687
	Putative amidase
LytC (B.subtilis)†
	1687
	

	SA2195
	Putative lysostaphin 
LytM (36%, 90 aa)†
	2195
	



Table 5.1. Putative autolysins identified by an in silico screen of the S. aureus COL genome. Putative hydrolase class is indicated based on highest homology scores to characterised autolysins. (†) Putative activity based on homology to the stated autolysin of known activity. Table adapted from: (Hayhurst, 2006; Mohamad, 2007).
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Figure 5.3. Overexpression of recombinant Atl(glu) and SagB proteins. (A) Left; SDS-PAGE analysis of total protein from whole cell lysates showing overexpression and solubility of rAtl(glu) protein. Right; SDS-PAGE analysis of HiTrap purified rAtl(glu). A 5 ml HiTrap Chelating HP column (GE Healthcare) was used. Numbered lanes are fractions of purified material collected as they eluted from the HiTrap column. Purification of soluble rAtl(glu) protein was evidenced by a high-yield band of 52 kDa. (B) Left; SDS-PAGE analysis of total protein from whole cell lysates, showing overexpression and solubility of rSagB. Right; SDS-PAGE analysis of rSagB fractions eluted from a HiTrap column. Purification of rSagB from the insoluble fraction was evidenced by a high-yield band of 32 kDa. Pre, total protein expression pre-IPTG induction; Post, total protein expression 4 hours post IPTG induction; Sol, soluble fraction; Insol, insoluble fraction. Protein bands were visualised using coomassie blue stain.


5.2.2.2	Purification of Atl(glu) and SagB
Both the recombinant Atl(glu) and SagB overexpression constructs contain a C-terminal His-tag, allowing purification from cell lysates by nickel-affinity chromatography using a 5 ml HiTrap Chelating HP column (Chapter 2.12.4). Both proteins were purified using the HiTrap system and eluted with an imidazole gradient (Chapter 2.12.4). The rSagB protein was purified in the presence of 8 M urea. Maximal elution of both recombinant proteins occurred when the imidazole concentration of the buffer reached approximately 150 mM, as indicated by UV detection at 280 nm. Appropriate fractions of eluate were collected and analysed by SDS-PAGE (Figure 5.3). Some smaller bands present in the overloaded lanes of the rAtl(glu) sample were most likely degradation products.
Appropriate fractions were pooled and salt removed by dialysis in 1 l PBS, with stepwise decreases in urea concentration for the rSagB protein to prevent precipitation of the protein, as described in Chapter 2.12.5. Buffer was changed four times for rAtl(glu) and six times for rSagB over a 24 hour period. Final protein concentration determined by Bio-Rad protein concentration assay (Chapter 2.12.5) was 1.3 mg ml-1 for rAtl(glu) and 1.8 mg ml-1 for rSagB.

5.2.2.3	Renaturing gel electrophoresis of Atl(glu) and SagB
Zymograms were prepared as described in Chapter 2.11.1. Briefly, rAtl(glu) and rSagB were subjected to SDS-PAGE analysis. The SDS-PAGE gels were supplemented with 0.05% (w/v) B. subtilis purified sacculi. Recombinant YdiE (YgjD), which has a role in tRNA modification and no hydrolase activity (Srinivasan et al., 2011), was included as a negative control (kindly provided by A. Bottomley). The gels were washed briefly with water, then transferred to renaturing solution (Chapter 2.3.6.5) containing either 25 mM Tris-HCl buffer pH 7.5, or  50 mM sodium citrate buffer pH 5.0. Gels were incubated in renaturing solution for a minimum of 16 hours, with one buffer change after 30 min. The gels were then incubated in renaturing gel staining solution (Chapter 2.3.6.7) for 4 hours, then destained in dH2O.
When proteins were renatured at pH 7.5 a clear zone of hydrolysis was present for rAtl(glu). A faint band of clearing in the YdiE control indicated that the presence of inert protein is able to block the peptidoglycan stain to a limited extent, and should not be confused with hydrolysis (Figure 5.4). For this reason, it is important always to include such a negative control in zymograms. A faint band corresponding to rSagB was similar to the YdiE band, indicating that rSagB had failed to hydrolyse the cell wall (Figure 5.4B). When proteins were renatured in pH 5.0 buffer, rAtl(glu) and rSagB both showed distinct zones of hydrolysis, suggesting that rSagB activity is more sensitive to pH than Atl(glu), or that correct renaturing of rSagB occurs at pH 5.0 (Figure 5.4B). The faint YdiE band was unaffected by the change in pH.
5.2.2.4	Glucosaminidase activity of SagB
Repeated attempts to analyse the muropeptide products released by incubation of purified B. subtilis or S. aureus peptidoglycan with rSagB were unsuccessful due to the poor in vitro activity of the recombinant enzyme (data not shown). This issue could not be resolved due to time constraints.
5.2.3		Construction of glucosaminidase mutants.
To determine the physiological role of glucosaminidases in S. aureus SH1000, atl, sagB 
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Figure 5.4. Peptidoglycan hydrolase activity of putative glucosaminidases rAtl(glu) and rSagB. (A) SDS-PAGE analysis showing relative sizes of recombinant proteins. Proteins were visualised by coomassie blue staining. (B) Autolysin activity of recombinant proteins renatured in buffer at pH 7.5 or pH 5.0. Recombinant YdiE protein (rYdiE) which has no autolysin activity was included as a negative control.


and scaH were insertionally inactivated or deleted. As stated earlier, an attempt to insertionally inactivate sagA resulted in the erroneous inactivation of the downstream gene SACOL2297 (SA2297), and left sagA intact. Every combination of single, double and triple mutant was constructed by sequential Φ11 phage transduction (Table 2.4). Construction of mutants was carried out by Prof. Simon Foster, Dr. Malcolm Horsburgh and Dr. Sharifah Mohamad. Details of the construction of an insertion-inactivated S. aureus atl mutant were published previously (Foster, 1995). The construction of the unpublished mutants is reported here.

5.2.3.1	Insertional inactivation of SA2297
The sagA gene (SACOL2298) should have been functionally inactivated by insertion of a tetL resistance cassette, however a downstream gene SA2297 was erroneously targeted. Using SH1000 DNA as a template, an upstream fragment of SA2297 was PCR amplified with primers OL-241 and OL-242, introducing KpnI and EcoRI restricition sites respectively. A downstream fragment of SA2297 was PCR amplified using primers OL-239/2 and OL-240, introducing flanking BamHI and KpnI restriction sites respectively at the ends of the PCR product. The upstream and downstream fragments were digested with KpnI and ligated together producing a single SA2297 cassette with internal KpnI restriction site and flanking BamHI and EcoRI restriction sites (Figure 5.5A). The SA2297 cassette was digested with BamHI and EcoRI, and ligated into similarly digested S. aureus suicide vector pAZ106 (Figure 5.5A).
The gene encoding tetL was PCR amplified from pDG1513 (Guérout-Fleury et al., 1995) using primer pair OL-32/OL-33, which introduced KpnI restriction sequences at either end of the PCR product. The tetL PCR product was KpnI digested and ligated into the internal KpnI site of the SA2297 construct. The resulting suicide vector containing the SA2297::tetL insertional inactivation was named pMAL64 (Figure 5.5A). The pMAL64 vector was transformed by electroporation into S. aureus RN4220. Allelic replacement of the native SA2297 gene by the functionally inactive SA2297::tetL by double-crossover (Figure 5.5A) was indicated by the presence of tetR, eryS colonies. The SA2297::tetL cassette was transduced by Φ85 lysate into the SH1000 background.

5.2.3.2	Construction of a scaH inactivation suicide vector
The scaH gene was functionally inactivated by insertion of a kanR cassette. The first step was to generate a scaH construct containing a KpnI restriction site for insertional inactivation of the scaH gene. Using SH1000 DNA as a template, an upstream fragment of the scaH gene (covering 300 bp upstream to 900 bp downstream of the scaH start codon) was PCR amplified using primers P1 and P2, introducing flanking XbaI and KpnI restricition sites respectively (Table 2.8). Likewise, a downstream fragment of the scaH gene (covering 1000 bp upstream to 500 bp downstream of the scaH stop codon) was PCR amplified using primer pair FD2/ RD2 to introduce KpnI and HindIII restriction sites respectively (Table 2.8). The upstream and downstream PCR products were digested with KpnI and ligated together resulting in a scaH construct containing a KpnI restriction site for insertional inactivation and flanked by XbaI and HindIII restricition sites. The construct was PCR amplified using primer pair P1/RD2. This PCR product was digested with XbaI and HindIII, then ligated into similarly digested pMUTIN4 (S. aureus suicide vector) (Vagner et al., 1998). The resulting plasmid was named pSA26D (Figure 5.5B).
A kanR cassette was amplified from a pGL433b template using primer pair FKan/RKan to introduce flanking KpnI restriction sequences. The pSA26D vector and kanR cassette were digested with KpnI and ligated together to produce a suicide vector with kanR inactivated scaH, dubbed pSA26DKan (Figure 5.5B). 

5.2.3.3	Insertion deletion of sagB and scaH
A 3kb DNA fragment including sagB and the spanning region was PCR amplified from SH1000 genomic DNA using primer pair P6/P7 to introduce flanking BamHI and SacI restriction sites respectively. Following BamHI/SacI digest, the sagB cassette was cloned into small shuttle-vector pUC19. A 600 bp deletion from the intact sagB gene and incorporation of a central KpnI restriction site was achieved by inverse PCR using primer pair InvF1 and InvR1 (Table 2.8). The resulting plasmid was pInvSAT.
The tetM gene was PCR amplified from pCN36 (Charpentier et al., 2004) using primers MinFK3 and MinRK3 (Table 2.8) to introduce flanking KpnI restriction sites. Following KpnI digest, the tetM PCR product was cloned into pInvSAT. The sagB::tetM cassette was excised by BamHI/SacI digest and ligated into similarly digested pMUTIN4 (Vagner et al., 1998), to produce S. aureus suicide vector pSA18M (Figure 5.5C). However, despite repeated attempts, transformation of pSA18M into S. aureus RN4220 failed to produce a sagB::tetM genotype by vector integration (indicated by an eryS, tetR phenotype). The scaH::kan and sagB::tetM resistance cassettes were therefore exchanged between pSA26DKan and pSA18M by kpnI digestion and reciprocal ligation to give pSA26Min (scaH::tetM) and pSA18Kan (sagB::kan). (Figure 5.5D) The pSA26Min and pSA18Kan constructs were successfully transformed into S. aureus RN4220 and subsequently transduced into the SH1000 background using Φ85 lysates, producing strains SJF2115 (SH1000 scaH::tetM)1 and SJF2117 (SH1000 sagB::kan)1. Gene inactivation by double-crossover was indicated by eryS, tetR (SJF2115) or eryS, kanR (SJF2117) phenotypes and confirmed by PCR and Southern blot analysis (Mohamad, 2007).

5.2.3.5	Construction of SH1000 mutant combinations
Construction of every combination of single, double and triple knockout mutant in the SH1000 background was achieved by sequential transduction with Φ11 lysates generated from each of the single mutants (atl::pAZ106, sagB::kan, scaH::tetM,and SA2297::tetL). A list of strains generated is provided in Table 2.4.

5.2.4 		Characterisation of glucosaminidase mutants
5.2.4.1	Phenotype analysis of glucosaminidase mutants
During routine growth in liquid media, SJF1367 (SH1000 atl::pAZ106)1, SJF1380 (SH1000 SA2297::tetL)0 and SJF2115 (SH1000 scaH::tetM)1 were dispersed throughout the culture medium. However, SJF2117 (SH1000 sagB::kan)1 formed cell aggregates which were macroscopic in scale (Figure 5.6). Microscopic analysis revealed that SJF1367 (SH1000 atl::pAZ106)1 also formed cell aggregates that could only be observed under magnification. SJF1380 (SH1000 SA2297::tetL)0 and SJF2115 (SH1000 scaH::tetM)1 had no obvious cell separation defects, however cell size appeared to be slightly increased in SJF2115 (SH1000 scaH::tetM)1 (Figure 5.6). The trend in aggregation phenotypes increased in severity in the double mutants and was most severe in the triple mutants (Figure 5.6).	
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Figure 5.5. Construction of glucosaminidase knockout mutants. (A) Construction of strain SJF1380 (SH1000 SA2297::tetL)0 using the pMAL64 suicide vector for allelic exchange of the SA2297’::tetL. SA2297’ denotes the construct comprising upstream and downstream PCR amplicons of SA2297. (B) Construction of pSA26DKan suicide vector for allelic exchange of scaH. The pSA26 construct has a pMUTIN4 backbone. The scaH construct with internal KpnI restriction site is denoted scaH’. (C) Construction of pSA18M suicide vector for allelic exchange of sagB. The pInvSA shuttle vector has a pUC19 backbone. InvF1 and InvR1 primers were used for inverse PCR of the pInvSA vector, resulting in deleting of an approximately 600bp internal fragment of sagB. (D) Construction of strains SJF2117 (SH1000 sagB::kan)1 and SJF2115 (SH1000 scaH::tetM)1. Allelic exchange of the sagB::tetM construct using pSA18M was unsuccessful. Resistance markers were exchanged between pSA18M (sagB::tetM) and pSA26Kan (scaH::Kan), to produce pSA18Kan (sagB::kan) and pSA26Min (scaH::tetM). Allelic exchange by double crossover using these new constructs was successful. SJF1380 was constructed by Malcolm Horsburgh. SJF2115 and SJF2117 were constructed by Sharifah Mohamad. Gene annotations correspond to S. aureus COL.
Macroscopic cell aggregates were observed in double mutant strains SJF1363 (SH1000 atl::pAZ106 SA2297::tetL)1, SJF2118 (SH1000 atl::pAZ106 sagB::kan)2, SJF2119 (SH1000 sagB::kan SA2297::tetL)1, SJF2123 (SH1000 sagB::kan, scaH::tetM)2 and in triple mutant strains SJF2120 (SH1000 atl::pAZ106 sagB::kan SA2297::tetL)2 and SJF2126 (SH1000 sagB::kan scaH::tetM SA2297::tetL)2 (Figure 5.6). The clustering phenotype of strains that formed macroscopic aggregates appeared less severe by microscopy, presumably because the majority of cells were sequestered in these very large clusters leaving fewer dispersed cells. Microscopy fields of SJF2125 (SH1000 atl::pAZ106 sagB::kan scaH::tetM)3 were sparsely populated compared to fields of other triple mutants, and aggregates of apparently lysed cells were observed.

5.2.4.2	Salt sensitivity of S. aureus glucosaminidase mutants
Salt sensitivity of the glucosaminidase mutants was investigated by growth on solid TSA media supplemented with 1.0 M, 1.5 M or 2.0 M NaCl. At 2.0 M NaCl, all triple mutants containing the sagB inactivation had a severe growth defect (Figure 5.7). The appearance of visible colonies took up to 48 hrs, and in the case of SJF2125 (SH1000 atl::pAZ106 sagB::kan scaH::tetM)3 and SJF2126 (SH1000 sagB::kan scaH::tetM SA2297::tetL)2, the number of colony forming units was diminished by approximately 75% and 95% respectively compared with SH1000 (Figure 5.7A). Whilst the final cfu of SJF2120 (SH1000 atl::pAZ106 sagB::kan SA2297::tetL)2 was comparable to SH1000, the colonies themselves were qualitatively smaller after 48 hrs growth (Figure 5.7B). Growth of SJF2124 (SH1000 atl::pAZ106 scaH::tetM SA2297::tetL)2, expressing active SagB, was similar to the parent strain.
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Figure 5.6. Phenotype anlaysis of glucosaminidase mutants. Macroscopic and microscopic analysis of single, double and triple putative glucosaminidase mutants. For each strain, macroscopic aggregation of cells in liquid culture (top) and brightfield images (bottom) are shown. Scale bar: 4 µm.

5.2.5		Chain length analysis of S. aureus triple mutants 
Glucosaminidase activity has been implicated in the regulation of glycan chain length in S. aureus (Boneca et al., 2000). The glycan chain length distribution was investigated in the triple putative glucosaminidase mutants. Glycan strands were separated from peptide stems of N-acetyl[14C]glucosamine labelled peptidoglycan using the S. aureus Atl amidase, and the glycan chain length distribution analysed by size-exclusion HPLC (Chapter 2.16). We have previously reported gel-filtration experiments showing that wildtype S. aureus have a small proportion (approximately 14%) of glycan chains > 50 dissacharides in length (Table 5.2; Chapter 3). Analysis of the glycan chain length profile of the triple mutants revealed that, in all cases, strains carrying the sagB::kan inactivation had a high proportion of long glycan strands with 38.9-43.3% of glycan strands longer than 50 disaccharides (Figure 5.8 and Table 5.2). Strain SJF2124 (SH1000 atl::pAZ106 scaH::tetM SA2297::tetL)2 had predominantly short glycan strands, comparable to wildtype S. aureus SH1000 and COL strains.

5.2.6		Construction of a conditional quadruple mutant
To investigate the combined role of glucosaminidase class enzymes in S. aureus, we aimed to create a strain devoid of glucosaminidase activity. Repeated attempts by several contributors to construct a quadruple knockout mutant were unsuccessful, suggesting poor viability or even the synthetic lethality of the quadruple mutant. A conditional quadruple mutant was constructed instead. This strain, SJF4094, is an SH1000 Δatl::spc scaH::tetM SA2297::tetL triple knockout, with a truncated copy of sagB under control of the native promoter, and a full copy of sagB under control of the IPTG inducible Spac promoter (Figure 5.9; Yansura and Henner, 1984). The truncated 
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Figure 5.7. Salt sensitivity of triple mutants. (A) Percentage growth of triple mutants relative to SH1000 on TSB agar (black bars), or TSB agar supplemented with 2.0 M NaCl (striped bars). Error bars show the standard deviation for experiments carried out in triplicate. (B) Representative images showing colony growth for cell counts used in (A). The cell density of exponential phase cultures (OD600 ~0.5) was equalised and 10 µl serial dilutions spotted onto TSB agar in the presence and absence of 2.0 M NaCl supplement. Growth of cells (108-fold dilution) on agar plates after 48 hours incubation is presented.


sagB lacks 85 amino acids of the glucosaminidase domain C-terminus and is therefore assumed to be non-functional (Appendix I). Bioinformatic analysis indicated that sagB is not part of an operon as the genes immediately downstream of sagB are in the opposite orientation, excluding the possibility of polar effects due to the Pspac-sagB construct (Figure 5.9). Primers RW01_F and RW01_R were used to amplify a 623 bp sagB fragment including the sagB ribosome binding site, using SH1000 genomic DNA as a template (Figure 5.9). RW01_F and RW01_R introduced flanking EcoRI and BamHI restriction sequences respectively. The PCR product and S. aureus suicide vector pMUTIN4 were restriction digested with EcoRI and BamHI. The sagB fragment was ligated into the pMUTIN4 multiple cloning site immediately downstream of the spac promoter, producing S. aureus suicide vector pRW01 (Figure 5.9). The plasmid was transformed by electroporation into E. coli TOP10. Transformants were selected on 100 µg ml-1 ampicillin. Positive clones were confirmed by PCR and restriction digest. Sequencing of the sagB fragment of pRW01 by the University of Sheffield Core Genomics Facility indicated the nucleotide sequence was free from errors, and that no substitutions or frameshift mutations had occurred during PCR amplification of the sagB insert (data not shown). The pRW01 construct was transformed by electroporation into S. aureus RN4220, producing strain SJF4090 (RN4220 Pspac-sagB). Chromosomal integration of the pRW01 construct by homologous recombination with sagB is shown in Figure 5.9. Integration of the pRW01 vector into the RN4220 chromosome by a single crossover at sagB, putting the full copy of sagB under control of the Pspac promoter, was confirmed by PCR, using primers MM73, which anneals on the vector sequence upstream of Pspac, and SA1825_R, which anneals on the RN4220 chromosomal region downstream of native sagB.
[image: Fixed Figure 5.8.png]
Figure 5.8. Glycan strand length distribution in S. aureus triple mutants. Radiolabelled peptidoglycan sacculi were digested with recombinant S. aureus Atl amidase. Glycan strand distribution was determined by gel filtration HPLC using a TSKSW2000 column with optimal theoretical resolution of dextran standards between 1 and 30 kDa. Samples containing 10 000–20 000 cpm were eluted at a flow rate of 1 ml min-1. Fractions were collected every 15 s and analysed by scintillation counting. To take into account the fact that longer strands will incorporate more radioactive N-acetylglucosamine, the radioactivity counts (cpm) were divided by the corresponding theoretical molecular weight (MW). Glycan chain abundance was plotted as a percentage relative to maximal (cpm/MW) ratio. Chain length analysis was performed in collaboration with Stéphane Mesnage.


Table 5.2. Distribution of glycan chain length S. aureus glucosaminidase mutants. The relative abundance of glycan chains below 10 kDa or above 10 and 25 kDa was determined as described in Chapter 2.16, using a TSKSW2000 size-exclusion column.

	
	% Glycan chains

	S. aureus strain
	<10 kDa
(20 DS)
	>10 kDa
(20 DS)
	>25 kDa
(50 DS)

	COL

	54.0
	46.0
	15.8

	SH1000

	57.8
	42.2
	11.1

	SJF2124
atl::pAZ106 scaH::tetM SA2297::tetL
	60.5
	39.5
	9.3

	SJF2125
atl::pAZ106 sagB::kan scaH::tetM
	24.5
	75.5
	43.3

	SJF2120
atl::pAZ106 sagB::kan SA2297::tetL
	26.2
	73.8
	38.9

	SJF2126
sagB::kan scaH::tetM SA2297::tetL
	24.6
	75.4
	40.2




The pMUTIN4 vector has an eryR marker for selection and maintenance in Gram-positive organisms, which would conflict with the atl::pAZ106 construct already generated. It was therefore necessary to generate a triple mutant with an alternative atl knockout marker gene. A Φ11 lysate was prepared from SJF4091 (SA113 Δatl::spc)1 (Pasztor et al., 2010), and used to transduce the Δatl::spc cassette into SJF2122 (SH1000 scaH::tetM SA2297::tetL)1, creating strain SJF4095 (SH1000 Δatl::spc scaH::tetM SA2297::tetL)2. Inactivition of atl was confirmed by PCR and by failure of colonies to produce a zone of clearing on TSB agar supplemented with M. lysodeikticus cell walls (Chapter 2.1.11).
A Φ11 lysate was prepared from SJF4090 (RN4220 Pspac-sagB) for transduction of the chromosomally integrated pRW01 vector into the SH1000 background. The Pspac-sagB construct was transduced into SJF4095 (SH1000 Δatl::spc scaH::tetM SA2297::tetL)2, in the presence of 1 mM IPTG. The resulting strain was SJF4151 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL)3. Presence of the construct was confirmed by PCR. Correct integration of the construct was further confirmed by growth on X-gal plates without IPTG, as positive colonies appeared blue indicating constitutive expression of lacZ from the PsagB promoter.
Basal expression from the Spac promoter may occur even in the absence of IPTG induction. Leaky expression can be minimised by constitutive overexpression of the lacI repressor from the multicopy plasmid, pGL485 (Cooper et al., 2009). A Φ11 lysate was prepared from VF17 (SH1000 pGL485) and the pGL485 vector transferred to SJF4151 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL)3 and SJF4095 (SH1000 Δatl::spc scaH::tetM SA2297::tetL)2 by transduction, producing strains SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 in which sagB expression is IPTG inducible, and isogenic triple mutant SJF4092 (SH1000  
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Figure 5.9. Construction of the IPTG-inducible sagB strain SJF4090 (RN4220 PSpac-sagB). A 623 bp fragment of sagB, including the ribosome binding site, was PCR amplified and ligated into the pMUTIN4 vector, producing S. aureus suicide vector pRW01. Integration of pRW01 into the S. aureus RN4220 chromosome by single cross-over results in an non-functional truncated sagB’ under the native sagB promoter, and a full copy of sagB under the control of the IPTG inducible Spac promoter (Pspac). This strain was SJF4090. The construct was then transduced into the SH1000 background. Gene annotations correspond to S. aureus COL.


Δatl::spc scaH::tetM SA2297::tetL pGL485)2, which constitutively expresses sagB. Growth media was supplemented with 1mM IPTG for transduction of the Pspac-sagB constructs. Positive colonies were selected by growth on TSB agar plates supplemented with 30 µg ml-1 chloramphenicol.

5.2.7		Growth of a conditional quadruple mutant
In the absence of IPTG induction, the SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 strain had a severe defect on solid media, at times failing to grow at all, but grew consistently when sagB expression was induced with 1 mM IPTG. In liquid media the SJF4094 strain could be cultured in the absence of IPTG, but had a growth defect (doubling time ~55 min; Figure 5.10) in comparison to the parent strain VF17 (SH1000 pGL485; doubling time = 30 min; Figure 5.10). The doubling times were determined by cfu counts following dispersion of cell aggregates by sonication. Efficient dispersion of aggregates was indicated by the fact that stationary phase wild type and mutant cultures gave comparable cfu counts (data not shown). When sagB expression was induced by 1 mM IPTG, the growth rate of SJF4094 (Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 was equivalent to that of the isogenic triple mutant constitutively expressing SagB, SJF4092 (SH1000 Δatl::spc scaH::tetM SA2297::tetL pGL4852; doubling time approximately 45 min), suggesting that transcription of sagB from the Pspac promoter was sufficient to restore normal levels of sagB activity (Figure 5.10). It should be noted that the triple mutants (SJF2120, SFJ2124, SJF2125 and SJF2126) had comparable growth rates (data not shown). Therefore it is unlikely that the growth rate of SJF4094 (Pspac-sagB Δatl::spc scaH::tetL SA2297::tetM pGL485)3 would be equivalent to atl, sagB, scaH 
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Figure 5.10. Defective growth of a conditional quadruple mutant. The conditional quadruple mutant SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetL SA2297::tetM pGL485) was grown without IPTG induction (SJF4094 -IPTG) and in the presence of 1 mM IPTG (SJF4094 +IPTG). Growth was compared against the parent strain VF17 (SH1000 pGL485) and SJF4092 (SH1000 Δatl::spc scaH::tetL SA2297::tetM pGL485) which constitutively expresses sagB. Independent cultures were prepared in triplicate. At each time point 3 ml of culture was removed under continual shaking at 70 rpm to ensure even dispersal of cells, and sonicated gently to disperse cell aggregates. Serial dilutions were prepared in PBS and 5 µl spotted onto TSB agar plates. This growth curve was performed on two separate occasions giving similar results. Error bars show standard deviation from the mean.


insertionally-inactivated strain. In the absence of IPTG, SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetL SA2297::tetM pGL485)3 formed large macroscopic aggregates which sedimented rapidly when culture agitation was halted.
5.2.8		Phenotype analysis of a conditional quadruple mutant by light microscopy
Glycan chain length is a key determinant of peptidoglycan architecture. Disruption of glycan chain length regulation is likely to impact on the ability of cells to grow and divide. The morphology of S. aureus cells devoid of multiple glucosaminidase activities was investigated by fluorescence microscopy. Fluorescent vancomycin was used to accurately visualise the cell walls and formation of septa. In the absence of IPTG induction, SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 displayed altered shape and size, and formed clusters of cells that had failed to split across the septum (Figure 5.11A and D). A high proportion of individual cells were hemispherical in shape (25.8% compared with only 2% of VF17 (SH1000 pGL485) cells). Of these hemispherical cells, 26.5% had initiated the next round of septation at an orthogonal plane. This observation suggested that the conditional quadruple mutant failed to undergo volume increase to spherical shape, and continued to divide as hemispherical cells (Figure 5.11B-D). Quadruplet cells were observed which had failed to separate for two rounds of cell division, and were quadrisected by crosswall on two orthogonal planes (Figure 5.11D).
Cell separation presented a bottleneck in the cell cycle as whilst the majority of SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 cells (68.2%) displayed orthogonal new growth in the absence of IPTG induction, only 20.4% of cells had initiated cell separation (Figure 5.11E). By constrast, only 38.1% of VF17 (SH1000 pGL485) cells displayed orthogonal new growth, whilst over half of the cells (55.6%) had initiated cell separation (Figure 5.11E). SJF4092 (SH1000 Δatl::spc scaH::tetM SA2297::tetL pGL485)2 and SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 with IPTG induction of sagB had an intermediate distribution (Figure 5.11E). 
To determine whether the mutants displayed altered cell size, cells were grouped by stage of the cell cycle (as defined in Figure 5.11B), and the size distribution for each group compared by measuring the cell area through the middle z-plane. Measurement of the mid-plane area permitted comparison of spherical and non-spherical cells, for which volumes could not be calculated accurately. Although the size distribution was generally broad, there was a tendency towards a slightly decreased cell size in the inducible mutant, in the presence or absence of IPTG (Figure 5.11F). Average cell sizes are provided in Table 5.3. For individual, well-separated cells displaying an incomplete septum or complete septum without splitting, the decrease in cell size for the SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 strain was statistically significant (Figure 5.11F). For pairs of cells that had initiated splitting at the septum, although there was an apparent trend in decreased cell size, this was only significant for SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 in the presence of IPTG. No significant difference was observed in paired cells exhibiting orthogonal new growth. 
5.2.9		Fine cell wall architecture of a conditional quadruple mutant
5.2.9.1	Electron microscopy of a conditional quadruple mutant
The morphology and cell wall architecture of SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 was further investigated by electron microscopy. Parental VF17 (SH1000 pGL485) cells had a smooth surface by scanning electron microscopy (SEM), and were present as single spherical cells or pairs of dividing cells (Figure 5.12A). SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 (without IPTG induction) formed irregular, hemispherical-shaped cells and multicellular clusters (Figure 5.12B). As expected, the nascent cell wall of the SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 strain was smooth. The mature hemisphere however, was very rough with large protrusions of wall material. Thick ribs of material intersecting on orthogonal planes were often visible on the cell surface (Figure 5.12B). Pitted scars were also observed (Figure 5.12B, bottom left). The SJF4094 strain expressing SagB under IPTG induction, and the SJF4092 triple mutant had a similar, but less severe phenotype compared to SJF4094 without IPTG induction of SagB (Figure 5.12 C and D). SJF4092 in particular had a smoother cell surface.
Thin sections were examined by transmission electron microscopy (TEM). VF17 (SH1000 pGL485) cells had well defined cell walls which were smooth at the opposing faces of daughter cells (nascent cell wall) and rougher across the mature cell wall (Figure 5.13A). The rough cell wall had the appearance of short, fine hairs which were evenly distributed across the surface. Individual spherical cells and separating hemispherical pairs of daughter cells were observed. In some cases the separating daughter cells had initiated crosswall synthesis on the next orthogonal plane. In the absence of SagB induction with IPTG, SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 cells were present in clusters of hemispherical cells with completed cross-walls on multiple orthogonal planes (Figure 5.13B). The outer surface of the mature wall was very rough, and had the appearance of thick irregular outgrowths of material rather than the fine structure of the VF17 parent. Long fibrous 
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Figure 5.11	Morphological analysis of a conditional quadruple mutant devoid of three glucosaminidase activities. (A) Brightfield and Vancomycin-BODIPY labelled fields showing the morphology of VF17 (SH1000 pGL485) and the glucosaminidase mutants SJF4092 (SH1000 Δatl::spc scaH::tetM SA2297::tetL pGL485)2 and SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3. The conditional quadruple mutant SJF4094 was grown without IPTG induction (-IPTG) or in the presence of 1mM IPTG (+IPTG). Cells were labelled with Vancomycin-BODIPY conjugate to visualise the cell wall and septa. Scale bars bars 4 µm. (B) Schematic of the cell cycle in S. aureus adapted from figure by R.D. Turner (Figure 4.4B). The septum is indicated in green. (C) Representative VF17 cells undergoing septation or cell separation. (D) Representative cells of SJF4094 without IPTG induction. A schematic is provided of each cell to aid interpretation. Red lines, the new cell hemisphere, black rings, synthesis on the next orthogonal division plane. (E) Proportion of cells at each stage of the cell cycle as defined in (B). VF17 Total n=349; SJF4094 –IPTG Total n= 368; SJF4094 +IPTG Total n= 374; SJF4092 Total n=313. (F) Mean of cells at different stages of the cell cycle. Cell size was compared by measuring the area through the mid-plane of the cell. Cells were grouped according to stage of the cell cycle, as defined in (B). Significance of difference between means was calculated with respect to the wildtype (VF17) mean of each group.** p<0.005, * p<0.05. For a summary of values underlying the distributions plotted for (E) and (F), see Table 5.3.	


VF17
	 (
A
)Stage of cell cycle
	Average cell size(µm2)
	Number of cells (n)
	Proportion of total count (%)

	Incomplete septum
	1.98 ± 0.44
	33
	9.4

	Complete septum, not split
	1.16 ± 0.26
	100
	28.7

	Complete septum, split
	1.38 ± 0.28
	81
	23.2

	Orthogonal new growth
	1.57 ± 0.33
	113
	32.4

	Other
	1.09 ± 0.36
	22
	6.3

	Total
	
	349
	100.0


 (
B
)
SJF4094 -IPTG
	Stage of cell cycle
	Average cell size (µm2)
	Number of cells (n)
	Proportion of total count (%)

	Incomplete septum
	1.58 ± 0.36
	66
	17.9

	Complete septum, not split
	1.04 ± 0.23
	185
	50.3

	Complete septum, split
	1.29 ± 0.24
	42
	11.4

	Orthogonal new growth
	1.46 ± 0.34
	33
	9.0

	Other
	1.18 ± 0.31
	42
	11.4

	Total
	
	368
	100.0


 (
C
)
SJF4094 +IPTG
	Stage of cell cycle
	Average cell size, (µm2)
	Number of cells (n)
	Proportion of total count (%)

	Incomplete septum
	1.49 ± 0.31
	64
	17.1

	Complete septum, not split
	0.91 ± 0.23
	172
	46.0

	Complete septum, split
	1.20 ± 0.18
	71
	19.0

	Orthogonal new growth
	1.38 ± 0.22
	39
	10.4

	Other
	1.03 ± 0.34
	28
	7.5

	Total
	
	374
	100.0


 (
D
)
SJF4092
	Stage of cell cycle
	Average cell size, (µm2)
	Number of cells (n)
	Proportion of total count (%)

	Incomplete septum
	1.77 ± 0.49
	23
	7.3

	Complete septum, not split
	1.05 ± 0.30
	40
	12.8

	Complete septum, split
	1.46 ± 0.34
	63
	20.1

	Orthogonal new growth
	1.56 ± 0.33
	106
	33.9

	Other
	0.97 ±0.20
	81
	25.9

	Total
	
	313
	100.0





Table 5.3. Summary of cell measurements. For each stage of the cell cycle, average cell size, number of cells counted and proportion of total cells counted is shown for (A) VF17 (SH1000 pGL485), (B) SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485) –IPTG, (C) SJF4094 +IPTG and (D) SJF4092 (SH1000 Δatl::spc scaH::tetM SA2297::tetL pGL485).

protrusions were observed extending from the cell wall, interconnecting multiple cell clusters. SJF4092 and IPTG induced SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 had an intermediate phenotype, as multicellular clusters and individual cells were observed (Figure 5.13 C and D). The rough texture of the mature cell wall was less pronounced than in the case of SJF4094 without SagB expression, and the presence of interconnecting fibrous material was greatly reduced in the induced SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 strain, and absent from the SJF4092 (SH1000 Δatl::spc scaH::tetM SA2297::tetL pGL485)2 triple mutant.

5.2.9.2	AFM of a conditional quadruple mutant
VF17 (SH1000 pGL485) and SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 grown in the absence of IPTG were compared by AFM. Analysis of purified sacculi confirmed that the peptidoglycan of the mature hemisphere in SJF4094 was extremely rough in comparison to the more subtle knobbled architecture of the VF17 parent (Figure 5.14A and B). A major feature of the S. aureus cell wall is the presence of orthogonal intersecting ribs of peptidoglycan which mark the planes of division, and are produced by the splitting of a thick ‘piecrust’ ring of peptidoglycan that is synthesised around the septum during cell division (Chapter 4.2.1.4). These intersecting ribs were more prominent in the uninduced SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 glucosaminidase mutant (Figure 5.14C and D).
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Figure 5.12. SEM of S. aureus glucosaminidase mutant cell walls. SEM fields showing (A) wildtype VF17 (SH1000 pGL485), (B) SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 without IPTG induction (C) SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 with IPTG induction and (D) SJF4092 (SH1000 Δatl::spc scaH::tetM SA2297::tetL pGL485)2. Scale bars: 2 µm.
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Figure 5.13. TEM of S. aureus glucosaminidase mutant cells. TEM fields showing (A) wildtype VF17 (SH1000 pGL485), (B) SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 without IPTG induction (C) SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 with IPTG induction and (D) SJF4092 (SH1000 Δatl::spc scaH::tetM SA2297::tetL pGL485)2.
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Figure 5.14. Gallery of AFM images showing the peptidoglycan architecture of an S. aureus conditional quadruple mutant. Images show sacculi of the wildtype VF17 (SH1000 pGL485) strain and conditional quadruple mutant SJF4094 (SH1000 Pspac-sagB Δatl::spc scaH::tetM SA2297::tetL pGL485)3 without IPTG induction (SJF4094 -IPTG). Purified, flattened sacculi were imaged under ambient conditions in tapping mode. Height (h) and phase (p) images are presented. (A) Field of VF17 sacculi, (B) isolated VF17 sacculi, (C) field of SJF4094 sacculi, (D) isolated SJF4094 sacculi. Scales: (A) H 150 nm P 82°; (B) top, H 100 nm P 13°; middle, H 50 nm P 3.5°; bottom, H 100 nm P 15°; (C) H 150 nm P 5°; (D) top, H 150 nm P 35°; middle, H 100 nm P 30°; bottom, H 100 nm P 8°. Field in (A) provided by R. D. Turner

5.3		Discussion
S. aureus is an excellent model for studying the fundamentals of growth and division in Gram-positive bacteria, as a spherical shape is the most basic form that a bacterium can assume as it does not require the coordination of multiple peptidoglycan biosynthesis machineries necessary for more complex cell shapes (Cabeen and Jacobs-Wagner, 2005). Nevertheless, a comprehensive bioinformatic analysis of the S. aureus COL genome identified at least 20 putative peptidoglycan hydrolases, including targets for all possible bond specificities. No putative lysozymes were detected and only two putative lytic transglycosylases, identified previously (Table 5.1; Stapleton et al., 2007). Peaks associated with lytic transglycosylase activity could not be resolved by HPLC analysis of peptidoglycan from isaA and sceD mutants, or peptidoglycan digested with the recombinant enzymes, whilst satellite peaks associated with glucosaminidase activity were readily identified during chainlength analysis of amidase digested S. aureus peptidoglycan (Boneca et al., 2000; Stapleton et al., 2007). These results suggest that in S. aureus, processing of glycan chains is almost entirely due to glucosaminidase activity. Our analysis of the S. aureus COL genome identified a small complement of just four putative glucosaminidases. Loss of SagB had a profound impact on the peptidoglycan architecture of S. aureus, causing a change from short glycan strands to predominantly long glycan strands. Our data indicate that, by default, S. aureus synthesises long glycan strands up to 100 disaccharides in length. The archetypal short glycan strands of S. aureus are the product of glucosaminidase activity, primarily mediated by the glucosaminidase SagB. It is not yet known whether a sagB single glucosaminidase mutant has long glycan chains, however it is highly likely given that SJF2124 (SH1000 atl::pAZ106 scaH::tetM SA2297::tetL)2 had a glycan strand distribution similar to that of the wildtype. Strains are currently under construction for chain length analysis, using a single sagB mutant and a complemented strain, however there was insufficient time to complete this work for inclusion in this thesis. 
S. aureus is one of the most halotolerant bacterial pathogens (Parfentjev and Catelli, 1964). Using different combinations of triple mutant, we demonstrated that sagB activity was critical for survival of cells under high salt stress, as perturbation of cell growth was greatest in the three triple mutants associated with sagB inactivation (Figure 5.7). Of particular note, the most pronounced growth defects in the presence of 2.0 M NaCl were observed in strain SJF2125 (SH1000 atl::pAZ106 sagB::kan, scaH:: tetM)3, the triple glucosaminidase mutant, and SJF2126  (SH1000 sagB::kan, scaH:: tetM SA2297::tetL)2, in which Atl was expressed. Growth of the triple glucosaminidase mutant SJF2125 (SH1000 atl::pAZ106 sagB::kan, scaH::tetM)3 on solid agar supplemented with 2.0 M NaCl was reduced by 75% compared to the wildtype strain (SH1000). Under salt stress, large colonies and smaller satellite colonies emerged, resulting in rather high variability in the growth of this strain. SJF2126 (SH1000 sagB::kan, scaH::tetM SA2297::tetL)2 had the most pronounced defect (95% reduction of growth compared to the SH1000 wildtype strain). Growth at high salt concentrations has been correlated with increased autolysin expression, reduced cross-linking of peptidoglycan, shorter glycine interbridges and increased cell size in S. aureus (Tobin et al., 1994; Foster, 1995; Vijaranakul et al., 1995). Growth in salt also results in a slight increase in glycan chain length (unpublished data; Hayhurst et al., 2008). Autolysin activity is likely increased in response to high salt stress to compensate for ionic interference of the interaction between hydrolases and the peptidoglycan substrate (Vijaranakul et al., 1995). It is possible that in the absence of other glucosaminidase activities, upregulation of Atl, the major autolysin of S. aureus, resulted in excessive cell wall hydrolysis which was detrimental to cell viability.
Staphylococcal cell wall synthesis occurs during cell division by formation of a septal cross-wall, which forms the new cell wall hemisphere (Pinho and Errington, 2003). The peptidoglycan of the new wall has an architecture of rings, which transitions to a rough architecture of knobbles of peptidoglycan (Chapter 4; Amako et al., 1982; Giesbrecht et al., 1998). It has been postulated that glucosaminidase enzymes are responsible for the transition from ring architecture to knobbles (Chapter 4). AFM analysis of the conditional quadruple mutant (Figure 5.14C and D) showed that the mature wall architecture was distinct from the smooth rings architecture of the nascent cell wall. Therefore loss of ring architecture was either due to SagA activity or, more likely, other classes of autolysin modify the nascent wall architecture during peptidoglycan turnover. Critically, the conditional quadruple mutant formed hemispherical-shaped cells (Figure 5.12B and Figure 5.13B), indicating that processing of the nascent cell wall was severely impaired. In this strain devoid of the major glucosaminidase activities, cells were impaired in their ability to undergo volume increase to spherical shape. The persistence of hemispherical cell shape in the uninduced quadruple mutant demonstrates that transition of the flat septal wall to spherical shape is not simply a consequence of high internal osmotic pressure, but requires glucosaminidase-mediated alteration of the peptidoglycan architecture following cell separation (Frankel et al., 2011)
Apparent failure to transition from hemispherical to spherical shape over several generations resulted in cells with perturbed morphology. By TEM and SEM, the surface of the mature wall of SJF4094, comprised irregular lumps of material, differing greatly from the smoother, hair-like surface structure observed for the parental VF17 (SH1000 pGL485) strain by TEM. Such a rough surface has been linked previously to incomplete peptidoglycan turnover in a S. aureus atl mutant (Foster, 1995). Clusters of cells were encompassed by a contiguous cell wall, similar to pseudomulticellular clusters described by (Henze et al., 1993) for femA and femB mutants (Figure 5.12B and Figure 5.13B). The presence of pitted scars and long strands of material attached to the cell surfaces indicated that although separation had occurred, incomplete hydrolysis of the septal cross-wall between daughter cells had resulted in damage to the cell surface (Figure 5.12A).
Processing of long glycan strands to short strands coincides with cell volume increase by hydrolysis of the nascent cell wall (Chapter 4), suggesting that cleavage of long glycan strands to short glycan strands is required for normal spherical shape of S. aureus cells. Glycan chain length of S. aureus peptidoglycan is predominantly between 3 and 10 disaccharides, but up to 14% of glycan material is greater than 50 disaccharides in length when grown in rich media (Chapter 3.2.1.7; Boneca et al., 2000). The findings of the present study suggest that whilst there may be a currently unknown physiological role for a small proportion of long glycan strands, long chains are probably a transient feature of new wall synthesis. We propose a model of peptidoglycan architecture in S. aureus whereby the ring architecture of the nascent cell wall peptidoglycan comprises stress-bearing long glycan strands, producing a densely packed, low elasticity wall (Figure 5.15). Cleavage of the glycan chains from long to short strands increases the elasticity of the peptidoglycan network, and is the major activity regulating cell volume increase under turgor pressure to spherical cell shape.
In this study, the putative glucosaminidase sagA was not inactivated. Instead, a downstream gene SA2297 was erroneously inactivated. SA2297 is a predicted monooxygenase oxidoreductase with an FAD binding domain, and therefore is likely to have a role in energy metabolism, unrelated to autolysin activity. Analysis of the intergenic region between sagA and SA2297 with FindTerm bacterial terminator 
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Figure 5.15. Model of growth by hydrolysis in S. aureus. (A) A spherical S. aureus cell has a mature cell wall with a rough, knobbled peptidoglycan architecture. S. aureus synthesises a septal cross-wall and divides into two daughter cells. (B) Immediately after splitting, the newly exposed cross-wall is smooth and flat. The densely packed peptidoglycan of the cross-wall has a distinct centripetal architecture. (C) The densely packed glycan strands are cleaved by glucosaminidase enzymes, allowing expansion of the flat cross-wall under turgor pressure to form a new cell hemisphere. During glucosamindase processing of the cross-wall, the ring architecture is lost, transitioning to (D) the rough, knobbled architecture of the mature S. aureus cell wall. Black lines indicate the orientation of interior peptidoglycan ribs that denote the orthogonal division planes.

prediction software (www.softberry.com) identified a terminator signal suggesting that these genes are not part of an operon. An SA2297 insertional inactivation had no obvious phenotypic effects and no apparent impact on growth in rich media in the single, double or triple mutant backgrounds. Under conditions of salt stress, the triple mutant SJF2126 (SH1000 sagB::kan scaH::tetM SA2297::tetL)2, which included a SA2297 knockout, had the most severe growth defect. This finding suggests that under salt stress, loss of SA2297 activity exacerbated the growth defect associated with the absence of the major glucosaminidase activities of S. aureus. Initially, this study aimed to characterise a S. aureus strain devoid of glucosaminidase activity. Given that the conditional quadruple mutant was not devoid of glucosaminidase activity, and that loss of SA2297 activity could impact on cell viability under certain conditions, it is not possible to draw broad conclusions about the essentiality of the glucosaminidase family of autolysins in S. aureus. However, the data presented here suggests that Atl and SagB are responsible for the major glucosaminidase activities of the cell. The finding that sagB knockout mutants have long glycan strands is all the more remarkable given that these strains still possessed a functional glucosaminidase, sagA, which was unable to compensate for the loss of other glucosaminidase activities. An SH1000 sagA::tetL mutant is currently under construction. The multiple glucosaminidase mutants will be reconstructed and characterised, and essentiality of S. aureus glucosaminidase enzymes as a family will be reassessed.
Together, our data provides new insight regarding the contribution of glucosaminidases to cell wall dynamics and architecture of S. aureus. In the face of large enzyme complements and apparent functional redundancy, comprehensive studies involving complete families of peptidoglycan hydrolase, and relating peptidoglycan biochemistry to architecture, are essential to understand the multiple complex roles of autolysins in the bacterial life cycle.


Chapter 6
Discussion

6.1		Peptidoglycan architecture of cocci and ovococci
6.1.1		Peptidoglycan architecture of the ovococcal peripheral wall
The peptidoglycan architecture and dynamics of rod shaped organisms has been widely debated. Recent studies suggest a  poorly ordered, circumferential orientation of glycan strands around the cell short axis in Gram-negative rods E. coli and C. crescentus (Gan et al., 2008; Wang et al., 2012), whilst a more complex architecture of peptidoglycan cables has been proposed for the Gram-positive rod-shaped bacterium B. subtilis (Hayhurst et al., 2008). The peptidoglycan architecture of ovococcal bacteria has received little attention. A key question is whether the cylinder architecture of rod-shaped organisms is conserved in the peripheral wall architecture of ovococci, and whether models of maintenance of rod-shape are relevant for ovococci.
Andre et al. proposed a cable-like peptidoglycan architecture for the peripheral and polar wall of the ovococcus L. lactis (Chapter 1.8.6; Andre et al., 2010). However, cable-like features are absent from purified sacculi of ovococci (Chapter 3; Andre et al., 2010). It is difficult to imagine how an architecture of peptidoglycan bundles would be lost by the absence of turgor stress, or upon removal of secondary structures such as teichoic acids, polysaccharides and proteins. Furthermore, the bundle model is difficult to reconcile with a two-state model of cell wall growth (Zapun et al., 2008), and the observation that the peripheral cell wall becomes progressively thicker upon entering the stress-bearing plane (Higgins and Shockman, 1976). AFM of purified S. pneumoniae sacculi revealed circumferential bands associated with the nascent peripheral wall, whilst a subtle orientation of the peptidoglycan was observed at the peripheral wall of L. lactis and E. faecalis (Chapter 3). Therefore, rods and ovococci with different peptidoglycan architectures exhibit common orientation of peptidoglycan features, suggesting a conserved mechanism for maintenance of elongated shape. This mechanism is likely to include a predominant orientation of the glycan strands parallel to the cytoplasmic membrane and perpendicular to the long axis of the cell.
Koch (1998) proposed three models for maintenance of rod-shape, the belt model, surface-stress theory and the mechanical contraction model (Chapter 1.8.3). Whilst peptidoglycan belts have not been observed in purified sacculi of Gram-negative  or Gram-positive rods, orientation of the glycan strands, parallel to the lipid membrane and approximately perpendicular to the cell long axis, throughout the cylinder wall may provide the bracing function required to resist turgor stress (Yao et al., 1999; Gan et al., 2008; Hayhurst et al., 2008). Our model of ovococcal cell wall synthesis suggests that peripheral wall growth from an FtsZ-dependent growth annulus would constrain the orientation of glycan strands such that they are predominantly oriented perpendicular to the cell long axis. This would permit the glycan strands to function as stress-bearing elements that maintain the elongated peripheral wall.
In ovococci, peripheral wall synthesis occurs from an invaginating cross-wall beneath the mid cell, and is pulled into the stress-bearing plane following hydrolysis (Higgins and Shockman, 1970). New wall growth is therefore constrained by the existing peripheral wall, which provides a framework for further peripheral elongation, in a manner consistent with the surface-stress theory. In the mechanical constriction model, cytoskeletal elements either push the poles apart or apply a constricting force on the cylinder. Ovococci have no MreB cytoskeleton, and growth is thought to be FtsZ-dependent (Zapun et al., 2008; Pérez-Núñez et al., 2011). Whilst FtsZ is well known to drive the process of constriction during division (Bramhill, 1997), the contribution of this constrictive force to mechanical maintenance of the peripheral wall under turgor pressure remains unknown. However as the peripheral wall is pushed away from the FtsZ-dependent growth annulus (Chapter 3; Higgins and Shockman, 1970; Pérez-Núñez et al., 2011), and purified sacculi retain their ovoid shape (Chapter 3), the peptidoglycan architecture is the major structural determinant of ovococcal morphology.

6.1.2		Peptidoglycan architecture of S. aureus
Centripetal or ring peptidoglycan architectures have been observed in the septa of Gram-positive rods, cocci and ovococci (Chapter 3 and 4; Amako et al., 1982; Touhami et al., 2004; Hayhurst et al., 2008; Andre et al., 2010). In the case of S. aureus which synthesises new cell wall during septation, spiral architecture is also preserved on the nascent cell wall hemisphere (Chapter 4; Amako et al., 1982). It is unclear whether the observed ring architecture reflects the glycan strand orientation, or scars resulting from hydrolytic splitting of the septal cross-wall (Amako et al., 1982; Giesbrecht et al., 1998). The ring architecture was retained when three of the four putative S. aureus glucosaminidases were inactive, suggesting that glucosaminidase activity does not contribute to ring architecture at the nascent cell wall. In our model of growth by hydrolysis, we propose a centripetal orientation of long glycan strands in the nascent cross-wall, parallel to the plasma membrane (Figure 6.1). Centripetal arrangement of the long, inelastic, glycan strands radially constrains the septal cross-wall against turgor forces, preventing volume increase to spherical shape after daughter cell separation 
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Figure 6.1. Growth of the nascent cell wall by hydrolysis. In this model, glycan strand length regulates the elasticity of the cell wall. Long glycan strands predominate in the nascent cross-wall, imposing a radial constraint that prevents expansion of the wall under turgor pressure. Hydrolysis of the ring architecture (A) by glucosaminidases reduces the glycan chain length (B), increasing the elasticity of the wall, and permitting increase to hemispherical shape with a disordered “knobbles” architecture (C). This model greatly simplifies the reality in vivo, as the wall is multiple glycan strands thick, and is extensively cross-linked and disordered, but with a preferentially centripetal orientation of the glycan strands. Orange; the nascent cell hemisphere, Green; the existing mature cell hemisphere.

(Figure 6.1). Hydrolysis of the long strands by glucosaminidase activity increases elasticity of the cross-wall, as the stress bearing function is shared with the more flexible peptide stems. This permits the cross wall to expand under turgor pressure, resulting in volume increase and spherical shape.

6.1.3		In situ analysis of the peptidoglycan chemistry
The relationship between the peptidoglycan chemistry and architecture is unknown. Specific peptidoglycan moieties may be associated with architectural features, whilst the distribution of long and short glycan strands could be mechanically important for maintenance of cell shape. It has proven difficult to resolve individual glycan strands or peptide stems against the surrounding peptidoglycan network using non-differential techniques such as AFM and EM (Chapter 3 and 4; Elliott et al., 1975; Giesbrecht et al., 1998; Firtel et al., 2004; Touhami et al., 2004; Hayhurst et al., 2008). The organisation of the peptidoglycan network has proven too complex to elucidate by observing hydrolysis of sacculi with lysostaphin (S. aureus), lysozyme or amidase (E. coli)  (Francius et al., 2008; Turner and Foster, unpublished data). Interweaving of glycan strands in three dimensions may preclude observation of complete glycan strands in situ (Gan et al., 2008). Furthermore, the peptidoglycan architecture may comprise complex  quaternary structures such as cables (Hayhurst et al., 2008; Andre et al., 2010). 
It may be possible to observe the chemical topology of the sacculus in situ by differential labelling with fluorescent probes, however, it has been noted that large molecules cannot access the cross-wall compartment (Pinho and Errington, 2003; DeDent et al., 2008), and may not penetrate the nascent cross-wall even after daughter cell separation (Chapter 4). Hydrolytic permeabilisation of the cell wall may improve access, but degrades the native cell wall architecture (Lawson et al., 2011; Steele et al., 2011). In the present study, we identified two small fluorescent probes with improved peptidoglycan infiltration. Of particular note, putative covalent labelling of glycan strand termini with a hydroxylamine probe could be used to address the distribution of glycan strands in the sacculus, or the dynamics of glycan strand hydrolysis. Alternative labelling approaches may expand the range of targets for in situ analysis. D-cysteine can be incorporated at position four or five of the peptide stem, permitting labelling with small thiol-reactive probes such as fluorescent maleimides or iodacetamides (de Pedro et al., 1997; Vinatier et al., 2009). This approach was previously used to detect in vitro formation of transglycosylation and transpeptidation products using E. coli membrane preparations (Haugland, 2005; Schouten et al., 2006; Vinatier et al., 2009). Labelling has also been achieved in vivo by incorporation of fluorescent amino-acid conjugates into peptide stems (Maeda, 1980; Olrichs et al., 2011). It should be noted that the incorporation of an atypical amino acid alters the native peptidoglycan chemistry, which could inhibit transpeptidation or transglycosylation steps (Schouten et al., 2006; Vinatier et al., 2009). 
The advent of super-resolution fluorescence microscopy may provide both the spatial resolution and differential capabilities required to probe the complex peptidoglycan architecture in situ. In this study, we used 3D-SIM to achieve an approximate two-fold increase in resolution. Video-rate SIM capable of super-resolution imaging in the tens of milliseconds time-frame could be applied for visualisation of cell cycle dynamics in vivo (Lefman et al., 2011). This would benefit studies in ovococci where growth and division are intimately linked process that are difficult to separate by standard methods (Morlot et al., 2003; Zapun et al., 2008). However investigation of the in situ peptidoglycan chemistry requires nanometre scale resolution. The major nanometre-resolution fluorescence technologies PALM (photoactivated localization microscopy) and STORM (stochastic optical reconstruction microscopy) monitor blinking of photoactivated fluorescent probes over time to identify individual fluorescence point sources and reconstruct the image with high precision (Betzig et al., 2006; Rust et al., 2006; Bates et al., 2012). A recent study estimated a working resolution in a microbiological application of ~35 nm (Fu et al., 2010). The practical application of such technology is broadening rapidly, for example multicolour imaging is possible, and super-resolution imaging with standard fluorescent probes has been achieved using an alternative approach to image reconstruction (Burnette et al., 2011; Bates et al., 2012). These technologies may permit both the resolution and differential capabilities required to finally observe the relationship between peptidoglycan chemistry and architecture in situ.

6.2		Cell division in S. aureus
6.2.1		Coordination of cell division
In vegetative rod-shaped organisms, proteinaceous mechanisms cooperate to establish the division site at mid cell. Nucleoid occlusion prevents FtsZ ring formation over the bacterial chromosome, restricting division to the mid-cell or poles where DNA is in low abundance (Wu and Errington, 2004; Bernhardt and de Boer, 2005; Wu et al., 2009). The Min system prevents cell division at the poles, either via an oscillating mechanism, or by a stable polar-localisation (Edwards and Errington, 1997; Raskin and de Boer, 1999). The Gram-negative coccus Neisseria which divides on two orthogonal planes has a Min system with a putative oscillatory mechanism (Ramirez-Arcos et al., 2002). No Min homologues have been identified in S. aureus, and a DivIVa mutant had no division defects (Pinho and Errington, 2004). A model of division plane coordination via nucleoid occlusion (NO) was proposed following the observation that FtsZ is unable to polymerise as a ring on a single plane in a S. aureus noc mutant (Veiga et al., 2011). However NO alone provides insufficient information to establish a single, strictly orthogonal division plane (Figure 6.2A; Veiga et al., 2011).
Characterisation of the S. aureus peptidoglycan architecture revealed a heritable system of intersecting ribs that demark previous division planes (Chapter 4). We hypothesised that this information is used to coordinate cell division using the quarter rib as the next division plane (Chapter 4). An alternative hypothesis is that chromosome segregation is coordinated by the peptidoglycan ribs, as this process must also occur on orthogonal planes (Figure 6.2A). Chromosome segregation occurs on the axis containing the peptidoglycan half rib formed by the previous division (Figure 6.2A-i). In this model the first division plane is set before hydrolytic maturation to spherical shape, by segregation of the chromosome parallel to the septal cross-wall (Figure 6.2B-i; Veiga et al., 2011). The second plane of chromosome segregation occurs parallel to the peptidoglycan half rib, through an unknown recognition mechanism (Figure 6.2B-ii). The third division plane is set via noc-mediated inhibition of FtsZ-ring formation (Figure 6.2B-iii). 
An open question is therefore whether coordination of division is driven by the division machinery, chromosome segregation machinery or both. FtsZ localisation is perturbed in a S. aureus noc mutant (Veiga et al., 2011). Analysis of chromosome segregation in cells where FtsZ-ring formation is inhibited would indicate whether orthogonal division is established by a NO-driven model.
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Figure 6.2. A chromosome segregation-driven model for division on orthogonal planes. A, Chromosome segregation occurs on a single plane (i-iii), but in phase (ii) the chromosome could segregate in any direction on the z-y axis. The chromosome must segregate in the plane of the peptidoglycan half rib (green). B, a combined peptidoglycan ribs and nucleoid occlusion  model for division on orthogonal planes. i) Chromosome segregation occurs parallel to the cross-wall (red). ii) The peptidoglycan half rib (green) demarks the plane of chromosome segregation in the z-y axis. iii) Nucleoid occlusion (NO) restricts FtsZ-ring assembly to the axis perpendicular to the plane of chromosome segregation, i.e. the z-axis. Arrows indicate the plane of division. Blue; bacterial chromosome, Red circle; septal cross-wall, Green circle; peptidoglycan rib from previous division, Black line; peptidoglycan rib from 2 division previous, NO; nucleoid occlusion.


6.2.2 		Mechanisms for sensing peptidoglycan ribs
Several mechanisms can be envisaged for coordination of cell division by peptidoglycan ribs (Figure 6.3). The peptidoglycan ribs could physically impose local membrane curvature which is recognised by a protein sensor (Figure 6.3A). Previously characterised mechanisms for sensing surface geometry include arc-shaped Bar domains which form long dimers that recognise convex or concave membranes, and ALPS motifs which form amphipathic helices in contact with curved membranes and are sensitive to changes in membrane radius in the tens of nanometers range (Antonny, 2011). The proximity of the ribs to the cell membrane may promote binding by membrane anchored proteins, and could physically displace LTAs that inhibit protein localisation (Figure 6.3B). Distinctive peptidoglycan chemistry at the ribs could facilitate direct recognition for protein binding (Figure 6.3C). In C. crescentus, SpmX is the first protein known to localise at the stalked pole and functions as an anchor for the segregation machinery. SpmX has a muramidase-like domain, suggesting that it hydrolyses or otherwise interacts with the peptidoglycan layer  (Radhakrishnan et al., 2008; Bowman et al., 2010). It is possible that an unidentified peptidoglycan interacting protein localises to the peptidoglycan half rib in S. aureus and acts an anchor for chromosome segregation. Finally, the ribs could be seeded during synthesis with an anchoring protein that recruits the division or chromosome segregation machinery (Figure 6.3D). Such a protein could bind covalently or non-covalently to the peptidoglycan, however it should be noted that a S. aureus srtAB mutant is viable (Jonsson et al., 2003). The contribution of peptidoglycan ribs to coordinated cell division is difficult to assess as there is no mechanism for selective removal of the ribs. Cell wall synthesis is dispersed across the entire cell wall when S. aureus is depleted of FtsZ, causing formation of enlarged spherical cells (Pinho and Errington, 2003). In such
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Figure 6.3. Possible mechanisms for coordination of cell division via peptidoglycan ribs. A, The rib could physically deform the cytoplasmic membrane causing localised membrane curvature which is recognised by a proteinaceous effector. B, The rib may bring the peptidoglycan in close proximity to the membrane, favouring binding by the cell division machinery. The rib could also locally displace LTA, reducing the negative charge at the rib and favouring protein interactions. C, The peptidoglycan rib could have a distinct chemistry, permitting recognition by a proteinaceous effector with a corresponding peptidoglycan binding domain. D, During synthesis, the peptidoglycan rib could be seeded with a protein anchor that recruits the division or chromosome segregation machinery to the correct plane.


cells, the peptidoglycan rib architecture may be disrupted. Furthermore these cells are free from the transient cell polarity created by the presence of a cross-wall. Insight may be gained by observing how cell division and chromosome segregation are re-established in S. aureus when FtsZ expression is induced in FtsZ-depleted cells. Alternatively peptidoglycan ribs could be erased by generating S. aureus protoplasts and observing re-establishment of orthogonal division in regenerated cells. Regenerating S. aureus protoplasts have previously shown abnormal cell division (Gruss and Novick, 1986). Interpretation of such studies would be challenging however, as the cell physiology is greatly perturbed in regenerating protoplasts (Elliott et al., 1975).

6.3		Bacterial cell ageing
The peptidoglycan architecture of S. aureus is altered as the cell ages, as the new hemisphere undergoes rings-to-knobbles transition (Chapter 4). We hypothesised that this process occurs by hydrolytic maturation of the peptidoglycan. In rod-shaped bacteria, daughter cells inherit one old pole and one new pole, whilst in ovococci one cell hemisphere is inherited (Briles and Tomasz, 1970; Mobley et al., 1984). Our model of orthogonal cell division in S. aureus demonstrated that one-eighth of the cell wall is at least three generations old, but can be any number of generations older (Chapter 4). The significance of bacterial cell aging is poorly understood. It has been suggested that the rate of cell division decreases with replicative age and that oxidatively damaged or cytotoxic DNA and proteins may be asymmetrically segregated to daughter cells containing the eldest cell pole, improving the fitness of the bacterial population (Ackermann et al., 2003; Stewart et al., 2005; Nyström, 2007; Ksiazek, 2010; Rang et al., 2011). It is unknown whether the sacculus integrity declines over successive generations. Progressive degeneration of the sacculus could impose a finite life-span on bacterial cells. However it has been suggested that the poles in B. subtilis are replenished by peptidoglycan turnover over multiple generations (Mobley et al., 1984) whilst E. coli showed no cumulative decrease in elongation rate over 200 generations, but eventually died, suggesting inheritance of a lethal factor (Wang et al., 2010).
A major obstacle to the investigation of cell aging is the difficulty in identifying progenitor cells from a heterogeneous population. Baby cell farming is a technique where bacterial cells are immobilised under a flow of culture medium, permitting selective elution of newborn daughter cells in the mobile phase (Helmstetter and Cummings, 1963). This approach could be used to investigate the growth dynamics of aging mother cells. Recovery of the progenitor cells would permit analysis of the peptidoglycan architecture. In a recent application of the baby culture technique, E. coli were tethered by their flagella to glass beads within a flow column (Bates et al., 2005). Flagellin synthesis was then switched off, permitting non-flagellated daughter cells to elute from the column. The E. coli cell yield from the baby cell column decayed rapidly after 10 hours of growth, although the authors suggested this could be due to detachment of flagella (Bates et al., 2005). In S. aureus, pulsed expression of surface proteins that are covalently linked to the peptidoglycan by sortases (e.g. Protein A, clumping factors ClfA and ClfB, collagen-binding protein Cna or Fibronectin-binding proteins FnbpA and FnbpB), under control of an inducible promoter, could provide a tethering function which would be restricted to the eldest peptidoglycan sector within 3 generations (Roche et al., 2003). Wang et al. created a ‘mother-machine’ which trapped E. coli cells in a deep trench permitting continual observation of a single, dividing cell (Wang et al., 2010) This machine would work only for rods and ovococci which divide on a single plane.
Pulse labelling of cell walls is a common strategy for differentiation between old and new peptidoglycan for studies of cell wall inheritance (Briles and Tomasz, 1970; Higgins et al., 1971; Pinho and Errington, 2003). Our analysis of peptidoglycan inheritance in S. aureus utilised an exogenous vancomycin probe, which was possible only because of the high content of pentapeptides in the mature S. aureus peptidoglycan. A recent study in S. aureus used a xylose inducible mCherry construct with Sec and LPXTG motifs for transport and sortase anchoring to the peptidoglycan (DeDent et al., 2008). The construct could be targeted to the cross-wall or peripheral wall by inclusion or exclusion of a YSIRK/GS motif. Covalent attachment of recombinant fluorophores to the peptidoglycan via the endogenous secretion and sortase anchoring systems would provide a robust in vivo approach for observing peptidoglycan inheritance over multiple generations. The use of non-covalent binding domains such as choline binding domains, LysM domains, S. aureus Atl repeat sequences and GW domains (Desvaux et al., 2006) could also greatly expand the repertoire of in vivo cell wall labelling methods which could be applied in a broad range of organisms.	

6.4		Future perspectives
Early attempts to characterise the architecture of the peptidoglycan network were hampered due to the limitations of the available technology, leading to the general view of the peptidoglycan sacculus as a simplistic, homogenous network. However, thanks to the development and application of nanometre resolution imaging technologies it is finally possible to overcome this barrier, leading to rapid developments in the field. 
The work presented in this study contributes to the growing evidence for an elegant peptidoglycan architecture which is both complex and dynamic. Such studies have revealed unexpectedly varied peptidoglycan architectures, challenging old models and leading to the development of new models that take into account not just the structural requirements of the cell, but also the dynamics of peptidoglycan synthesis, maturation and turnover. By combining super resolution microscopy with biochemical analyses and chemical probes, it will finally be possible to observe, in situ, the relationship between the biochemistry of the peptidoglycan and the 3D peptidoglycan architecture that provides strength and shape to the cell, whilst accommodating and perhaps even coordinating the dynamic processes of growth and division.
Overall, my work provides further insight regarding how peptidoglycan architecture is adapted to solve bioengineering problems faced by bacteria with different morphologies, and mechanics of growth and division. Such studies contribute not only to our knowledge of the fundamental biological processes that permit bacteria to exhibit varied and dynamic life-styles, but also to our understanding of peptidoglycan as a clinically significant target, unique to prokaryotes.
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Appendix I
sagB fragment selected for generation of Pspac-sagB’ construct. Primer annealing sites are highlighted in colour and correspond to the primers stated. The sagB gene sequence is shown in uppercase. The sagB ribosome binding site is highlighted in bold and underlined. Primer restriction sequences are italicised.

sagB (SACOL1825)
aacaatgacctaagaggtgtggatATGAATAAACACAAGAAAGGTTCTATTTTTGGAATAATAGGACTTGTTGTCATATTTGCTGTTGTCTCATTTTTATTTTTCTCAATGATATCCGATCAGATATTTTTCAAACATGTTAAATCCGACATTAAGATTGAAAAGTTAAATGTTACATTAAACGATGCAGCAAAGAAACAAATAAATAATTATACGAGTCAACAGGTATCAAATAAAAAGAATGATGCATGGAGAGATGCATCTGCAACTGAAATTAAAAGTGCAATGGATAGCGGTACTTTTATCGATAATGAAAAGCAAAAATATCAATTTTTAGATTTATCAAAGTATCAAGGGATTGATAAAAATAGAATTAAACGTATGTTAGTAGATAGACCAACGTTATTGAAACATACGGATGATTTCTTAAAAGCTGCTAAAGATAAGCACGTTAACGAAGTTTATTTAATTTCACATGCATTATTAGAAACTGGCGCAGTTAAAAGTGAATTAGCTAATGGAGTCGAAATTGATGGCAAAAAGTACTACAATTTCTATGGAGTAGGAGCCCTTGATAAAGACCCAATTAAAACAGGTGCAGAATATGCTAAAAAGCATGGTTGGGATACACCTGAAAAAGCTATTTCAGGCGGTGCTGATTTCATTCATAAGCACTTCTTATCAAGCACAGATCAAAATACATTGTATAGTATGAGATGGAATCCAAAAAATCCAGGAGAACATCAATATGCTACAGATATTAAGTGGGCAGAAAGTAATGCAACAATTATCGCTGACTTTTATAAGAACATGAAGACTGAAGGAAAATACTTCAAATACTTTGTGTATAAAGATGACAGTAAACATTTGAATAAGTAA

Primers
Fragment amplified for Pspac-sagB’ construct
RW01_F	 TTTTTTGAATTCAACAATGACCTAAGAGGTGTGGA 	EcoRI
RW01_R 	TTTTTTGGATCCCAACCATGCTTTTTAGC 			BamHI
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