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Abstract 

 Lipoteichoic acid (LTA) constitutes a major component of the cell wall in Gram-

positive bacteria belonging to the phylum Firmicutes. The chemical structure of LTA varies 

between different bacteria. Type I LTA, a polyglycerolphosphate polymer often further 

decorated with D-alanine and glycosyl moieties, is linked to the outside of the membrane via 

a glycolipid anchor, and is one of the most common and best characterized structures. While 

the D-alanyl modification is known to protect bacteria against the action of cationic 

antimicrobial peptides, the function of the glycosyl modification has never been determined, 

and the genes involved in this process are unknown. 

In this work, a bioinformatics approach was used to identify candidate genes 

encoding glycosyltransferases involved in the LTA glycosylation process in Listeria 

monocytogenes and Bacillus subtilis. Mutant strains with deletions in these genes were 

constructed and the absence of glycosyl modifications on LTA confirmed by nuclear 

magnetic resonance experiments. Using strains lacking glycosyl modification on their LTA, a 

possible role of this modification in the stress response to NaCl, H2O2, and ethanol was 

examined. Previous studies on L. monocytogenes suggested that LTA acts as an anchor for 

cell wall proteins containing GW domains, so named because they possess a glycine - 

tryptophan dipeptide. In this work, a role of the glycosyl modification on LTA in the retention 

of the GW domain proteins was explored. However, not only was it found that the glycosyl 

groups on LTA were dispensable for the binding of GW domain proteins, but also that these 

proteins were still retained in the cell wall of a L. monocytogenes strain completely lacking 

LTA. Further experiments using purified GW domain proteins and purified peptidoglycan in 

binding assays, suggested that GW domain containing proteins are retained in the cell wall 

by direct binding to the peptidoglycan structure. In summary, this thesis explores possible 

roles of the glycosyl modification to LTA. 
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1.1 Staphylococcus aureus 

 Staphylococcus aureus is a Gram-positive bacterium that is a significant human 

pathogen capable of causing a wide variety of community, and hospital acquired infections. 

S. aureus also occurs as a commensal organism that is routinely isolated from the nares, 

axilla, or groin, and colonises approximately 20 % of the population (van Belkum et al. 2009) 

Although carriage is usually asymptomatic, infections are typically caused by an individual's 

own carriage isolate (Luzar et al. 1990; Nguyen et al. 1999; von Eiff et al. 2001). Infections 

caused by S. aureus range from superficial skin and soft tissue infections (SSTI) such as 

boils or impetigo, to more serious, life-threatening conditions such as endocarditis and 

septicaemia (Lowy 1998). The emergence of antibiotic resistant S. aureus strains such as 

methicillin resistant S. aureus (MRSA) has made this bacterium one of the most important 

nosocomial pathogens. Hospital acquired (HA) MRSA is associated with increased morbidity 

and mortality, and places a significant financial burden on healthcare authorities by 

increasing the duration and cost of patient hospital stays (Köck et al. 2010). Outside the 

healthcare setting, community associated MRSA (CA-MRSA) strains cause mainly SSTI 

type infections. Although there are numerous MRSA lineages, in the UK the majority of S. 

aureus infections are caused by epidemic MRSA lineages (EMRSA) EMRSA-15 and 

EMRSA-16, which correspond to sequence types (ST) ST22 and ST36 respectively, as 

determined by multilocus sequence typing (MLST) (Moore & Lindsay 2002). Treatment of 

staphylococcal infections has become increasingly difficult due to the rise of multidrug 

resistant strains, so the development of novel antimicrobials is required. 

 

1.2 Listeria monocytogenes 

 Listeria monocytogenes is a Gram-positive, low G-C content, rod shaped bacterium 

that is the causative agent of listeriosis. Infection commonly occurs as a result of eating non-

pasteurised dairy products, or contaminated foodstuffs and symptoms range from mild 

gastroenteritis to disseminated infections causing more serious conditions, such as 

meningo-encephalitis. L. monocytogenes is a facultative intracellular pathogen that gains 

entry to non-phagocytic cells via the action of two proteins InlA (Mengaud et al. 1996) and 

InlB (Shen et al. 2000). The attachment of these proteins to their cognate receptors leads to 

the restructuring of the host cell cytoskeleton that ultimately leads to the uptake of this 

pathogen. Once inside the cell, L. monocytogenes escapes the vacuole before fusion with 

the lysosome can occur. This process is facilitated by the action of the phospholipases PI-

PLC and PC-PLC, as well as the pore-forming cytotoxin listeriolysin O (LLO), which 

destabilises the vacuolar membrane, releasing the bacteria into the cytoplasm. Here, the 
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bacteria replicate and spread between cells. Intracellular movement is facilitated by ActA, 

which localises exclusively to one bacterial pole, and recruits the host actin-related protein 

2/3 (Arp2/3) complex, allowing the polymerisation of actin (Kocks et al. 1992; Kocks et al. 

1993; Welch et al. 1997). In this way, the bacteria travel to, and push against, the lateral 

borders of the infected cell causing the membrane to invaginate into the adjacent cell. 

Following this, the bacteria break down the double membrane through the action of PI-PLC, 

PC-PLC and LLO, allowing the bacteria to be released into the neighbouring cell. This 

method of cell to cell spread allows L. monocytogenes to cross the epithelium of the blood-

brain barrier causing meningitis, and the placenta in pregnant women causing premature 

termination, stillbirth, or neonatal meningitis. Although cases of listeriosis are rare, largely 

due to food hygiene standards, the disease can have a high mortality rate, particularly in the 

immunocompromised. Therefore L. monocytogenes remains a focus for research. 

 

1.3 Bacillus subtilis 

 Bacillus subtilis is a rod shaped Gram-positive bacterium belonging to the phylum 

Firmicutes that is naturally found in the environment on plants and in the soil (Priest 1989). 

This environmental lifestyle exposes the bacterium to challenging conditions and thus B. 

subtilis possesses several mechanisms to promote its survival. B. subtilis is capable of 

forming metabolically dormant, highly resistant endospores capable of surviving extreme 

temperatures, desiccation and ionizing radiation, that germinate when conditions become 

more favourable. In addition, B. subtilis is naturally competent, able to take up exogenous 

DNA under nutrient limiting conditions (Dubnau 1991). Unlike other Bacillus species such as 

Bacillus cereus, which causes food poisoning, B. subtilis is non-pathogenic to humans. 

Despite this, this bacterium is well studied as a model organism for cell division (Bramhill 

1997), swarming motility (Kearns et al. 2004), genetic competence (Dubnau 1991), and 

sporulation (Higgins & Dworkin 2012) amongst others. B. subtilis also has industrial 

applications within the agriculture industry, where it is used as a fungicide. The bacterium 

form biofilms on plant roots, protecting the plant from bacterial and fungal pathogens (Chen 

et al. 2012). These characteristics of B. subtilis, particularly the natural genetic competence, 

make it a very attractive model organism for laboratory use. 
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1.4 The Gram-positive cell wall 

 The Gram-positive bacterial cell wall consists of a cytoplasmic membrane, and a 

thick peptidoglycan layer separated by a small periplasmic space (Matias & Beveridge 2005; 

Matias & Beveridge 2006). This periplasmic space is different from that observed in Gram-

negative bacteria, where the periplasm is defined as the region between the plasma 

membrane and the outer membrane. Although Gram-positive bacteria lack an outer 

membrane, cryo-transmission electron microscopy experiments in Gram-positive bacteria 

have identified two cell wall zones; an outer wall zone (OWZ), that contains the 

peptidoglycan, and a low density inner wall zone (IWZ) between the OWZ and the plasma 

membrane. This IWZ is believed to be the Gram-positive periplasmic space (Matias & 

Beveridge 2005; Matias & Beveridge 2006). In addition to the plasma membrane and 

peptidoglycan, some bacteria such as S. aureus synthesise a polysaccharide capsule that 

surrounds the cell. This capsule is known to be important for virulence in animal models 

(Thakker et al. 1998). Also present in the cell wall of certain low G-C content bacteria 

belonging to the phylum Firmicutes are the teichoic acids (TAs), which are either found 

embedded in the cytoplasmic membrane via a glycolipid anchor, or covalently attached to 

the peptidoglycan. In addition to the teichoic acids, the cell wall also contains proteins, and 

these are anchored to the cell surface by several different mechanisms. As this thesis 

focuses on L. monocytogenes with regards to protein anchoring, the mechanisms for 

retention of proteins in the cell wall will be discussed in relation to this organism. 

1.4.1 Peptidoglycan structure and synthesis in Gram-positive bacteria 

Peptidoglycan, also known as murein, is the major component of the Gram-positive 

cell wall and is responsible for maintaining cell integrity, and determining cell shape (Harold 

1990). Its basic structure consists of multiple layers of glycan chains that are made from 

repeating units of alternating β-1,4 linked N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc). These glycan chains are linked together by peptide cross 

bridges where the N-terminus of the peptide is linked to the carboxyl group of MurNAc of the 

glycan chain. This arrangement forms a strong yet flexible structure that protects the cell 

from lysis due to osmotic pressures and protects the membrane from external insults 

(Shockman & Barrett 1983). 

The glycan chains of peptidoglycan are modified in different bacteria. In S. aureus 

and L. monocytogenes, the MurNAc residue can be O-acetylated by the O-acetyltransferase 

OatA (Bera et al. 2005; Aubry et al. 2011). In addition, approximately 50 % of the GlcNAc 

residues of peptidoglycan from L. monocytogenes are N-deacetylated by the peptidoglycan 

N-deacetylase PgdA, which provides the organism with lysozyme resistance and promotes 
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evasion of the immune system in vivo (Boneca et al. 2007). In contrast to the glycan chains, 

the composition of the peptide side chains varies between bacteria (Schleifer & Kandler 

1972). In S. aureus, the side chain is a peptapeptide, which consists of L-alanine (L-ala), D-

glutamine (D-gln), L-Lysine (L-lys) and two terminal D-alanine (D-ala) residues. Attached to 

the L-lys residue within the peptapetide are five glycines that are then linked to the 

penultimate D-ala residues of neighbouring peptide chains, to form cross bridges (Navarre & 

Schneewind 1999). In B. subtilis and L. monocytogenes, the L-lys moieties of the 

pentapeptide chains are replaced with meso-diaminopimelic acid (m-A2pm) (Navarre & 

Schneewind 1999; Scheffers & Pinho 2005). In these species, the cross bridging between 

these side chains is formed between the penultimate D-ala of one side chain, to the free 

amino group of m-A2pm of another (Scheffers & Pinho 2005).  

The synthesis of peptidoglycan can be divided into three stages based on the cellular 

location of each reaction. It begins in the cytoplasm with the synthesis of nucleotide sugar-

linked precursors that will be used to construct the glycan layers of peptidoglycan. The 

precursors UDP-N-acetylglucosamine (UDP-GlcNAc), and UDP-N-

acetylmuramylpentapeptide are synthesised in a stepwise process through a series of 

reactions by Glm and Mur proteins respectively (Barreteau et al. 2008). The second stage 

involves synthesis of precursor lipid intermediates, which occurs at the cytoplasmic 

membrane. First, the amino acids that will constitute the peptide side chain are sequentially 

added to UDP-N-acetylmuramic acid (UDP-MurNAc). Following this, MraY transfers the 

phospho-MurNAc-peptapeptide onto the undecaprenyl phosphate (C55-P) carrier resulting in 

the formation of lipid I. Subsequently, the glycosyltransferase MurG utilises UDP-GlcNAc as 

a substrate to transfer GlcNAc onto lipid I, generating the lipid II disaccharide which will be 

used in polymerisation reactions to generate the glycan layers of peptidoglycan (van 

Heijenoort 1998). Next, lipid II is translocated across the cytoplasmic membrane, an action 

previously thought to be carried out by FtsW in E. coli (Mohammadi et al. 2011). However, 

recent evidence indicates that the membrane translocation of lipid II in both E. coli and B. 

subtilis is performed by MurJ, a protein that belongs to the multidrug/oligosaccharidyl-lipid 

/polysaccharide (MOP) superfamily (Sham et al. 2014). Interestingly, 10 enzymes belonging 

to the MOP family have been identified in B. subtilis yet their deletion only results in minor 

morphological defects (Meeske et al. 2015). Further work explained this phenotype is likely 

due to the action of an alternative lipid II flippase named alternate to MurJ (Amj), as 

depletion of this protein in the absence of MurJ leads to cell morphology defects that 

ultimately results in cell lysis. As the expression of Amj is is upregulated in the absence of 

MurJ, it has been hypothesised that Amj may act to ensure bacterial survival in the presence 

of environmental MurJ antagonists (Meeske et al. 2015). 
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The third stage of peptidoglycan synthesis occurs on the outer surface of the 

cytoplasmic membrane, and involves the polymerisation of the disaccharide-peptide units 

followed by the cross-linking of peptide side chains. These reactions are carried out by the 

penicillin binding proteins (PBPs). To add the disaccharide subunits to the growing 

peptidoglycan chain, PBPs catalyse a transglycosylation reaction, where the C4 carbon from 

the glucosamine residue of the incoming subunit is linked to the MurNAc on the existing 

structure. This process also results in the release of undecaprenyl pyrophosphate, which is 

subsequently dephosphorylated to form undecaprenyl phosphate, which is recycled back 

into the cell. Following this, PBPs catalyse cross bridge formation through a transpeptidation 

reaction, which occurs in two stages. First, the D-ala-D-ala bond of one peptide chain is 

cleaved resulting in the formation of an enzyme-substrate intermediate. The energy released 

by this reaction is then used to transfer the peptidyl moiety to an acceptor, which in the case 

of L. monocytogenes and B. subtilis is the m-A2pm of a neighbouring peptide chain and in 

the case of S. aureus the pentaglycine cross bridge. This transpeptidation reaction is 

targeted by β-lactam antibiotics, which mimic the D-ala-D-ala moiety and irreversibly inhibit 

the PBPs. In this way, crossbridge formation is inhibited causing a weakness in the 

peptidoglycan that eventually results in cell lysis. The degree of cross linking can vary 

dramatically between species. For example, in B. subtilis, 56 – 63 % (Atrih et al. 1999) of 

peptide side chains are involved in cross linking, whereas in S. aureus this can be much 

higher at around 90 % (Gally & Archibald 1993).   

The synthesis of peptidoglycan occurs at differing locations in different Gram-positive 

bacteria. In S. aureus, peptidoglycan synthesis occurs exclusively at the division site (Pinho 

& Errington 2003). By contrast, rod shaped bacteria such as L. monocytogenes and B. 

subtilis, exhibit two modes of peptidoglycan synthesis: One that is responsible for the 

formation of the division septum, and another that occurs along a helical path that is 

associated with elongation (Scheffers & Pinho 2005). Interestingly, in B. subtilis these two 

methods of peptidoglycan synthesis are performed by a separate set of PBPs. In additional 

studies it was shown that the synthesis of peptidoglycan is linked to teichoic acid synthesis. 

In S. aureus, PBP4 loses the ability to localise to the division septum in the absence of WTA 

(Atilano et al. 2010). More recently, protein-protein interaction studies have revealed direct 

interactions between cell division proteins and those involved in the synthesis of LTA 

(Reichmann et al. 2014). 
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1.4.2 Cell wall anchoring mechanisms of proteins in L. monocytogenes 

 In Gram-positive bacteria there are three main mechanisms by which proteins are 

anchored to the cell surface. Firstly, proteins can be embedded directly into the cytoplasmic 

membrane. This is the case for ActA, the protein required for actin-based motility of L. 

monocytogenes within the host cell cytoplasm, which is embedded in the membrane via a C-

terminal hydrophobic transmembrane helix (Kocks et al. 1992; Schneewind et al. 1993). 

Alternatively, proteins can be anchored in the cell wall via interaction with secondary cell wall 

structures such as the teichoic acids. This is well characterised in Streptococcus 

pneumoniae where a subset of proteins containing choline binding domains (CBP), bind 

directly to the phosphorylcholine (P-Cho) residues present on teichoic acids (Garcia et al. 

1998). Proteins can also be retained at the cell surface by binding to peptidoglycan, either by 

covalent or non-covalent interactions. Covalently attached proteins contain motifs that are 

recognised and cleaved by the sortase enzymes. Perhaps the most well known motif 

involved in covalent protein attachment to peptidoglycan is the LPXTG motif. Sortase 

anchored proteins are processed by the membrane bound sortase A enzyme that cleaves 

the LPXTG motif between the threonine and glycine residues, then covalently links the 

protein to the peptidoglycan (Mazmanian et al. 1999). One example of an LPXTG containing 

protein in L. monocytogenes is InlA, a protein required for bacterial attachment to host 

epithelial cells (Lebrun et al. 1996; Mengaud et al. 1996). Another motif originally identified in 

S. aureus, NXXTX, is recognised and cleaved by the sortase B enzyme (Mazmanian et al. 

2002; Marraffini et al. 2006), although only 2 proteins in L. monocytogenes Lmo2185 and 

Lmo2186 possess this domain (Pucciarelli et al. 2005). 

 Proteins can also be retained at the cell surface by non-covalent interactions, such 

as proteins containing WxL, LysM, surface layer homology (SLH) domains or GW domains. 

Proteins containing WxL or LysM domains are known to bind to peptidoglycan in other 

bacteria (Eckert et al. 2006; Brinster et al. 2007), although their cell wall anchors in L. 

monocytogenes have not been experimentally proven. Surface layer homology (SLH) 

domains, found in surface layer (S-layer) proteins, consist of ~55 amino acid residues 

containing 10-15 conserved amino acids (Fujino et al. 1993). These domains are typically 

found in triplicate at the N-terminus of S-layer proteins and are both necessary and sufficient 

for targeting S-layer proteins to the cell wall (Lemaire et al. 1995; Mesnage et al. 1999a; 

Mesnage et al. 1999b). Interestingly, the amino acid composition of these domains are 

reminiscent of carbohydrate-binding proteins. In agreement with this, SLH domains in 

Bacillus strains have been shown to be retained in the cell wall via a specific secondary cell 

wall polysaccharides (SCWP) (Mesnage et al. 1999a). In a binding mechanism reminiscent 

of CBP binding on teichoic acids of S. pneumoniae, the modification of this SCWP with 
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pyruvate is known to be essential for SLH anchoring (Mesnage et al. 2000). GW domain 

containing proteins have been examined in more detail, and these will be discussed further 

in the next section. 

 

1.4.2.1 GW domain containing proteins in L. monocytogenes 

 GW domains consist of a sequence of ~80 amino acids, and are so called because 

they contain a glycine-tryptophan (GW) dipeptide motif (Braun et al. 1997). These domains 

resemble eukaryotic SH3 domains that bind to proline rich targets, although GW domains 

are unlikely to perform this function as their potential peptide binding sites are either blocked 

or destroyed (Marino et al. 2002). GW domain containing proteins interact with the cell 

surface in a non-covalent manner, allowing these proteins to reversibly bind to the cell wall 

(Braun et al. 1997; Jonquières et al. 1999). The number of GW domains relates to the 

strength of protein association with the cell surface (Braun et al. 1997; Jonquières et al. 

1999). For example, the L. monocytogenes proteins InlB and Ami possess 3 and 8 GW 

domains, respectively. Whilst InlB is found both in association with the cell surface and in the 

supernatant, Ami is found exclusively in association with the cell surface (Braun et al. 1997). 

In addition to their role as cell wall anchors, GW domains are also capable of binding to a 

number of eukaryotic molecules. Through the action of GW domains, InlB binds to heparin, a 

mammalian glycosaminoglycan (GAG), and this binding enhances the invasion of host cells 

(Marino et al. 2002; Banerjee et al. 2004). In addition, the GW domains of InlB are able to 

bind to the human protein gC1q-R, although this likely does not contribute to the ability of L. 

monocytogenes to invade host cells (Marino et al. 2002; Banerjee et al. 2004). Interestingly, 

the sequence of the GW domain appears to play a role in substrate recognition as only the 

GW domains from InlB were able to recognise gC1q-R, whilst the GW domains from Ami 

were not (Marino et al. 2002). In L. monocytogenes, there are 9 proteins that possess this 

type of anchor including the internalin protein InlB, and the autolysins Ami, Auto, and IspC.  

Evidence currently suggests that in L. monocytogenes GW domain containing 

proteins are retained in the cell wall through interaction with lipoteichoic acid (LTA) (Braun et 

al. 1997; Jonquières et al. 1999). This finding is based on a series of experiments assessing 

the localisation of the InlB protein using a cell fractionation approach, followed by western 

blotting to detect InlB using an α-InlB specific antibody. Briefly, the supernatant fraction was 

produced by removing cells from a culture by centrifugation followed by a TCA precipitation 

step to concentrate any released protein (supernatant fraction). The cells were subsequently 

treated with mutanolysin to generate protoplasts, and this mixture was centrifuged to 

separate the mixture into protoplasts (cell membrane fraction) and supernatant (cell wall 
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fraction). Using this method, InlB was detected both in association with the cell membrane 

as well as in the supernatant (Jonquières et al. 1999). However, it is possible that this 

approach failed to remove all the peptidoglycan from the cells during the generation of 

protoplasts, and thus the InlB was able to bind to residual peptidoglycan. Based on this 

experiment, the group postulated that GW domain proteins may bind to LTA, a structure that 

is present in the cell membrane. To investigate this, the group set up ELISA experiments 

where purified InlB protein was added to wells of a 96-well plate that were coated with 

increasing concentrations of LTA. They found that as the concentration of LTA increased so 

did the amount of detectable bound InlB, a result that was also seen using LTA from S. 

aureus and B. subtilis. However, assessing binding of InlB to purified LTA from another 

Listeria species L. innocua revealed that the InlB associated poorly with whole cells from this 

species. This is unexpected, as the structure of LTA is common to all Listeria species and 

should therefore bind with similar affinity if LTA acts as the cell wall anchor for GW domain 

containing proteins. A key issue with the ELISA experiments performed in this study was the 

use of commercially produced LTA, which at the time was produced using a method that has 

since been shown to produce LTA that is heavily contaminated with other cell wall 

components including peptidoglycan (Morath et al. 2001; Morath et al. 2002a; Morath et al. 

2002b). Following this discovery, a newer method of LTA purification using butanol was 

developed that produces LTA of a significantly higher purity, which could now be used to 

confirm these findings (Morath et al. 2002a). Finally, the previous work did not have access 

to a strain lacking the ability to synthesise the LTA polymer, and were therefore unable to 

truly assess the binding of GW domain containing proteins in the absence of LTA. Using a 

ΔltaS mutant strain that lacks the LTA polymer, work presented in chapter 8 of this thesis will 

question the role of LTA as an anchor for GW domain proteins, and provide evidence for the 

role of peptidoglycan as the anchor for this family of proteins in L. monocytogenes.  
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1.5 The teichoic acids 

 The teichoic acids are secondary cell wall polymers that make up an 

important part of the cell wall of low G-C content Gram-positive bacteria belonging to the 

phylum Firmicutes. Members of this family includes the human pathogens Staphylococcus 

aureus, Streptococcus pneumoniae and Listeria monocytogenes, as well as non-pathogenic 

bacteria such as Bacillus subtilis, and so-called ‘probiotic’ bacteria such as Lactobacillus sp. 

Teichoic (from greek 'teichos' meaning wall) acids were first identified in 1958 as a diverse 

set of glycerolphosphate (GroP) containing polymers extracted from bacterial cells 

(Armstrong et al. 1958; Armstrong et al. 1959). Initially, the term teichoic acid was used to 

include all bacterial wall, membrane and capsular polymers containing GroP or 

ribitolphosphate (RboP) residues (Baddiley 1972). However, further analysis differentiated 

teichoic acids into polymers associated with the cytoplasmic membrane now referred to as 

lipoteichoic acids (LTAs) and polymers covalently anchored to the peptidoglycan named wall 

teichoic acids (WTA).  

Since the discovery of teichoic acids, LTA has undergone two name changes. Initially 

it was named intracellular teichoic acid based on the fact that the polymer could be extracted 

from whole cells and not from the cell wall (McCarty 1959; Critchley et al. 1962). Shortly 

afterwards, LTA was localized to the cytoplasmic membrane and was renamed membrane 

teichoic acid (Shockman & Slade 1964), before it was finally renamed lipoteichoic acid in 

1970 when the glycerolphosphate polymer was purified with its glycolipid anchor (Wicken & 

Knox 1970). Since their discovery, a diverse range of LTA structures have been identified 

and are currently classified into types I-V. This variation in structure makes defining LTAs 

difficult. Until recently, LTA could be defined as a GroP or RboP c ontaining polymer, which 

is linked via a lipid anchor to the outer leaflet of the membrane in Gram-positive bacteria. 

However, the recent discovery of a teichoic acid from Clostridium difficile that lacks an alditol 

phosphate group challenges this common feature (Reid et al. 2012). The differences in LTA 

structures will be discussed in more detail in section 1.7 
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1.6 Wall teichoic acid 

WTA consists of a disaccharide linkage unit and a backbone composed of repeating 

alditol phosphate units linked together by phosphodiester bonds. Synthesis of WTA begins in 

the cytoplasm with the synthesis of the linkage unit which consists of N-acetylmannosamine 

(β1-4) N-acetylglucosamine 1-phosphate, and is highly conserved across bacterial species 

(Kojima et al. 1985; Araki & Ito 1989). By contrast, the composition of the backbone varies 

significantly between species, and several different backbone structures have been identified 

(Brown et al. 2013). The most common WTA backbone, consists of either GroP as is the 

case in B. subtilis strain 168 , or RboP as is the case for L. monocytogenes. 

WTA synthesis occurs on undecaprenyl phosphate (C55-P) in the cytoplasm and 

begins with the synthesis of the linkage unit. As the structure of the linkage unit is common 

to all WTA structures discovered to date, the early synthesis steps are also common 

between species (Kojima et al. 1985; Araki & Ito 1989). The process has been described for 

B. subtilis and begins with the glycosyltransferase TagO, which utilises the uridine 

diphosphate (UDP) linked sugar UDP-GlcNAc to transfer GlcNAc onto C55-P (Soldo et al. 

2002).Following this, TagA transfers N-acetylmannosamine (ManNAc) onto the GlcNAc-C55-

P, then TagB uses CDP-glycerol to transfer GroP, onto the lipid linked disaccharide 

(Bhavsar et al. 2005; Ginsberg et al. 2006). For construction of the WTA backbone, a 

different gene nomenclature is used depending on the backbone composition. Genes 

encoding enzymes involved in the synthesis of GroP WTA are annotated as Tag (teichoic 

acid glycerol) genes, whereas WTA backbones consisting of RboP are synthesised by 

enzymes encoded by Tar (teichoic acid ribitol) genes. Following construction of the linkage 

unit, the synthesis of WTA varies between species depending on the backbone structure. In 

B. subtilis, the enzyme TagF transfers GroP subunits from CDP-glycerol to WTA to 

polymerise the poly-GroP (PGP) backbone (Schertzer & Brown 2003; Pereira et al. 2008). 

The WTA backbone can undergo further modification within the cytoplasm with 

glycosyl residues. In B. subtilis 168, the enzyme TagE uses UDP-Glucose (UDP-Glc) to 

decorate the WTA backbone with α-glucose (Glc) residues (Allison et al. 2011). Similar to 

the glycosylation of lipoteichoic acid (section 1.8.2), the sugar used to glycosylate WTA 

varies between species, and even between strains of the same species. Based largely on 

the differences in glycosyl modification to the WTA backbone, L. monocytogenes strains can 

be divided into several different serovars. Serovar 1/2a, which includes strains EGDe and 

10403S, the RboP backbone subunits are modified at the C2 position with GlcNAc by 

Lmo2550 (Eugster et al. 2011), and the C4 position with Rhamnose (Rha), by an unidentified 
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protein. The presence of different sugars on WTA defines susceptibility to infection by 

certain bacteriophage (Eugster et al. 2011). 

Following synthesis and backbone modification, WTA is transported across the 

membrane by the transporter TagGH or TarGH for WTA consisting of PGP or poly-RboP 

respectively, although the exact mechanism by which this occurs is unclear (Lazarevic & 

Karamata 1995). Once on the outer leaflet of the membrane, WTA is transferred from the 

C55-P lipid carrier onto peptidoglycan through the action of the LytR-CpsA-Psr (LCP) family 

of enzymes, although there is only evidence for this in a few species (Kawai et al. 2011; 

Chan et al. 2013). WTA also undergoes modification with D-ala residues, which in contrast 

to the glycosylation of WTA, occurs on the outside of the membrane. D-alanylation is carried 

out by proteins encoded in the dlt operon, but it appears that D-alanylation does not occur 

directly onto WTA (Haas et al. 1984). Current evidence suggests that first LTA is modified 

with D-ala residues, which are then subsequently transferred onto the WTA backbone 

(Reichmann et al. 2013). The process of D-alanylation will be discussed further in section 

1.8.1. 

Early studies indicated that WTA is an essential polymer, but more recent studies in 

both S. aureus and B. subtilis, have demonstrated that WTA is in fact dispensable for cell 

viability depending on which synthesis enzymes are disrupted. The deletion of TagO/TarO 

and TagA/TarA enzymes, which are involved in the early steps of WTA synthesis, generated 

viable strains lacking the WTA polymer (D'Elia et al. 2006a; D'Elia et al. 2006b; D'Elia et al. 

2009). Surprisingly, enzymes involved in the late stages of WTA synthesis (TarB, TarD, 

TarF, TarIJ, TarH) could not be inactivated, indicating that these enzymes are essential. 

Interestingly, these late stage synthesis enzymes became dispensable when they were 

deleted in strains lacking either TagO/TarO or TagA/TarA (D'Elia et al. 2006a; D'Elia et al. 

2006b). As WTA is synthesised on undecaprenyl phosphate, which is also essential for the 

synthesis of peptidoglycan (see section 1.4.1), it has been proposed that interruption of the 

late stages of synthesis depletes the undecaprenyl phosphate pool leading to cell wall 

defects. Due to the essentiality of these late stage proteins, recent efforts have been made 

to investigate these late stage proteins as potential drug targets, and inhibitors of TarG have 

already been shown to be effective against MRSA strains when used in combination with β-

lactams (Wang et al. 2013). 

Although WTA is not essential to cell viability, it does perform a diverse range of 

functions, including roles in cell division, regulation of autolysins, and cation homeostasis 

(Brown et al. 2013). WTA is also known to be important for host cell adhesion, and more 

recently in S. aureus, WTA was shown to play a major role and nasal colonisation (Baur et 
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al. 2014). In addition, modification of this polymer with glycosyl residues confers methicillin 

resistance in S. aureus (Brown et al. 2012), making WTA an interesting target for novel 

antimicrobials. 

 

1.7 Lipoteichoic acid 

1.7.1 Type I LTA structure and synthesis 

 Although the structure of LTA was initially believed to be homogenous, a number of 

different structures have since been identified (Fig. 1.1). The most common and well studied 

is polyglycerolphosphate (PGP), or type I LTA, that is found in S. aureus, L. monocytogenes, 

and B. subtilis (Fig. 1.1A). In these species, PGP LTA consists of a diglycosyl-diacylglycerol 

lipid anchor, that embeds the structure in the cytoplasmic membrane, and linked to this 

anchor is a repeating backbone of GroP subunits. Each GroP subunit of the PGP backbone 

can be modified at the hydroxyl group of the C2 position with either D-ala or glycosyl 

residues. 
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Figure 1.1: Chemical structures of different types of lipoteichoic acid. The chemical structures of 

different types of LTA are displayed above. (A) Type I, or polyglycerolphosphate LTA from B. subtilis, 

(B) type II LTA from Lactococcus garvieae strain Kiel 4217 (Koch & Fischer 1978) (C) type III LTA 

from Clostridium innocuum (Fischer 1994b), (D) type IV LTA from S. pneumoniae (Seo et al. 2008; 

Gisch et al. 2013), and (E) type V LTA from C. difficile (Reid et al. 2012). For each LTA structure, a 

repeating unit of each LTA backbone is indicated in brackets, and each glycolipid anchor is 

highlighted in red. The acyl chains present in each lipid anchor vary between species and are 

indicated by 'R'. The structure of the backbone modifications are annotated by 'R1'. This figure was 

adapted from a review article by Percy and Gründling (Percy & Gründling 2014).  
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 The synthesis of type I LTA has been well characterised (Reichmann & Gründling 

2011). The process begins in the cytoplasm with the synthesis of the lipid anchor where 

glycosyltransferases utilize nucleotide activated (UDP-linked) sugars to transfer sugar 

moieties onto diacylglycerol (DAG). In S. aureus and B. subtilis this reaction is catalyzed by 

YpfP and UgtP respectively, which processively transfer two glucose (Glc) residues from 

UDP-Glc onto DAG generating a glucosyl (β1-6) glucosyl (β1-3) DAG lipid anchor (Fig. 1.1A) 

(Jorasch et al. 1998; Kiriukhin et al. 2001). In L. monocytogenes, the lipid anchor contains 

Glc and galactose (Gal), and these sugars are attached to DAG by the enzymes LafA and 

LafB respectively, generating a galactosyl (α1-2) glucosyl (α1-3) DAG anchor (Webb et al. 

2009). Disaccharide-containing glycolipids are present as free lipids in the membrane as well 

as in LTA anchors (Koch et al. 1984; Fischer 1994b; Webb et al. 2009). Although they are 

the most prevalent membrane glycolipid, mono-, tri- or tetrasaccharide glycolipids are also 

found, and these can be used as LTA anchors (Fischer 1990). These anchors can be 

modified with acyl chains or fatty acids (Fischer 1994b). For example, L. monocytogenes 

produces a shorter LTA when grown at 37°C, where the glycolipid anchor contains a second 

acyl chain. Interestingly, this LTA that displays a reduced binding to L-ficolin (Dehus et al. 

2011). 

 Following synthesis in the cytoplasm of the cell, a portion of the glycolipids are 

flipped across the membrane to reach the outer surface of the membrane bilayer. In S. 

aureus the transport of the glycolipids was suggested to be facilitated by LtaA, a protein with 

12 transmembrane helices. The ltaA gene is found in an operon with ypfP coding for the 

glycosyltransferase responsible for the production of the glycolipids (Fig. 1.2A) (Kiriukhin et 

al. 2001; Gründling & Schneewind 2007a; Gründling & Schneewind 2007b). Once outside 

the cell, the PGP backbone is synthesized through the action of enzymes that transfer GroP 

residues derived from the head group of the membrane lipid phosphatidylglycerol (PG), to 

the distal end of the growing chain (Taron et al. 1983; Koch et al. 1984). In S. aureus, this 

process is mediated by a single enzyme called LTA synthase (LtaS) (Fig. 1.2A), however the 

number of enzymes involved in this process varies between species. For example in L. 

monocytogenes, two enzymes are involved (Fig. 1.2B). In this species, LTA synthesis is 

initiated by the LTA primase (LtaP), which transfers the first GroP residue to the glycolipid 

anchor, then the remainder of the PGP backbone is synthesised by LtaS (Webb et al. 2009). 

In contrast, B. subtilis encodes 4 enzymes involved in LTA synthesis; three separate LTA 

synthases – LtaS, YfnI and YqgS – and one LTA primase – YvgJ, all of which are capable of 

hydrolyzing PG (Wörmann et al. 2011a) indicating a functional redundancy. LtaS in this 

species was identified as the ‘housekeeping’ synthase as it was the only enzyme capable of 

restoring growth to an S. aureus ltaS mutant strain (Wörmann et al. 2011a). Interestingly, 
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YfnI is known to be under the control of the alternative sigma factor Sigma M and is 

expressed under a variety of stress conditions (Jervis et al. 2007; Eiamphungporn & 

Helmann 2008). All the LTA synthesis enzymes in B. subtilis are more closely related to the 

LtaS enzyme from L. monocytogenes than the LtaP (Campeotto et al. 2014). Indeed the LTA 

synthesis system in L. monocytogenes appears to be unique, as recent bioinformatic 

analysis indicated that the LtaP enzyme has diverged significantly from the LtaS enzyme, 

and that primase-related enzymes are only found in a small number of bacteria (Campeotto 

et al. 2014). In addition, the binding pocket of the LtaP enzyme from this species is much 

smaller than that found in LtaS, which seems to explain the inability of L. monocytogenes 

LtaP to polymerise an PGP LTA backbone (Webb et al. 2009; Campeotto et al. 2014). 

The regulation of LTA synthesis has been explored in S. aureus where the LtaS 

enzyme consists of five transmembrane domains and an extracellular enzymatic domain 

(referred to as eLtaS) (Wörmann et al. 2011b). LtaS is cleaved between the membrane 

domain and the extracellular enzymatic domain (Fig. 1.2A), most likely by type I signal 

peptidases, which inactivates the enzyme (Wörmann et al. 2011b). Although the eLtaS 

domain alone is able to hydrolyse PG to DAG in vitro, only the full-length enzyme is capable 

of producing LTA in vivo (Karatsa-Dodgson et al. 2010; Wörmann et al. 2011b; Richter et al. 

2013). 
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Figure 1.2: Schematic detailing the synthesis of type I LTA in S. aureus and L. monocytogenes. 

The synthesis of S. aureus LTA (A) begins in the cytoplasm with YpfP, which transfers two Glc sugars 

onto DAG to generate the glycolipid anchor. The anchor is transported across the membrane 

probably by LtaA. Once on the outer leaflet of the membrane LtaS uses PG to transfer GroP subunits 

onto the anchor to polymerise the LTA chain. The scissors represent the cleavage site that results in 

removal of the extracellular LtaS (eLtaS) domain, thereby regulating LTA synthesis. The LTA chain 

length in S. aureus is reported to be ~25 GroP units long. During recycling of LTA, DgkB, CdsA and 

PgsA in conjunction with an unidentified enzyme with phosphatase activity resynthesises PG. The 

synthesis of the PGP backbone in L. monocytogenes (B) is performed by two enzymes. LtaP uses 

PG to transfer the first GroP onto the lipid anchor, then LtaS takes over and polymerises the rest of 

the PGP backbone. This figure was adapted from a review article by Percy and Gründling (Percy & 

Gründling 2014).  
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The synthesis of LTA is intrinsically linked with lipid metabolism, and this process has 

been described in detail for S. aureus (Koch et al. 1984) (Fig. 1.2A). In this species, LTA has 

an average chain length of 25 GroP subunits, so 25 molecules of PG are cleaved resulting in 

the production of 25 molecules of DAG. On the cytoplasmic side of the membrane DAG 

undergoes several reactions by the enzymes DgkB, CdsA and PgsA resulting in the 

production of phosphatidylglycerol phosphate. The activity of one or more enzymes with 

phosphatidylglycerol phosphate phosphatase activity are then required to convert this 

molecule back to PG. Three enzymes with this activity PgpA, PgpB and PgpC have been 

identified in E. coli (Icho & Raetz 1983; Icho 1988; Lu et al. 2011), but as yet no enzymes 

with this activity have been identified in Gram-positive bacteria. 

 

1.7.2 Complex LTAs in Gram-positive bacteria 

LTAs were until recently, defined as amphipathic polymers with repeating units that 

contain alditol phosphates such as GroP, however recent reports identified an LTA structure 

from Clostridium difficile which does not conform to this criterium (Reid et al. 2012), and as 

such the definition may need to be revised. Although type I LTA is the best characterised, 

several other LTA types have been identified (Fig. 1.1). These LTA types have more 

complex structures than the PGP LTA discussed in section 1.7.1, however they still contain 

the same underlying architecture of a backbone of repeating subunits attached to a 

glycolipid anchor. Of the more complex LTA structures Type IV LTA found in Streptococcus 

pneumoniae (Fig. 1.1D) has been studied in greatest detail, and this will be discussed further 

in section 1.7.3. The structure of pneumococcal LTA (pnLTA) has undergone several 

revisions over the last decade, facilitated largely by improved analysis techniques (Seo et al. 

2008; Gisch et al. 2013). In contrast, other types of complex LTA have not been re-examined 

since their structures were originally determined. As techniques for isolating and analysing 

LTA have improved (Morath et al. 2001; Gisch et al. 2013), these structures will likely 

undergo further revisions in future. Type II LTA found in Lactococcus garvieae strain Kiel 

4217 (Fig. 1.1B), has a proposed α-Glc(1-2)-α-Glc(1-3)-DAG anchor, where the first glucose 

residue can carry a third acyl chain (Koch & Fischer 1978). Attached to this anchor is a 

polymer consisting of an α-Gal(1-6)-α-Gal(1-3)-GroP subunits, that can be further modified 

with α-Gal (Koch & Fischer 1978). Type III LTA, found in Clostridium innocuum (Fig. 1.1C), 

has a β-Glucosamine(1-3)-α-Glc(1-3)-DAG lipid anchor with a backbone chain has repeating 

units of α-Gal(1-3)-GroP. The GroP can be substituted either with GlcNAc (25 %), or 

glucosamine (50 %) (Fischer 1994b). 
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 Recently a new LTA structure, type V LTA, was observed in Peptostreptococcus 

anaerobius and Clostridium difficile (Fig. 1.1E) (Stortz et al. 1990; Reid et al. 2012). This 

LTA has a proposed glycolipid anchor of β-1-6-linked triglycosyl-DAG. Attached to this 

anchor are repeating units of α-D-GlcNAc(1-3)-α-D-GlcNAc that are linked via C-6'-C-6'' 

phosphodiester bridges. The second GlcNAc residue can be modified with D-glyceric acid 

(GroA) (Reid et al. 2012). 

 

1.7.3 Pneumococcal LTA structure and synthesis 

 Pneumococcal LTA (pnLTA), or type IV LTA, was originally described in 1930 as 

pneumococcal C-polysaccharide (Tillett et al. 1930), and was subsequently shown to exhibit 

Forssman antigenicity (Goebel & Adams 1943), defined as the ability to induce rabbits to 

form haemolytic antibodies in response to sheep red blood cells. The structure of 

pneumococcal LTA has undergone significant revisions in the last decade due to 

inconsistencies raised by different investigations. The first major revision was based on a 

study by Seo et al in 2008, in which the lipid anchor structure was redefined and a new 

repeating unit (RU) structure was proposed, that terminated with two GlcNAc residues (Seo 

et al. 2008). This provided an explanation for the Forsmann antigenicity of pnLTA as these 

residues represent a minimal Forssman antigen. Further revisions were made in 2013 by 

Gisch et al who treated purified pnLTA with hydrazine to O-deacetylate the LTA before 

subjecting it to 1H NMR analysis (Gisch et al. 2013). This treatment prevented the 

aggregation of LTA and thus provided higher resolution nuclear magnetic resonance (NMR) 

spectra that allowed the identification of the exact linkage configuration between the RUs. 

The structure of pnLTA (Fig. 1.1D) is now proposed to consist of RUs made up of 2-

acetamido-4-amino-2,4,6-trideoxy-D-galactose (AATGal), glucose (Glc), RboP and two N-

acetylglucosamine (GlcNAc) residues. These repeating units are α-1-4-linked to each other 

and β-1-4-linked to the glycolipid anchor α-Glc-(1-3)-DAG (Seo et al. 2008; Gisch et al. 

2013). The RU of the pnLTA backbone can be further modified with phosphorylcholine (P-

Cho) residues. Initially, pnLTA was thought to be glycosylated, but the new high-resolution 

spectra (Gisch et al. 2013) allowed peaks originally believed to indicate GlcNAc 

glycosylation on the RboP moiety of the RU, to be reassigned as belonging to the terminal 

GlcNAc sugars. As a result, there is currently no evidence that pnLTA is glycosylated. 

 

 In bacteria with type I LTA, LTA and WTA have different structures and as such have 

separate synthesis pathways. However, this is not the case for S. pneumoniae as LTA and 

WTA share the same synthesis pathway, and thus LTA and WTA have identical backbone 
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structures. Although some of the genes involved in pnLTA synthesis have been identified, 

most of the genes thought to be involved in pnLTA synthesis have not been experimentally 

proven. However, a comprehensive review by Denapaite et al used bioinformatics analysis 

to predict the genes encoding proteins involved in this process (Denapaite et al. 2012). In S. 

pneumoniae, individual RUs are synthesised, modified with P-Cho residues, then 

polymerised into the pnLTA backbone chain all within the cytoplasm (Fig. 1.3). For this 

process, only the genes involved in P-Cho modification have been experimentally proven 

(Zhang et al. 1999; Fischer 2000; Baur et al. 2009; Eberhardt et al. 2009). The synthesised 

teichoic acid backbone is transported across the membrane by the enzyme TacF 

(Damjanovic et al. 2007). On the outer leaflet of cell the polymer is either transferred onto a 

lipid anchor (LTA) or onto peptidoglycan (WTA). The proteins that perform these actions are 

unknown, but have been suggested to belong to the recently identified LytR-CpsA-Psr (LCP) 

enzyme family (Kawai et al. 2011; Denapaite et al. 2012). 
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Figure 1.3: Schematic detailing the synthesis of type IV LTA in S. pneumoniae (pnLTA). This 

model of pnLTA synthesis is derived from work performed by Denapaite et al (Denapaite et al. 2012). 

The majority of the enzymes involved in this process have not been experimentally proven. According 

to this model Spr1655, Spr0091, LicD3, Spr1223 and Spr1224 are involved in the synthesis of the 

RUs. Following this, the RUs are modified with P-Cho residues by LicD1 and D2 on their terminal 

GlcNAc residues, and then the backbone is polymerised by Spr1222. The P-Cho modified pnLTA 

chains are transported across the membrane by TacF, where the teichoic acid is either transferred 

onto either a membrane glycolipid (LTA), or covalently attached to peptidoglycan (WTA). This figure 

was adapted from a review article by Percy and Gründling (Percy & Gründling 2014). 
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1.8 LTA modifications 

1.8.1 D-alanylation of lipoteichoic acid 

 The D-alanyl modification is present on Type I and IV LTAs. The genes encoding the 

proteins involved in this process have been known for a long time, and as a result much is 

known about the mechanism of D-alanylation, and the role of this modification. The proteins 

involved in this process are encoded by the dlt operon, the composition of which varies 

between different bacteria, but must contain a minimum structure of dltABCD (Heaton & 

Neuhaus 1992; Neuhaus & Baddiley 2003; Kovács et al. 2006). Some dlt operons contain 

additional genes, although the role these play in D-alanylation is unclear. For example, the 

dlt operon from B. subtilis contains dltE, which encodes an oxoreductase and disruption of 

this gene did not affect D-alanylation (Perego et al. 1995). In several bacteria the dlt operon 

includes dltX, which is usually found upstream of the operon and currently has no ascribed 

function (Koprivnjak et al. 2006; Palumbo et al. 2006). Initially, S. pneumoniae was reported 

to produce teichoic acids that lacked D-ala, despite containing a dlt operon. Further 

investigation revealed that the dltA gene in the strains examined contained a premature stop 

codon, yielding an inactive protein, and D-alanylation was restored upon repair of this codon 

(Kovács et al. 2006). Analysis of the genome sequence of other S. pneumoniae strains 

indicates that pneumococcal strains usually contain an intact dltA gene, and therefore it is 

presumed that pnLTA is usually D-alanylated (Kovács et al. 2006). This finding could provide 

an explanation for the lack of D-ala substitutions on the recently published structure of Type 

V LTA from C. difficile (Reid et al. 2012). Although, no D-ala substitutions were detected on 

the LTA isolated from this species, C. difficile possesses a dlt operon. However the 

functionality of this operon has not been determined in this bacterium. 

 The D-alanylation process begins in the cytoplasm (Fig. 1.4) with the function of DltA, 

which is a D-alanyl carrier protein ligase (dcl). DltA first performs an adenylation reaction that 

results in the formation of a high energy D-alanyl-AMP intermediate, followed by a thiolation 

reaction that results in the transfer of this intermediate to the phosphopantheinyl prosthetic 

group of the D-ala carrier protein, DltC. Several crystal structures of the DltA protein from 

Bacillus strains have been published and these studies provide insight into the mechanism 

of the reactions performed by this enzyme (Du et al. 2008; Yonus et al. 2008; Osman et al. 

2009). During the adenylation reaction, DltA uses ATP to ‘activate’ D-ala forming the high 

energy D-ala intermediate D-alanyl-AMP with the release of pyrophosphate. DltA has 

features that closely resembles those of non-ribosomal peptide synthetases (NRPSs), 

modular enzymes that contain a large N-terminal domain and a small C-terminal domain 

connected by a ‘hinge’ region. The loss of the pyrophosphate triggers a conformational 

change of DltA (Yonus et al. 2008) bringing the small domain of DltA towards the large 
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domain, and the activated D-alanine is subsequently transferred to the phosphopantheinyl 

side chain of DltC by an unknown mechanism. Following this, the AMP dissociates and the 

enzyme returns to its original state. Interestingly, whilst nearly all NRPS enzymes utilize L-

amino acids, DltA is specific for the D-enantiomer. This specificity is conferred by the 

sulphate atom of Cys-268 from B. subtilis (Yonus et al. 2008) (Cys269 from B. cereus (Du et 

al. 2008)), which is positioned so that it obstructs the DltA binding site to the entry of 

incoming substrate. It is thought that the positioning of this residue in the binding site would 

clash with the methyl group of L-alanine but not D-alanine, thus conferring specificity (Du et 

al. 2008). 

 

Figure 1.4: Schematic detailing the D-alanylation of teichoic acids in S. aureus based on the 

model proposed by Fischer et al. DltA converts D-ala to a high energy intermediate and then 

transfers this intermediate to the phosphopantheinyl prosthetic group of the D-ala carrier protein, DltC. 

The current model suggests that DltC remains in the cytoplasm and transfers D-ala to the lipid carrier 

C55-P and the C55-P-D-ala complex is transported across the membrane by the action of DltB. On the 

outer leaflet of the cell membrane, DltD likely catalyses the transfer of D-ala from the lipid carrier onto 

LTA. Following this, the D-ala transfers from LTA onto WTA. This figure was adapted from a review 

article by Percy and Gründling (Percy & Gründling 2014).  
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 Two opposing models existed to describe the remainder of the D-alanylation process 

(Perego et al. 1995; Neuhaus & Baddiley 2003), but recent studies have provided evidence 

in support of the model proposed by Fischer et al (Perego et al. 1995) (Fig. 1.4). In this 

model, DltB transfers D-ala from DltC to C55-P then transports the C55-P-D-ala across the 

membrane where DltD transfers the D-ala onto LTA. In support of this, it was recently shown 

that DltC remains in the cytoplasm and that DltD, which has an N-terminal transmembrane 

domain, is found on the outside of the cell (Reichmann et al. 2013). This supports the D-

alanylation model proposed by Fischer et al that predicts the use of C55-P to transport D-ala 

across the membrane, although this lipid-linked intermediate has never been detected. For 

type I LTA, both WTA and LTA are substituted with D-ala. This likely occurs sequentially, 

with D-ala being transferred first onto LTA and then transferred to WTA (Haas et al. 1984). 

Recent studies supporting this, found that strains lacking LTA showed significantly reduced 

WTA D-alanylation (Reichmann et al. 2013). This implies that WTA is capable of acting as a 

direct acceptor albeit inefficiently (Reichmann et al. 2013). 

Bacteria can regulate the level of D-alanylation present on LTA in response to a 

number of environmental factors. An increase in pH (MacArthur & Archibald 1984), 

temperature (Hurst et al. 1975), and NaCl (Fischer & Rösel 1980) conditions can lead to a 

decrease of D-alanylation. This regulation can occur via two component systems. For 

example, in S. aureus dlt expression is transcriptionally repressed via ArlSR in response to 

the divalent cation Mg2+ (Koprivnjak et al. 2006). The response to a particular stimulus is 

species dependent however, as an increase in Mg2+ or K+ has no effect on dlt expression in 

Streptococcus gondii (McCormick et al. 2011). Strains lacking D-alanylation are susceptible 

to certain antibiotics such as polymyxin B. The LiaSR system, found throughout the 

Firmicutes, which responds to cell membrane damage (Suntharalingam et al. 2009), induces 

dlt expression in response to polymyxin B as well as low pH in S. gondii (McCormick et al. 

2011). The Streptococcus agalactiae dlt operon is controlled by DltRS, located upstream of 

the dlt operon, although the ligand this system senses is unknown (Poyart et al. 2001). D-

alanylation of teichoic acids is also controlled in relation to normal cellular processes. For 

example, in B. subtilis the dlt operon is regulated by Sigma X (σX), which is involved in 

modulating the cell stress response (Cao & Helmann 2004), but it also appears to be 

controlled by Spo0A and AbrB before sporulation, leading to the production of spores 

produce LTA lacking D-alanyl modifications (Perego et al. 1995). 

 D-alanylation of teichoic acids is involved in several important cellular functions 

including the regulation of autolysis (Steen et al. 2005; Perea Vélez et al. 2007), host cell 

adhesion and invasion (Abachin et al. 2002; Kristian et al. 2005), biofilm formation (Fabretti 

et al. 2006), and membrane cationic homeostasis through the binding of Mg2+
 ions (Archibald 
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et al. 1973). In Lactobacillus sp, mutant strains lacking D-alanylation leads to significant 

remodelling of peptidoglycan with an increase in cell length and autolysis (Perea Vélez et al. 

2007). This appears to be due to reduced degradation of autolysins (Steen et al. 2005) 

coupled with either an increased activation or binding of autolysins (Palumbo et al. 2006). 

Interestingly, in dlt negative strains, L. plantarum cells decorate their LTA with glycosyl 

residues in place of D-ala (Palumbo et al. 2006). This is in contrast to B. subtilis where 

disruption of the dlt operon does not result in a growth defect, although cells still exhibit 

increased autolysis (Wecke et al. 1996). 

 D-ala substituted LTA also plays a significant role in virulence, with D-ala negative 

strains being attenuated in animal models (Abachin et al. 2002; Collins et al. 2002; Fittipaldi 

et al. 2008). Strains of L. monocytogenes lacking D-ala substitutions show a reduced ability 

to adhere to, and invade human cell lines (Abachin et al. 2002; Kristian et al. 2005). In 

addition, D-ala substituted teichoic acids appear to exhibit an immunomodulatory role. For 

example, Lactobacillus plantarum producing LTA lacking D-ala modifications was shown to 

stimulate production of anti-inflammatory cytokines more efficiently than the wildtype and 

even exhibited a protective role against intestinal colitis (Grangette et al. 2005). D-ala 

modifications on TAs also provides resistance against host molecules such as defensins 

(Peschel et al. 1999), cationic antimicrobial peptides (CAMPs) and cationic antimicrobials 

that target the cell wall such as colistin, nisin and polymyxin (Abachin et al. 2002). 

Historically, it was presumed that D-alanyl substitutions raise the overall charge of the 

membrane, making it more positive and thus reduces the affinity for CAMPs. However, 

recent studies in Streptococcus pyogenes questioned the link between charge and CAMP 

ability to cross the membrane, suggesting that D-alanyl substitutions may alter the 

conformation of LTAs leading to an increase in cell density (Saar-Dover et al. 2012). 

 

1.8.2 Glycosyl modification of Type I LTA 

 In contrast to the D-alanylation process, the glycosylation process of type I LTA is 

poorly understood. The glycosyl modification of LTA is observed in some but not all species 

producing type I LTA. Furthermore, the sugar used to decorate LTA varies both between and 

within species. This is best exemplified by Bacillus sp. which can be divided into two groups 

based on their LTA glycosylation; Group I includes B. subtilis, Bacillus licheniformis, and 

Bacillus pumilus – the LTA of all members of this group is glycosylated with GlcNAc. Group 

II includes Bacillus coagulans and Bacillus megaterium – the LTA all members of this group 

are glycosylated with α-Gal (Iwasaki et al. 1986). There are also strains of B. subtilis that are 

do not contain glycosylated LTA (Iwasaki et al. 1989). By contrast, all Listeria strains 
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investigated to date are known to contain LTA glycosylated with α-Gal, although the degree 

of glycosylation varies between strains (Hether & Jackson 1983). Whilst in these species the 

presence of glycosyl modifications are well characterized, in other species the presence of 

this modification is uncertain. For example, there is limited evidence that LTA in some strains 

of S. aureus is glycosylated with GlcNAc (Arakawa et al. 1981; Morath et al. 2001), however 

in other strains of this species, no glycosylation has been detected (Gründling lab 

unpublished observations). 

 Early investigation in Streptococcus sanguis showed that LTA glycosylation does not 

occur directly from the sugar donor to the LTA acceptor, rather the reaction is preceded by 

the formation of a lipid intermediate identified as an undecaprenyl phosphate (C55-P) linked 

sugar (Mancuso & Chiu 1982). Further studies in Bacillus sp. showed the glycosylation of 

LTA involved two separate enzymatic reactions that occur at separate pHs (Yokoyama et al. 

1988). This in conjunction with the identification of nucleotide activated sugars (which are 

only found in the cytoplasm) as the sugar donor, and that direct transfer of sugar onto LTA 

occurs only at a very low efficiency in vitro, implied that these reactions occur on separate 

sides of the membrane (Yokoyama et al. 1988). Based on these experiments the following 

model was proposed by Fischer (Fischer 1994a) predicting the glycosylation process of LTA 

(Fig. 1.5B). A cytoplasmic glycosyltransferase utilizes nucleotide-activated sugars, such as 

uridine-5-diphosphate galactose (UDP-Gal), as a substrate and transfers the sugar onto C55-

P. As this model requires the transport of the lipid-linked sugar intermediate across the 

membrane, a membrane transporter is predicted to flip the lipid-linked sugar across the 

membrane. Following this, a second glycosyltransferase transfers the sugar moiety from C55-

P onto LTA. Studies have shown that both the glycosyltransferase activities are required for 

the glycosylation of LTA (Iwasaki et al. 1989), as experiments using Bacillus strains found 

that strains exhibiting only one of these activities produced LTA lacking glycosyl substitutions 

(Iwasaki et al. 1989). 
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Figure 1.5: Schematic detailing the glycosylation mechanism of lipid A in E. coli and the 

predicted glycosylation mechanism of LTA in B. subtilis. The glycosylation of lipid A in E. coli (A) 

begins in the cytoplasm where the glycosyltransferase ArnC transfers Ara4FN sugar onto C55-P. The 

lipid linked carrier is then transported across the membrane by a flippase comprised of ArnE and 

ArnF. On the outer leaflet of the plasma membrane the periplasmic glycosyltransferase ArnT transfers 

the sugar onto lipid A. The glycosylation for LTA in B. subtilis is predicted to occur by a similar 

mechanism (B). First, a cytoplasmic glycosyltransferase utilises UDP-GlcNAc to generate the C55-P-

GlcNAc intermediate. Following this the lipid-linked sugar intermediate is transferred across the 

membrane where an extracellular glycosyltransferase transfers the sugar onto LTA. This figure was 

adapted from a review article by Percy and Gründling (Percy & Gründling 2014).  
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Glycosyltransferases catalyse glycosidic bond formation that results in the transfer of 

sugar moieties, usually from an activated sugar donor, to an acceptor molecule. These 

acceptor molecules can range from saccharides, to peptides and lipids, and hence 

glycosyltransferases are a highly diverse group of enzymes. They exhibit high specificity 

both to the sugar donor and to the acceptor substrate (Rini et al. 2009), yet despite this high 

degree of functional and sequence diversity, the 3D structures of this group of enzymes are 

highly conserved. Based on amino acid sequence homology, the carbohydrate-active 

enzymes database (CAZy) (www.cazy.org) groups glycosyltransferases into around 97 

families. Despite this diversity, the vast majority of these enzymes adopt one of three 

structural folds; GT-A, GT-B and GT–C, as discussed in a recent review (Lairson et al. 

2008). However, it should be noted that there are several glycosyltransferase enzymes that 

do not appear to display any of these folds, and so far remain unclassified. Functionally, 

glycosyltransferases can also be grouped by their mechanism of action. The mechanism of 

glycosyl transfer can occur either by a retention or inversion mechanism, referring to the 

anomeric configuration of the reaction product relative to the donor substrate. The type of 

enzyme fold, does not appear to dictate the stereochemical mechanism of the reaction, 

although members of a particular structural family typically adopt the same fold and reaction 

mechanism. 

In 1999, the first crystal structure of GT-A enzyme SpsA from B. subtilis was solved, 

revealing that these enzymes posses two immediately adjacent Rossmann-like α-β-α motifs 

(Fig. 1.6A) (Charnock & Davies 1999). This motif is usually found in nucleotide binding 

proteins (Rossmann et al. 1974) and thus is thought to be involved in binding the nucleotide 

activated sugar donor. The positioning of these motifs leads to the formation of a central β 

sheet containing the active site, flanked by α-helices (Fig. 1.6A). GT-A enzymes are metal 

dependent enzymes that commonly contain a conserved Asp-X-Asp (DxD) motif, which is 

involved in the coordination of a divalent cation – usually Mn2+ or Mg2+ (Breton et al. 1998; 

Wiggins & Munro 1998). Although GT-B type enzymes also possess two Rossmann-like 

domains, in contrast to GT-A enzymes, the Rossmann-like domains of GT-B enzymes face 

each other and are connected by a linker region that forms a cleft where the active site can 

be found (Fig. 1.6B). Also in contrast, GT-B enzymes are metal independent and thus lack 

the DxD motif observed in GT-A enzymes. Despite these differences, both GT-A and GT-B 

enzymes are usually located in the cytoplasm, either as soluble proteins or in association 

with the membrane, and typically use nucleotide activated sugars as a substrate. In addition, 

they can be found as soluble proteins, or in association with the membrane. For example, 

WTA in S. aureus is glycosylated with GlcNAc by TarM, a glycosyltransferase belonging to 

the GT-B superfamily, in an event that occurs on the cytoplasmic side of the membrane (Xia 

http://www.cazy.org/
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et al. 2010). These types of glycosyltransferases are also responsible for the synthesis of 

lipid linked sugar precursors for transport out of the cell, such as in E. coli for the generation 

of the C55-P-AraFN that, upon transport out of the cell, is subsequently used to glycosylate 

lipid A (Breazeale et al. 2005). In addition, these types of enzyme are responsible for the 

formation of the lipid I and lipid II precursors that are involved in the synthesis of 

peptidoglycan. 

 

 

Figure 1.6: Protein crystal structures of enzymatic domains belonging to glycosyltransferases 

from the GT-A and GT-B superfamilies, and schematic of GT-C type enzymes. The protein 

crystal structure of the enzymatic domain of SpsA from B. subtilis (Charnock & Davies 1999) possess 

a GT-A fold structure (A). The Protein data bank (pdb) code is 1qgp. The structure consists of two 

abutting Rossmann-like domains, and the ligand, represented by stick diagram, is bound at the DxD 

motif of the central β sheet. The protein crystal structure of the enzymatic domain from a 

glycosyltransferase belonging to the GT-B superfamily is represented by β-glucosyltransferase from 

bacteriophage T4 (Vrielink et al. 1994) (B). The Pdb is 1jg7. It consists of two Rossmann-like domains 

that directly oppose each other, and the ligand is bound in the cleft between the two domains, 

indicated by a stick diagram. The GT-C superfamily does not have an archetypal crystal structure, 

and so the generic structure is presented here as a schematic (C). The structure consists of 8-13 

transmembrane helices (here 11 are shown) and the extracellular loop between helices 1 and 2, 

contains a modified DxD motif (represented by a box). The long C-terminal domain is represented by 

a zig-zag.  
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The GT-C fold was predicted bioinformatically in 2003 (Liu & Mushegian 2003) and 

the first crystal structure of the enzymatic domain was published relatively recently (Igura et 

al. 2008). GT-C fold glycosyltransferases are membrane-embedded enzymes containing 8-

13 transmembrane helices with a large extracellular C-terminal domain, and usually contain 

a modified DxD motif in its first or second extracytoplasmic loop (Fig. 1.6C) (Liu & 

Mushegian 2003). Interestingly, this superfamily of enzymes appears to exclusively use 

undecaprenyl-phosphate linked sugars as a substrate. The exact location of the active site 

seems to vary between enzymes, with different studies reporting conserved residues at 

numerous points in the structure. In some structures, the large extracellular C-terminal 

domain contains the active site, whereas in other structures this domain is thought to be 

involved with binding of the acceptor molecule (Kus et al. 2008). The degree of homology 

between GT-C glycosyltransferases can be low, even between enzymes belonging to the 

same bacterium (Alderwick et al. 2006). Indeed in some cases, homology is highest between 

the sequence of the transmembrane domains, and not between the active sites making the 

bioinformatic identification of GT-C enzymes difficult. GT-C enzymes are commonly found in 

eukaryotes, but several GT-C glycosyltransferases have now been identified in bacteria. GT-

C type enzymes have been identified in both P. aeruginosa and E. coli where they are 

involved with the cell wall modification of pili and lipid A respectively (Bretscher et al. 2006; 

Kus et al. 2008). In addition, numerous GT-C enzymes have been identified in 

Mycobacterium tuberculosis, where they are involved in cell wall biosynthesis (Alderwick et 

al. 2006; Berg et al. 2007; Alderwick et al. 2011). 

Although the genes involved in LTA glycosylation are unknown, the types of enzymes 

involved in this process can be predicted by comparing the model of the LTA glycosylation 

mechanism, to the known lipid A glycosylation system in E. coli (Fig. 1.5A) and by 

considering the different known classes of glycosyltransferase. The predicted model for the 

glycosylation of LTA is similar to the known LPS glycosylation system in E. coli, which 

begins with the transfer of the sugar from a UDP-linked sugar precursor onto undecaprenyl 

phosphate by ArnC (Breazeale et al. 2005). Protein sequence analysis using TMHMM and 

Pfam indicates that ArnC is a GT-A fold glycosyltransferase that contains an N-terminal 

enzymatic domain with 2 C-terminal transmembrane helices. It would seem likely that the 

enzyme involved in the glycosylation of LTA would also contain transmembrane domains as 

it is likely that glycosylation is a membrane associated process (Iwasaki et al. 1986; 

Yokoyama et al. 1988; Iwasaki et al. 1989). Furthermore, studies into the glycosylation of 

LTA noted that the synthesis of the lipid intermediate required the presence of a divalent 

cation (Yokoyama et al. 1988), indicating that the cytoplasmic glycosyltransferase involved in 

the glycosylation of LTA likely belongs to the GT-A superfamily of enzymes. The predicted 
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extracellular glycosyltransferase must satisfy two criteria; it must be on the outside of the cell 

membrane, and be able to catalyse the transfer of sugar from C55-P to LTA (neither of which 

are met by GT-A or GT-B). However these criteria are met by glycosyltransferases belonging 

to the GT-C superfamily of enzymes. Importantly, GT-C enzymes utilize lipid-linked (such as 

undecaprenyl phosphate) rather than nucleotide activated sugars as a substrate. It would 

therefore seem likely that the extracellular glycosyltransferase involved in the glycosylation 

of LTA would belong to this family of enzymes. 

 As the genes involved in the glycosylation of LTA are unknown, no function has ever 

been assigned to this modification. This is in contrast to the glycosylation of WTA, where the 

decoration of this polymer with certain sugars in L. monocytogenes is necessary to allow the 

binding of bacteriophage endolysin proteins (Eugster et al. 2011). In S. aureus, the β-O-

GlcNAc modification of WTA has been shown to confer methicillin resistance (Brown et al. 

2012). Interestingly, the anomeric configuration of the sugar is important, as the α form of 

the GlcNAc sugar has no effect on methicillin resistance (Brown et al. 2012). The interesting 

roles performed by the glycosylation of WTA highlights the important of understanding the 

process of LTA glycosylation. 

 

1.8.3 Choline modification to type IV lipoteichoic acid 

 Although choline is abundant in eukaryotes it is rarely seen in bacteria. Some 

bacteria decorate cell wall structures with choline, such as Haemophilus influenzae, which 

cholinates its lipopolysaccharide (LPS) (Fan et al. 2003), but so far choline substituted LTA 

has only been observed in S. pneumoniae. Choline is an essential growth factor for 

pneumococci that is taken up exclusively for incorporation into the teichoic acids (Tomasz 

1967). Choline is transported into the cell from the surrounding environment, converted into 

phosphorylcholine (P-Cho), then incorporated into both WTA and LTA by attaching it to the 

O-6 position of GalpNAc residues within the RUs. The degree of choline modification on the 

terminal RU of pnLTA appears to be pH dependent, but this varies between strains. For 

example, the pnLTA terminal RU of S. pneumoniae strain TIGR4Δcps either one, both or 

neither GalpNAc residue are modified with P-Cho residues at an acidic pH (Gisch et al. 

2013). In contrast, the pnLTA terminal RU from S. pneumoniae strain D39Δcps possesses 

P-Cho modification on both GalpNAc residues regardless of the pH (Gisch et al. 2013). 

Cholination can also be regulated by the phosphorylcholine esterase Pce, which removes P-

Cho from the terminal RU of pnLTA (Vollmer & Tomasz 2001; Hermoso et al. 2005). 

Interestingly, the degree of cholination does not affect Forssman antigenicity (Gisch et al. 

2013). 
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 Cholination of LTA is a membrane associated process that occurs at the cytoplasmic 

side of the membrane on teichoic acid precursors (Fig. 1.7) (Eberhardt et al. 2009). The 

genes involved in choline modification are clustered in two operons within the lic region, 

designated lic1 and lic2. lic1 contains 5 genes; tarJ and tarI, which are involved in the 

formation of activated ribitol, and licA, licB and licC which are involved in choline modification 

(Fischer 2000; Baur et al. 2009). Choline is transported into the cell by the transporter LicB 

(Fig. 1.7), where it is subsequently phosphorylated by the ATP-dependent choline kinase 

LicA, before being converted to cytidine 5’ diphosphate (CDP)-choline by the cytidine 5’-

triphosphate (CTP) dependent phosphorylcholine cytidyl transferase LicC. The lic2 locus 

contains licD1, licD2 and tacF. LicD1/LicD2 are involved in transferring P-Cho to the teichoic 

acid precursor. Although both these genes are predicted to perform the same function, LicD1 

is known to be essential for bacterial viability, whilst mutants lacking LicD2 are viable, but 

display reduced incorporation of P-Cho into the cell wall (Zhang et al. 1999). Finally TacF, an 

essential putative transmembrane flippase, transports the teichoic acid precursors across 

the membrane (Damjanovic et al. 2007). All of the pneumococcal mutant strains described to 

date that are able to grow in the absence of choline, possess mutations in the gene 

encoding TacF (Tomasz 1967; Severin et al. 1997; Damjanovic et al. 2007; González et al. 

2008). Damjanovic et al, has proposed that TacF specifically transports P-Cho substituted 

LTA leading to a lethal cessation of teichoic acid synthesis in the absence of choline 

(Damjanovic et al. 2007). The mutations observed in choline-independent strains are 

predicted to increase fitness in the absence of choline by allowing the transport of teichoic 

acid precursors across the membrane regardless of the absence of P-Cho modification 

thereby allowing growth (Damjanovic et al. 2007). Presumably a reason for this specificity is 

to avoid the transport of pnLTA lacking P-Cho substitutions, as these modifications are 

essential as receptors for choline binding proteins (CBPs). 
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Figure 1.7: Schematic detailing the modification of pnLTA (type IV) with P-Cho. Choline is 

transported into the cell through the LicB membrane transporter. Through the action of LicA and LicC 

enzymes the choline is processed into CDP-Cho. Following this, the LicD1 and LicD2 enzymes use 

CDP-Cho as a substrate to transfer P-Cho residues onto the RU subunits of the teichoic acid 

backbone. This figure was adapted from a review article by Percy and Gründling (Percy & Gründling 

2014). 
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The pneumococcal growth requirement for choline can be substituted with other 

amino-alcohols such as ethanolamine, although cells grown in these conditions develop 

various morphological defects, have reduced transformability and show significantly 

attenuated virulence (Tomasz 1968). In addition, although other amino alcohols are 

physically able to replace choline they are unable to replace it functionally, due to a subset of 

proteins that rely on P-Cho as a binding site, the choline binding proteins (CBPs). CBPs are 

modular enzymes that contain an enzymatic domain, and bind to P-Cho non-covalently via a 

choline-binding domain. This binding domain is usually found at the C-terminal end of the 

proteins and consists of a variable number of highly conserved repeats of 20 amino acids 

(Garcia et al. 1998). CBPs have diverse functions including roles in physiological processes 

such as autolysis and transformation (Tomasz & Westphal 1971), as well as virulence. S. 

pneumoniae mutants lacking choline modifications of WTA and LTA show significantly 

attenuated virulence and display poor colonisation in models of infection (Kharat & Tomasz 

2006; Ogunniyi et al. 2007). 

 

1.9 Function of LTA and its clinical applications 

 Although the exact function of LTA is unknown, the construction of mutants in several 

different species that lack the ability to synthesise LTA has provided some insight into its 

role. Bacteria with mutations in ltaS genes, which lack or have defects in the synthesis of the 

PGP backbone chain have now been now been described for S. aureus, B. subtilis, Bacillus 

anthracis, L. monocytogenes and Lactobacillus acidophilus (Gründling & Schneewind 2007b; 

Oku et al. 2009; Schirner & Errington 2009; Schirner et al. 2009; Webb et al. 2009; 

Mohamadzadeh et al. 2011; Wörmann et al. 2011a; Garufi et al. 2012). These studies have 

highlighted the importance of LTA for overall cell survival, as severe growth and cell division 

defects were observed in all bacteria with the exception of L. acidophilus. In S. aureus, 

strains lacking LTA display an increase in size, the aberrant placement of division septa, and 

are not viable unless grown in a medium containing high NaCl or sucrose, which provides 

osmotic protection (Gründling & Schneewind 2007b). Interestingly however, the acquisition 

of suppressor mutations leading to the inactivation of the phosphodiesterase GdpP, and 

subsequently a rise in levels of the second messenger cyclic diadenosine monophosphate 

(c-di-AMP), improves cell survival in the S. aureusΔltaS mutant (Corrigan et al. 2011). This 

improved survival possibly occurs due to the increase in peptidoglycan crosslinking 

observed in this strain (Corrigan et al. 2011). In L. monocytogenes, strains lacking LtaP 

exhibit normal growth, whereas strains lacking LtaS are unable to synthesise LTA and 

display a temperature dependent phenotype, where cells form long filaments that eventually 
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lyse when grown at 37°C (Webb et al. 2009). In the absence of LtaS, LTA with a single GroP 

subunit is produced as a GroP-Gal-Glc-DAG through the action of LtaP (Webb et al. 2009). 

In B. subtilis, LTA is still produced in the absence of LtaS alone, but PGP synthesis is 

abrogated in mutants with combined deletions in ltaS, yqpS, and yfnI (Wörmann et al. 

2011a). Mutants with deletions in the genes coding for all four LTA synthesis enzymes 

display severe morphological defects (Schirner et al. 2009). B. subtilis strains lacking the 

ability to synthesis the LTA PGP backbone display a filamentation phenotype, caused by the 

improper localisation of the cell division protein FtsZ, and hence improper FtsZ ring 

formation (Schirner et al. 2009). Interestingly, recent studies have shown that in S. aureus, 

LTA synthesis enzymes YpfP, LtaA and LtaS interact directly with several peptidoglycan and 

cell division proteins (Reichmann et al. 2014), further highlighting a link between LTA 

synthesis and cell division. 

 The growth defects exhibited by mutants lacking the ability to synthesise LTA have 

highlighted its apparently essential nature, making it a viable vaccine and antimicrobial 

candidate. Recently, a novel antimicrobial that inhibits the LtaS enzyme was shown to 

provide protection against S. aureus infection in a mouse animal model (Richter et al. 2013). 

Compounds that act on the modifications of LTA have also been investigated. CBPs are 

essential for proper growth and regulation of autolysis in S. pneumonaie are retained in the 

cell wall via P-Cho modifications present on pnLTA and WTA. Choline analogues such as 

atropine and ipratropium have been shown to strongly inhibit pneumococcal growth in vitro 

(Maestro et al. 2007). Crystal structures of these compounds in complex with the autolysis 

regulator CbpF, indicated that inhibition is at least in part achieved by binding to the choline 

binding domains of this protein (Martin et al. 2013). Further study into choline analogues will 

hopefully provide more information that could aid the design of novel antimicrobials. In type I 

LTA from B. subtilis, analogues of D-ala were found to inhibit DltA activity in vitro, and when 

used in combination with vancomycin significantly inhibited bacterial growth (May et al. 

2005).  

 LTA has previously been thought of as a potent stimulator of the immune system. 

However, recent studies challenging this finding have implicated the contamination of LTA 

preparations with lipoproteins and peptidoglycan that are known for their immunogenic 

potential (Morath et al. 2002a; Morath et al. 2002b; Hashimoto et al. 2006). It now appears 

that LTA still elicits an immune response, but to a far lesser degree than was originally 

thought. To develop LTA as a possible vaccine candidate, conjugate vaccines are being 

investigated, with the aim of increasing the immunogenicity of this polymer. Studies include a 

synthetic type I LTA conjugated to tetanus toxin, and type V LTA from C. difficile conjugated 
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to E. coli enterotoxin or Pseudomonas exotoxin (Bertolo et al. 2012; Chen et al. 2013; Cox et 

al. 2013). 

 The role of LTA in the effectiveness of probiotic strains has also been investigated 

(Lightfoot & Mohamadzadeh 2013). An LTA negative L. acidophilus strain downregulated the 

production of the inflammatory cytokines IL-12 and TNFα, in addition to upregulating the 

production of anti-inflammatory cytokine IL-10. In the mouse model, this strain was able to 

reduce the effect of induced colitis implicating a role for the use in the treatment of irritable 

bowel disease (IBD) (Mohamadzadeh et al. 2011). These potential clinical applications of 

LTA have highlighted a need for further understanding of LTA structure and its modifications. 
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1.10 Aims and objectives of this study 

 The Firmicutes are a bacterial phylum largely consisting of Gram-positive bacteria 

with a low G-C content genome, and include prominent pathogens such as Staphylococcus 

aureus and Listeria monocytogenes. The cell wall of these Gram-positive bacteria is typically 

composed of a thick peptidoglycan layer as well as teichoic acids (TAs). While TAs are often 

referred to as secondary wall polymers, they have important functions for bacterial 

physiology, as mutant strains lacking TAs display severe growth and cell division defects. 

TAs can be divided into wall teichoic acid (WTA), which is covalently linked to the 

peptidoglycan, and lipoteichoic acid (LTA), which is embedded in the cytoplasmic membrane 

by a lipid anchor. Several different LTA structures have been reported, however the most 

common type found in Firmicutes is a polymer with a polyglycerolphosphate (GroP) 

backbone structure linked to a glycolipid anchor. The GroP backbone can be modified with 

D-alanyl and often also glycosyl residues. D-alanyl modifications on LTA have been shown 

to confer protection against cationic antimicrobial peptides (CAMPs) and the proteins 

involved in the D-alanylation process have been identified. On the other hand, the function of 

the glycosyl modifications on LTA is not known, and the genes involved have not been 

identified. The aims of this thesis were as follows: 

 To identify the genes required for the glycosylation of LTA 

 To construct mutant strains producing LTA that lacks glycosyl modification 

 To use the deletion strains to identify the role for this modification 
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Chapter 2  
Materials and methods 
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2.1 Bacterial strains, growth and storage conditions 

 The strains used in this study and their antibiotic resistances are listed in table 1. 

Escherichia coli strains XL1-Blue (ANG127) and DH5α (ANG397) were grown in Luria-

Bertani (LB) medium (Sigma) at 37°C and used for cloning purposes. The E. coli strain 

SM10 (ANG618) was used for conjugation experiments and was also routinely grown at 

37°C. The E. coli strain BL21(DE3) (ANG191) was used as protein expression strain and 

was grown at 30°C and 16°C as indicated. Listeria monocytogenes mutants were 

constructed in strain 10403S, a streptomycin resistant isolate of the serotype 1/2a strain 

10403S (ANG1263) (Bishop & Hinrichs 1987). L. monocytogenes strains were routinely 

grown in Brain Heart Infusion medium (BHI) (BD Biosciences) at 30°C, 37°C or 41°C as 

indicated. Staphylococcus aureus mutants were constructed in both RN4220 (ANG113) and 

Newman (ANG112) strains. These strains were grown in Tryptone Soya Broth (TSB) (BD 

biosciences) at 30°C, 37°C or 42°C as indicated. Bacillus subtilis mutants were constructed 

in strain 168 (ANG1691) (Burkholder & Giles 1947). B. subtilis strains were routinely grown 

in LB media, at 30°C in the presence of 0.2 % glucose unless otherwise indicated. When B. 

subtilis strains were grown to analyse LTA by western blotting, the strains were grown in 

Penassay Base Agar (PAB) (BD Biosciences) at 30°C. Clinical strains of both methicillin 

sensitive (MSSA) and methicillin resistant (MRSA) S. aureus (Table 3.1) were grown on 

Columbia Blood Agar (CBA) (Sigma) with 5 % defibrinated horse blood (Sigma). In broth, the 

strains were grown in TSB. All clinical strains were grown at 37°C unless otherwise stated. 

Where appropriate, antibiotics were added to the growth medium at the following 

concentrations unless otherwise indicated. For E. coli: Ampicillin (Amp), 100 µg/ml; 

Chloramphenicol (Cam) 20 µg/ml; Erythromycin (Erm), 10 µg/ml; Kanamycin (Kan), 30 

µg/ml. For B. subtilis: Cam 5 µg/ml; Kan 10 µg/ml; Erm 5 µg/ml; Spectinomycin (Spec), 100 

µg/ml. For L. monocytogenes: Streptomycin (Strep) 200 µg/ml, Cam 7.5 µg/ml, Erm 5 µg/ml. 

For S. aureus: Cam 5 µg/ml; Erm 10 µg/ml; anhydrotetracycline (Atet), 200 ng/ml 

 All strains were stored at -80°C after mixing liquid cultures 1:1 with freezer medium 

(10 % BSA + 10 % monosodium glutamate). All optical density (OD) readings of cultures 

were taken using a Biochrom Libra S11 spectrophotometer. To monitor the growth of strains, 

overnight cultures were backdiluted either into a flask or into a 96-well plate, and growth was 

monitored manually using a spectrophotometer, or using a POLARstar Omega plate reader 

(BMG labtech). 
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2.2 DNA manipulation techniques 

2.2.1 Plasmid purification from E. coli 

 Plasmid MINI preps were performed using a Macherey-Nagel Plasmid preparation kit 

following the manufacturer’s standard protocol and the plasmid DNA was recovered in 60 µl 

ddH2O. Plasmid MIDI preps were performed using Qiagen MIDI Prep Kit, following the 

manufacturer’s standard protocol. The DNA was rehydrated in 150 µl ddH2O. All plasmids 

were stored at -20°C. 

 

2.2.2 Preparation of chromosomal DNA 

2.2.2.1 Isolation of chromosomal DNA from S. aureus 

 S. aureus chromosomal DNA was prepared as follows: a 4 ml overnight culture was 

centrifuged for 20 mins at 2400 x g. The resultant cell pellet was resuspended in 200 µl TSM 

buffer (50 mM Tris pH 7.5, 0.5 M sucrose, 10 mM MgCl2). To lyse the bacteria, lysostaphin 

(AMBI Products LLC) was added at a final concentration of 100 µg/ml and the samples 

incubated at 37°C for 30 mins. The remaining steps were performed using the Promega 

Wizard genomic DNA purification kit following the manufacturer’s standard protocol. The 

isolated chromosomal DNA was rehydrated in 40 µl ddH2O at room temperature (RT) for 1 

hr and stored at -20°C. 

 

2.2.2.2 Isolation of chromosomal DNA from Listeria monocytogenes 

 L. monocytogenes chromosomal DNA was prepared as follows: a 5 ml overnight 

culture was centrifuged for 15 mins at 2400 x g, and the resultant cell pellet resuspended in 

100 µl ddH2O. From this point on, the chromosomal DNA was prepared using the BIO 101 

FastDNA Kit with the FastPrep FP120 homogenizer, following the manufacturer’s standard 

protocol. The isolated chromosomal DNA was resuspended in 150 µl of ddH2O stored at -

20°C. 
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2.2.2.3 Isolation of chromosomal DNA from Bacillus subtilis  

 B. subtilis chromosomal DNA was prepared as follows: a 5 ml overnight culture was 

centrifuged at 2400 x g for 15 mins, and the resultant cell pellet resuspended in 200 µl TSM 

buffer (50 mM Tris pH 7.5, 0.5 M sucrose, 10 mM MgCl2). To lyse the bacteria, lysozyme 

was added at a final concentration of 200 µg/ml and the cells were incubated at 37°C for 45 

mins. The remaining steps were performed using the Promega Wizard genomic DNA 

purification kit following the manufacturer’s standard protocol. The isolated chromosomal 

DNA was rehydrated in 50 µl ddH2O and stored at -20°C. 

 

2.2.3 Estimation of DNA concentrations 

 The presence and quality of isolated DNA was estimated visually by separation on a 

0.8 % agarose gel. When an accurate measurement was required, the concentration of DNA 

was determined using a NanoDrop Lite Spectrophotometer (Thermo) at 260 nm. 

 

2.2.4 Separation of DNA by agarose gel electrophoresis 

 DNA was visualised by using 0.8 % agarose gels. The agarose (VWR) was dissolved 

in 1 x Tris-Boric-Acid EDTA buffer (TBE; Severn Biotech Ltd) to which a SYBR safe solution 

(Invitrogen) was added at 1: 20,000 to allow visualisation of the DNA. The gel was immersed 

in 1 x TBE and electrophoresis was performed at 200 V using a Biorad mini agarose gel cell. 

DNA samples were mixed with 6 x DNA loading dye (0.25 % bromophenol blue, 30 % 

glycerol), and 5 µl of a 1 kb DNA ladder (Invitrogen) was run alongside as a standard. 

SYBR-Safe bound DNA was visualised using a Gel Doc EZ Imager (Biorad) with Image Lab 

3.0 software. 

 

2.2.5 Standard PCR reaction conditions 

 Unless otherwise stated, standard PCR conditions were used to amplify fragments of 

DNA as described below. All primers used in this study were purchased from Sigma-Aldrich 

and are listed in table 2. Reactions were commonly performed in a total volume of 50 µl, 

which included 1 µl of forward and reverse primers (10 µM each), 2 µl dNTPs (40 mM), 10-

100 ng of template DNA, and polymerase enzymes with their corresponding buffers. Either 

0.5 µl Taq polymerase (New England Biolabs; NEB) was added with 5 µl of Taq buffer (10 

x), or 1 µl Herculase (Agilent) was added with 10 µl of Herculase buffer (5 x). Total volume of 

50 µl was made up using ddH2O. PCR reactions involved an initial denaturation step at 94°C 
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for 2 mins, then 5 cycles of denaturation at 94°C for 30 secs, annealing at 45°C for 30 secs, 

and extension at 72°C for 1 min/kb. A further 25 cycles were run with an increased 

annealing temperature of 53°C, followed by a final extension step of 72°C for 7 mins. 

Subsequently, the temperature was dropped and held at 10°C. PCR products were purified 

directly using a PCR purification kit (QIAGEN) or from an agarose gel using a gel extraction 

kit (QIAGEN). In both cases purified DNA was eluted in a final volume of 50 µl of 5 mM Tris 

pH 8. 

 

2.2.6 Restriction enzyme digestion of DNA 

 For cloning purposes, plasmids and PCR products were sequentially digested with 

restriction enzymes. All restriction enzymes were purchased from New England Biolabs 

(NEB). Each reaction consisted of 50 µl of PCR product or 10 µg of plasmid DNA, 3 µl of 

enzyme, 10 µl of the recommended reaction buffer (10 x), 1 µl BSA (100 x) where 

appropriate, and made up to a total volume of 100 µl with ddH2O. The reactions were 

incubated at 37°C for 4 hours. 

 To screen for plasmids that contained inserts of the correct size, a double restriction 

digest using two enzymes was performed in the same way as above, but in a total reaction 

volume of 20 µl. 

 In both cases, correct digestion was confirmed by visualisation of DNA fragments 

after agarose gel electrophoresis, and digestion products were purified as described above. 

 

2.2.7 Ligation of DNA fragments 

 DNA digested by restriction enzymes was separated on an agarose gel as described 

above, the quantity of DNA was visually assessed, and varied accordingly so approximately 

equal amounts of vector and insert were mixed. A standard reaction contained 12 µl PCR 

product, 2 µl plasmid DNA, 1 µl T4 DNA Ligase (NEB), 2 µl T4 DNA Ligase buffer (10 x) and 

was made up to a total reaction volume of 20 µl with ddH2O. Reactions were incubated at 

room temperature overnight then heat inactivated at 65°C for 20 mins.  
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2.2.8 Recombination with pKOR1 

 PCR products flanked by AttB sites were recombined into pKOR1 in a reaction 

containing 300 ng PCR product, 200 ng pKOR1, and made up to 8 µl with TE buffer pH 8. 

Following this, 2 µl BP Clonase II (Invitrogen) was added and the reaction was incubated at 

25°C for 1 hour and then transformed into chemically competent E. coli DH5α cells. 

 

2.2.9 Sequencing 

 The sequence of all plasmid inserts produced as part of this study was confirmed by 

fluorescent automated sequencing carried out either at the Hammersmith Hospital Clinical 

Sciences Centre, or with GATC sequencing (www.gatc-biotech.com). The plasmid insert 

was amplified using a 25 µl volume standard PCR reaction with Taq polymerase, and the 

PCR product was purified as described above. For sequencing at the Hammersmith hospital, 

100 ng/kb of PCR product was mixed with 2 µl of the appropriate primer (10 mM stock) and 

the total volume made up to 10 µl with ddH2O. For sequencing with GATC, 20-80 ng/µl of 

PCR product was mixed with 2.5 µl of the appropriate primer and the volume made up to 10 

µl with ddH2O. 

 

2.2.10 Transformation of chemically competent E. coli cells 

 All the E. coli strains used in this study; XL1-Blue, DH5α, SM10 and BL21(DE3), 

were transformed in the same way. A 100 µl aliquot of prepared cells was defrosted on ice, 

10 µl of a ligation reaction added and cells incubated on ice for 30 mins. The cells were 

immersed in a waterbath at 42°C for 45 secs, then immediately placed back on ice for 5 

mins. Following this, 900 µl of SOC medium (5 g/L bacto yeast extract, 20 g/L bacto 

tryptone, 3.6 g/L glucose, 2.5 mM KCl, pH 7) was added and the cells were incubated for 1 

hr at 37°C. Finally, cells were plated on LB agar supplemented with the appropriate antibiotic 

and incubated at 37°C overnight. 
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2.2.11 Transformation of S. aureus strains 

2.2.11.1 Electroporation of S. aureus strain RN4220 

 A 4 ml overnight culture of RN4220 was backdiluted 1:100 into 200 ml TSB, and 

incubated with shaking at 37°C for 3 hours. The cells were harvested by centrifugation at 

6000 x g for 10 mins at 4°C. The supernatant was discarded, and the pellet was washed 

twice with an equal volume of wash solution (sterile 0.5 M sucrose kept ice cold) using the 

same centrifugation conditions. The pellet was washed again with half the volume of wash 

solution and finally suspended in 2 ml of wash solution. For each electroporation, 110 µl of 

cell suspension was used, with 12 µl of dialysed plasmid DNA (~120 ng total DNA). The 

electroporation conditions were 100 ohms, 2.5 kV, 25 µF. Immediately after electroporation 

the cells were recovered in 0.9 ml BHI 0.5 M sucrose medium at 30°C for 1 hour before 

plating aliquots onto TSB plates supplemented with the appropriate antibiotic, which were 

incubated overnight at the same temperature. 

2.2.12 Phage transduction of S. aureus cells 

2.2.12.1 Preparation of phage lysate 

 An overnight culture of the donor strain grown in 5 ml LB/TSB (2:1) + 5 mM CaCl2 

was diluted 1: 50 into 4 ml LB/TSB (2:1) + 5 mM CaCl2 and incubated for 3 hours at 37°C. 

Following this, 100 µl of 10-fold serial dilutions (10-1 - 10-5) of phage 85 lysate was added to 

500 µl of cells and the mixture was incubated at room temperature for 30 mins to allow 1 

cycle of replication, followed by the addition of 5 ml top agar (0.8 % NaCl, 0.8 % Bacto-Agar) 

prewarmed to 37°C. The mixture was plated onto prewarmed (37°C) TSA agar plates 

supplemented with the appropriate antibiotic, allowed to set, and the plates were incubated 

overnight at 37°C. Plates with a confluent layer of plaques were overlaid with 4 ml TMG 

buffer (10 mM Tris pH 7.5, 10 mM MgSO4, 0.1 % Gelatin), and incubated at room 

temperature for 20 mins. TMG buffer was removed from the plates and centrifuged at 3220 x 

g for 20 mins. The recovered phage lysate was sterile filtered through a 0.22 µm filter and 

stored at 4°C. 

 

2.2.12.2 Phage transduction of S. aureus 

 The recipient S. aureus Newman strain was used to inoculate 25 ml LB/TSB (1:1) + 5 

mM CaCl2 medium and was incubated overnight at 37°C. The cells were then harvested by 

centrifugation at 4500 x g for 10 mins and the subsequent cell pellet resuspended in 5 ml 

LB/TSB (1:1) + 5 mM CaCl2. Following this, 200 µl of lysate was added to 250 µl of 

concentrated cell preparation and incubated with shaking at 37°C for 20 mins. The 

cell/lysate mix was put on ice, 24 µl of ice cold 1 M sodium citrate was added, and the 
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mixture was centrifuged for 3 min at 10,000 x g. To wash the cells, the pellet was suspended 

in 1 ml 40 mM sodium citrate then centrifuged again in the same way. The cells were 

washed once more in 1 ml 40 mM sodium citrate, then finally suspended in 300 µl 40 mM 

sodium citrate and plated on TSA plates supplemented with 40 mM sodium citrate and the 

appropriate antibiotic. Colonies were restreaked twice onto the same medium to ensure 

removal of residual phage. 

 

2.2.13 Transformation of L. monocytogenes strains 

2.2.13.1 Electroporation of L. monocytogenes strains 

 All plasmids were introduced into L. monocytogenes strains by electroporation using 

the conditions described here unless otherwise indicated. A 3 ml overnight culture of the 

recipient strain was grown in BHI medium and used to inoculate 100 ml BHI/0.5 M sucrose 

medium that was subsequently grown at 37°C with shaking at 180 rpm to an OD600 = 0.2. 

Following this, penicillin G was added at a final concentration of 10 µg/ml and the culture 

was grown for a further 2 hours. To harvest cells, the culture was centrifuged at 6000 x g for 

10 mins at 4°C, the supernatant removed and the pellet resuspended in 100 ml ice-cold 

HEPES/sucrose buffer (1 mM HEPES, pH 7.0 / 0.5 M sucrose). The culture was centrifuged 

again twice in the same way to wash the pellet, first the pellet was resuspended in 30 ml and 

finally resuspended in 10 ml HEPES/sucrose. Lysozyme (Sigma) was added at a final 

concentration of 100 µg/ml and the suspension was incubated for 20 mins at 37°C. 

Following this, the cells were centrifuged at 6000 x g for 10 mins at 4°C then resuspended in 

10 ml HEPES/sucrose buffer. The pellet was centrifuged again at 6000 x g for 10 mins and 

finally resuspended in 1 ml of HEPES/sucrose. For each electroporation, 100 µl of this cell 

suspension was mixed with 12 µl of dialysed plasmid DNA (~6 mg total DNA) and 

electroporated under the following conditions; 2 KV, 400 ohms, 25 µFD. After 

electroporation, the cells were immediately transferred to 1 ml BHI/ 0.5 M sucrose and left to 

recover at either 30°C or 37°C as indicated. After 1 hour the cells were plated on selective 

agar at the appropriate temperature. 

 

2.2.13.2 Conjugation of L. monocytogenes 

 The E. coli SM10 donor strain containing the pPL2-based vector was grown in 5 ml 

LB + Cam 20 µg/ml overnight at 37°C. The L. monocytogenes recipient strain was grown in 

5 ml BHI + Streptomycin (Strep) 200 µg/ml overnight at 37°C. The overnight cultures from 

both strains were backdiluted, E. coli in LB + Cam 20 µg/ml and L. monocytogenes in BHI + 
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Strep 200 µg/ml, and both were grown at 37°C to an OD600 = 0.5-0.6. Following this, 2.5 ml 

of the E. coli culture were combined with 1.5 ml of L. monocytogenes and mixed briefly by 

vortex before passing the cell suspension through a 0.45 µm Whatman filter (VWR) that had 

been washed with BHI. The filter was placed cell side up on a BHI plate and incubated at 

30°C for 2 hrs unless otherwise stated. Following this, the filter was transferred to a petri 

dish and overlaid with 2.5 ml BHI. The cells were resuspended by gently shaking on an 

orbital shaker for 5 mins. Aliquots of this suspension were plated on BHI supplemented with 

Cam 7.5 µg/ml and Strep 200 µg/ml and incubated at 37°C overnight unless otherwise 

stated. 

 

2.2.14 Transformation of B. subtilis 

 All transformations for B. subtilis were performed using a previously described 

method by Cutting et al (Cutting & Vander Horn 1988). For this protocol, all solutions were 

made fresh immediately before each experiment. The solutions used in this protocol were 

prepared as follows; 10 x T-Base (15 mM (NH4)2SO4, 80 mM K2PO4, 44 mM KH2PO4, 3 mM 

trisodium citrate) was prepared and autoclaved to sterilise the solution. The T-base and 

sterile filtered solutions were used to prepare SpC medium (2 ml 10 x T-Base, 0.2 ml 50 % 

glucose, 0.3 ml 0.6 % MgSO4, 0.4 ml 10 % Bacto yeast extract, 0.5 ml 1 % casamino acids, 

0.2 ml 2 mg/ml tryptophan) made up to 20 ml total volume with ddH2O, SpII medium (10 ml 

10 x T-Base, 1 ml 50 % glucose, 7 ml 0.6 % MgSO4, 1 ml 1 % casamino acids, 1 ml 10 % 

bacto yeast extract, 0.5 ml 0.1 M CaCl2, 1 ml 2 mg/ml tryptophan) made up to a total volume 

of 100 ml with ddH2O, and SpII + EGTA (10 ml 10 x T-Base, 1 ml 50 % glucose, 7 ml 0.6 % 

MgSO4, 1 ml 1 % casamino acids, 1 ml 10 % bacto yeast extract, 1 ml 2 mg/ml tryptophan, 4 

ml EGTA (0.1 M, pH 8)) made up to 100 ml total volume with ddH2O. 

 To prepare competent B. subtilis cells, a recipient B. subtilis strain was plated to 

obtain a confluent layer on LB agar plates supplemented with the appropriate antibiotic and 

grown overnight at 30°C. Cells from this plate were scraped off into 2 ml SpC medium. The 

OD600 of this cell suspension was measured and used to inoculate 18 ml pre-warmed SpC 

medium to an OD600 = 0.5. This culture was incubated at 37°C with shaking at 180 rpm for 3 

hours, then 1 ml was used to inoculate 100 ml SpII supplemented with 0.5 mM CaCl2. The 

SpII culture was grown at 37°C for 1.5 hours with a slower aeration of 110 rpm. Following 

this, the cells were harvested by centrifugation at 2,500 x g for 15 mins at room temperature, 

and the supernatant removed and stored in a separate tube. The cell pellet was suspended 

in 9 ml of the saved supernatant and 1 ml sterile 50 % glycerol was added and mixed gently. 

A 500 µl aliquot of these cells was added to 500 µl SpII + EGTA. For each transformation, 
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10-500 ng of DNA was added to 200 µl of this suspension and incubated at 37°C for 30 mins 

with shaking at 180 rpm. Following this, 20 µl of 10 x T-Base and 2 µl of 50 % glucose was 

added to the suspension, and the cells were plated onto LB agar supplemented with the 

appropriate antibiotic and incubated at 30°C overnight. 

 

2.3 Strains and plasmid construction 

2.3.1 S. aureus strain construction 

 The allelic exchange plasmid for the construction of strain NewmanΔsav0704::ermC 

was constructed as follows. Using S. aureus strain Newman (ANG112) DNA as a template, 

primer pairs 1312/1313 and 1314/1315 were designed to amplify the 1 kb upstream and 1 kb 

downstream DNA region of the target gene sav0704. Primers 1318/1319 were also designed 

to amplify the erythromycin cassette ErmC from pCN49 (ANG203). These fragments were 

gel purified and ligated together by PCR with Herculase, using sequence specific primers 

946/947 containing attb1 overhangs at the 5’ and 3’ ends. Following this, the fragment was 

ligated into pKOR1 (ANG1429) using the BP Clonase II enzyme. This resulted in the 

construction of plasmid pKOR1Δsav0704::ErmC which was recovered in chemically 

competent DH5α cells, yielding strain ANG2220. The plasmid was extracted and the insert 

was amplified by PCR using primers 510/212 and checked by sequencing. Following this, 

the plasmid was purified and electroporated into RN4220 (ANG113). To integrate the 

plasmid, single colonies were used to inoculate 5 ml prewarmed TSB supplemented with 5 

µg/ml Cam and the culture was incubated at 42°C overnight shaking at 180 rpm. Following 

this, the culture was backdiluted 1: 1000 and incubated overnight again at 42°C. 

Subsequently, 10 µl of this culture was used to streak for single colonies on TSA plates 

supplemented with Cam 5 µg/ml and incubated overnight at 42°C. Single colonies from 

these plates were then used to inoculate 5 ml TSB in the absence of antibiotic, and these 

cultures were incubated at 30°C with shaking to excise the plasmid. Clones were passaged 

once again in this way and cultures subsequently serially diluted onto TSA plates 

supplemented with 200 ng/ml anhydrotetracycline (Atet), that were incubated at 37°C 

overnight. Single colonies were then patched first onto TSA + Cam 10 µg/ml, then onto TSA 

+ Erm 10 µg/ml and incubated at 37°C overnight. Colonies that were Cam sensitive, but Erm 

resistant were restreaked for single colonies onto TSA + Erm 10 µg/ml plates, and patched 

onto TSA + Cam 10 µg/ml to confirm Cam sensitivity. Single colonies were then inoculated 

into TSB + Erm 10 µg/ml and were incubated overnight shaking at 37°C. Chromosomal DNA 

from these clones was extracted, and the resulting DNA was used in a PCR reaction with 
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primers 1316/1317 to confirm allelic exchange and plasmid excision. This resulted in the 

construction of the sav0704 deletion strain RN4220Δsav0704::ErmC (ANG2388). 

 The Erm marked sav0704 deletion was transduced from RN4220Δsav0704::ErmC 

into S. aureus strain Newman using phage85, as described in section 2.2.12. To confirm 

transduction, the chromosomal DNA was extracted and the relevant region amplified by PCR 

using primers 1316/1317 that bind outside the allelic exchange region. Restriction digest of 

the PCR product with AciI (New England Biolabs) distinguished between mutant and 

wildtype. This resulted in strain NewmanΔsav0704::ErmC and (ANG2321). 

 

2.3.2 L. monocytogenes strain construction 

2.3.2.1 Construction of strains 10403SΔlmo2550, 10403SΔlmo0933, and 

10403SΔlmo1079 

 Allelic exchange plasmids for the construction of L. monocytogenes strains 

10403SΔlmo2550, 10403SΔlmo0933, and 10403SΔlmo1079 were constructed as follows. 

Using 10403S (ANG1263) chromosomal DNA as a template, primers 1298/1299 and 

1300/1301 were used to amplify the DNA regions 1 kb upstream and 1 kb downstream of 

lmo0933, primers 1305/1306 and 1307/1308 were used to amplify the DNA regions 1 kb 

upstream and 1 kb downstream of lmo2550, and primers 1527/1528 and 1529/1530 were 

used to amplify the DNA regions 1 kb up and downstream of lmo1079. The PCR reaction 

was carried out using Herculase polymerase. The resulting upstream and downstream PCR 

products for each gene were gel purified, combined, and a second reaction with Herculase 

polymerase was performed using primers 1298/1301, 1305/1308, 1527/1530 for lmo0933, 

lmo2550, and lmo1079 respectively to ligate the fragments, creating a deletion insert. All the 

inserts were sequentially digested with the restriction enzymes BamHI and KpnI (NEB) used 

according to the manufacturer's instructions, and ligated into the vector pKSV7 (ANG1264) 

that had been digested with the same enzymes, using T4 DNA ligase. The inserts were 

amplified by PCR with the pKSV7 specific primer pair 211/212 and the sequences confirmed 

by sequencing. This created the allelic exchange vectors pKSV7Δlmo0933, 

pKSV7Δlmo2550, and pKSV7Δlmo1079 that were recovered in XL1-Blue yielding strains 

ANG2222, ANG2223, and ANG2793 respectively. These strains were grown in 200 ml LB + 

Amp 100 µg/ml and plasmids were extracted by MIDI prep as described in section 2.2.1. 

These plasmids were transformed into L. monocytogenes 10403S by electroporation and the 

cells were recovered in 1 ml BHI/0.5 M sucrose at 30°C. After 1 hr cells were plated on BHI 

supplemented with 7.5 µg/ml Cam and incubated overnight at 30°C. Single colonies were 

restreaked on the same agar and incubated overnight at 30°C. Following this, a single 



66 
 

colony was used to inoculate 4 ml BHI supplemented with 7.5 µg/ml Cam which was 

incubated overnight at 30°C. Allelic exchange was performed as described previously by 

Camilli et al (Camilli et al. 1993). Briefly, the cultures were passaged by using 5 µl of the 

overnight cultures to inoculate 5 ml BHI + Cam 7.5 µg/ml that were incubated overnight at 

41°C. This process was repeated three times to facilitate plasmid integration, then 10 µl of 

these cultures were streaked for single colonies on BHI + 7.5 µg/ml Cam agar plates, that 

were subsequently incubated overnight at 41°C. Single colonies were used to inoculate 5 ml 

BHI without antibiotics, and cultures were passaged twice a day in this way at 30°C as 

described above to encourage plasmid excision. To detect a successful deletion mutant, 

overnight cultures were serially diluted, and 50 µl aliquots spread on BHI plates and 

incubated overnight at 37°C. Single colonies were patched onto TSA, BHI, and BHI + Cam 

7.5 µg/ml plates and grown overnight at 37°C. Colony PCR with Taq polymerase was 

performed from the TSA plate on colonies that were Cam sensitive using primers 1303/1304 

for lmo0933, 1310/1311 for lmo2550 and 1532/1533 for lmo1079. Deletion mutant colonies 

were identified by size difference of the PCR product compared to the wild type 10403S 

PCR product prepared with the same primers, and these clones were stocked at -80°C. A 

repeat colony PCR was performed to confirm the stocked isolate is a knockout mutant. This 

resulted in the construction of strains 10403SΔlmo0933 (ANG2325), 10403SΔlmo2550 

(ANG2226) and 10403SΔlmo1079 (ANG2794). 

 

2.3.2.2 Construction of the 10403SΔlmo0933 complementation strain 

 To complement the lmo0933 deletion in strain 10403SΔlmo0933, 10403S 

chromosomal DNA was used as a template with primers 1421/1422 to amplify a 1.4 kb 

region upstream of the gene containing its potential native promoter, as well as the full-

length lmo0933 gene. The PCR product was sequentially digested with BamHI and KpnI and 

ligated into the vector pPL3e (ANG1278) that had been cut with the same enzymes. The 

sequence of the cloned insert was confirmed using a PCR with pPL3e specific primer pair 

666/667. The resulting plasmid pPL3e-Plmo0993-lmo0933 was recovered in XL1-Blue yielding 

strain (ANG2322). This plasmid was introduced into 10403SΔlmo0933 by electroporation, 

and transformants were selected for by plating on BHI + Cam 7.5 µg/ml plates, generating 

strain 10403SΔlmo0933 pPL3e-Plmo0933-lmo0933 (ANG2495). 
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2.3.2.3 Construction of 10403SΔltaSSuppΔltaP 

 To construct a strain that was unable to synthesise GroP linked glycolipids, the allelic 

exchange vector pKSV7ΔltaP (ANG1378) was electroporated into 10403SΔltaSSupp 

(ANG2337). Allelic exchange was performed as described previously in section 2.2.13 for 

the L. monocytogenes strains. To detect a successful deletion mutant, overnight cultures 

were serially diluted and 50 µl spread on BHI plates and left overnight at 30°C. Single 

colonies were patched onto TSA, BHI, and BHI + Cam 7.5 µg/ml plates and grown overnight 

at 37°C. Colony PCR with Taq polymerase was performed from the TSA plate on colonies 

that were Cam sensitive, using primers 387/388 for ltaP and primers 380/381 for ltaS. 

Deletion mutant colonies were identified by size difference of the PCR product by agarose 

gel electrophoresis compared to the wild type 10403S. These clones were stocked at -80°C. 

A repeat colony PCR was performed to confirm the stocked isolate is a knockout mutant. 

This resulted in the construction of strain 10403SΔltaSSuppΔltaP (ANG3465). 

 

2.3.3 B. subtilis strain construction 

2.3.3.1 Construction of B. subtilisΔykcC, B. subtilisΔykcB, B. subtilisΔcsbB, B. 

subtilisΔyfhO, B. subtilisΔykoT, B. subtilisΔykoS 

 To generate deletion mutants in B. subtilis 168, primers containing restriction enzyme 

recognition sites were designed to amplify 1 kb up and downstream of the target gene. The 

PCR products were digested sequentially with ApaI and XhoI and fused to an antibiotic 

resistance cassette that had been cut with the same enzymes, using DNA ligase. The 

products were gel purified and their size confirmed by gel electrophoresis on an agarose gel. 

The antibiotic resistance cassettes were excised from purified plasmid DNA of pCN34 (Kan) 

(ANG201), pCN49 (Erm) (ANG203) and pCN38 (Cam) (ANG1676) using restriction enzymes 

ApaI and XhoI in sequential digests. PCR products generated using primer pairs 1534/1535 

and 1536/1537 (ykcC), and 1564/1565 and 1566/1567 (ykoS) were digested and fused to a 

Cam cassette. PCR products generated using primer pairs 1540/1541 and 1542/1543 

(ykcB), and 1546/1547 and 1548/1549 (csbB) were digested and fused to a Kan cassette. 

PCR products generated using primer pairs 1552/1553 and 1554/1555 (yfhO), and 

1558/1559 and 1560/1561 (ykoT) were digested and fused to an Erm cassette. These 

fragments were gel purified and their sizes were confirmed by gel electrophoresis on an 

agarose gel. Purified ligation products were used to transform competent B. subtilis 168 

cells, and transformants were selected for by plating on LB agar supplemented with the 

appropriate antibiotic. The chromosomal DNA was purified from selected transformants and 

mutants were confirmed by PCR using the following primers; 1538/1539 (ykcC), 1544/1545 
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(ykcB), 1550/1551 (csbB), 1556/1557 (yfhO), 1562/1563 (ykoT), and 1568/1569 (ykoS). This 

generated strains B. subtilisΔykcC::Cam (ANG2747), B. subtilisΔykcB::Kan (ANG2748), B. 

subtilisΔcsbB::Kan (ANG2749), B. subtilisΔyfhO::Erm (ANG2750), B. subtilisΔykoT::Erm 

(ANG2751), and B. subtilisΔykoS::Cam (ANG2752). 

 

2.3.3.2 Construction of B. subtilisΔcsbB and B. subtilisΔyfhO 

complementation strains 

B. subtilisΔcsbB and B. subtilisΔyfhO strains were complemented using the 

pDG1662 plasmid (ANG2802), which is designed to integrate into the amyE locus. The 

amyE gene encodes the amylase enzyme that is able to breakdown starch. Therefore to 

confirm correct plasmid integration, colonies were patched onto LB agar plates containing 1 

% starch (Sigma), and following overnight incubation at 30°C, the plates were flooded with 

Lugols iodine (Sigma). After 20 mins, zones of clearance were observed around wildtype B. 

subtilis colonies that posses an intact amyE gene, but transformants with a successful 

plasmid integration that hence possessed a disrupted amyE gene, did not exhibit this zone 

of clearance. Integration was also confirmed by PCR using the plasmid specific primer 1663 

and an insert specific primer to amplify the 5' portion of the plasmid, and the plasmid specific 

primer 1664 in conjunction with an insert specific primer to amplify the 3' portion of the 

plasmid. 

To complement the csbB mutation in strain B. subtilisΔcsbB, PCR primer pair 

1624/1625 were used to amplify the full-length csbB gene with the upstream intergenic 

region to include the potential promoter. The size of the resulting PCR product was 

confirmed by agarose gel electrophoresis. Following this, the PCR product and the pDG1662 

plasmid were digested sequentially with BamHI and HindIII, then ligated together using DNA 

ligase. This generated the plasmid pDG1662-PcsbB-csbB, which was recovered in XL1-Blue 

(ANG2905). The sequence of the insert was confirmed by PCR using primer pair 1633/1634 

and sequencing. This plasmid was linearised using the XhoI restriction enzyme that digests 

the plasmid backbone at a location outside the amyE homologous regions. This effectively 

generates a cloned insert that is flanked by fragments homologous to amyE, which allows a 

double crossover recombination event to occur, leading to a stable integration. The 

linearised plasmid was transformed into B. subtilisΔcsbB (ANG2749) generating the strain B. 

subtilisΔcsbB amyE::PcsbB-csbB (ANG3017). Integration was confirmed by assaying for 

starch metabolism as described above, and also by PCR using primer pairs 1663/1547 and 

1664/1548 to amplify the 5' and 3' portions of the insert. 
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To complement the yfhO deletion in strain B. subtilisΔyfhO three strategies were 

used. First, primer pair 1627/1628 was used to clone the yfhO gene with the upstream 

intergenic region to include the potential promoter. The resulting PCR fragment was 

sequentially digested with BamHI and HindIII and ligated to pDG1662 that had been cut with 

the same enzymes using DNA ligase. This generated the plasmid pDG1662-PyfhO-yfhO, 

which was recovered in XL1-Blue (ANG2906). The sequence of the insert was confirmed 

using a PCR product using primer pair 1633/1634. This plasmid was linearised as described 

above and introduced into B. subtilisΔyfhO generating B. subtilisΔyfhO amyE::PyfhO-yfhO 

(ANG3458). Integration was confirmed by assaying for starch metabolism as described 

above, and also by PCR using primer pairs 1663/1553 and 1664/1554 to amplify the 5' and 

3' portions of the insert. 

 As this approach failed to complement mutation in strain B. subtilisΔyfhO, an 

alternative method was used to place yfhO under the control of an inducible promoter. 

Primer pair 1669/1670 was used to clone the yfhO gene only, and primer 1669 included an 

RBS with optimum activity in B. subtilis. The resulting PCR fragment was sequentially 

digested with SalI and SphI and ligated with plasmids pDR110 (ANG678) and pDR111 

(ANG680) that had been cut with the same enzymes. This placed the insert under the 

control of the IPTG inducible spank or hyperspank promoters, respectively. The plasmids 

were recovered in XL1-Blue pDR110-Pspank-RBS-yfhO (ANG2958) and pDR111-PHyspank-

RBS-yfhO (ANG2959). The sequence of the insert was confirmed using plasmid specific 

primer pair 1671/1672. 

The plasmids were linearised with XhoI as described above and introduced into 

strain B. subtilisΔyfhO and B. subtilisΔcsbB, generating B. subtilisΔyfhO amyE::PSpank-yfhO 

(ANG3461), B. subtilisΔyfhO amyE::PHyspank-yfhO (ANG3462), B. subtilisΔcsbB amyE::PSpank-

yfhO (ANG3463) and B. subtilisΔcsbB amyE::PHyspank-yfhO (ANG3464). Integration was 

confirmed by PCR using primer pairs 1663/1554 and 1664/1553 to amplify the 5' and 3' 

portions of the inserts. 

 Finally, to complement the B. subtilisΔyfhO mutant with the csbB-yfhO operon, 

primers 1624/1628 were used to amplify both csbB-yfhO including the intergenic region 

upstream of csbB to include the native promoter. In addition, a variation of the above insert 

was constructed to introduce a mutation in csbB at D97A. Primers 1624/1731 were used to 

amplify the intergenic region upstream of csbB, and the 5' end of csbB including the D97A 

point mutation with an overlapping sequence. Primers 1628/1732 were used to amplify the 3' 

end of csbB including the D97A mutation and the yfhO gene. The resulting PCR fragments 

were fused together by splicing by overlap extension (SOE) PCR using primer pair 
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1624/1628. Both the inserts were sequentially digested with BamHI and HindIII then ligated 

to pDG1662 that had been digested with the same enzymes, using DNA ligase. This 

generated the plasmids pDG1662-PcsbB-csbB-yfhO and pDG1662-PcsbB-csbBD97A-yfhO that 

were recovered in XL1-Blue to generate strains (ANG3508) and (ANG3303) respectively. 

The sequence of these inserts was confirmed by sequencing a PCR product generated 

using primer pair 1633/1634. These plasmids were linearised using XhoI and introduced into 

B. subtilisΔcsbB and B. subtilisΔyfhO strains, generating B. subtilisΔcsbB amyE::PcsbB-csbB-

yfhO (ANG3509), B. subtilisΔyfhO amyE::PcsbB-csbB-yfhO (ANG3510), B. subtilisΔcsbB 

amyE::PcsbB-csbBD97A-yfhO (ANG3305), B. subtilisΔyfhO amyE::PcsbB-csbBD97A-yfhO 

(ANG3304). Integration was confirmed by PCR using primer pairs 1663/1554 and 1664/1553 

to amplify the 5' and 3' portions of the inserts. 

 

2.3.3.4 Construction of L. monocytogenes strains expressing InlB-His and 

InlB-AmiGW-His reporter proteins 

 Several Listeria strains were transformed with plasmids for the expression of His-

tagged GW domain containing proteins. Plasmids pHPL3 (ANG1277), pHPL3-inlB-His 

(ANG1551), and pHPL3-inlB-amiGW-His (ANG1975) were introduced into wildtype L. 

monocytogenes 10403S, 10403SΔltaS, and 10403SΔltaSSupp strains by a previous lab 

member. Introduction of the plasmids into 10403S generated strains 10403S pHPL3 

(ANG1414), 10403S pHPL3-inlB-His (ANG1626), and 10403S pHPL3-inlB-amiGW-His 

(ANG2015). Introduction of the plasmids into 10403SΔltaS (ANG1386) generated strains 

10403SΔltaS pHPL3 (ANG1411), 10403SΔltaS pHPL3-inlB-His (ANG1628), and 

10403SΔltaS pHPL3-inlB-amiGW-His (ANG2035). Introduction of the plasmids into 

10403SΔltaSSupp (ANG2337) generated strains 10403SΔltaSSupp pHPL3-inlB-His (ANG1630), 

and 10403SΔltaSSupp pHPL3-inlB-amiGW-His (ANG2037). The plasmids had also been 

introduced into the E. coli SM10 strain to allow conjugation experiments generating strains 

SM10 pHPL3 (ANG1375), SM10 pHPL3-inlB-His (ANG1625), and SM10 pHPL3-inlB-

amiGW-His (ANG2014). 

As part of this thesis work, the plasmids were also introduced into; 10403SΔlmo0933 

to generate strains 10403SΔlmo0933 pHPL3 (ANG3329), 10403SΔlmo0933 pHPL3-inlB-His 

(ANG3330), and 10403SΔlmo0933 pHPL3-inlB-amiGW-His (ANG3331); into 10403SΔdltA 

(ANG1783) to generate 10403SΔdltA pHPL3 (ANG3332), 10403SΔdltA pHPL3-inlB-His 

(ANG3333), and 10403SΔdltA pHPL3-inlB-amiGW-His (ANG3334); and also into 

10403SΔlmo2550 to generate strains 10403SΔlmo2550 pHPL3 (ANG2509), 
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10403SΔlmo2550 pHPL3-inlB-His (ANG2510), and 10403SΔlmo2550 pHPL3-inlB-amiGW-

His (ANG2511). 

 The plasmids were also electroporated into the 10403SΔtagO1-O2Supp (ANG2350) 

strain following the protocol in section 2.2.13, but with the following modifications. The cells 

were grown in BHI/sucrose as per the standard protocol to an OD600 = 0.2. At this point, 

rather than being incubated with Penicillin G or lysozyme, the cells were directly washed with 

sodium citrate buffer and concentrated suspensions were used for electroporations. This 

generated the strains 10403SΔtagO1-O2Supp pHPL3 (ANG2512), 10403SΔtagO1-O2Supp 

pHPL3-inlB-His (ANG2513), and 10403SΔtagO1-O2Supp pHPL3-inlB-amiGW-His (ANG2514). 

 The plasmids pHPL3, pHPL3-inlB-His, pHPL3-inlB-amiGW-His were also used to 

transform the 10403SltaSSuppΔltaP (ANG3465) strain. To achieve this, E. coli SM10 strains 

SM10 pHPL3 (ANG1375), SM10 pHPL3-inlB-His (ANG1625) and SM10 pHPL3-inlB-

amiGW-His (ANG2014) which were available in the lab, were used to transfer the plasmids 

into the 10403SΔltaSSuppΔltaP double mutant by conjugation. This generated strains 

10403SΔltaSSuppΔltaP pHPL3 (ANG3324), 10403SΔltaSSuppΔltaP pHPL3-inlB-His 

(ANG3325) and 10403SΔltaSSuppΔltaP pHPL3-inlB-amiGW-His (ANG3326). Positive clones 

were determined by their growth on BHI agar supplemented with Cam 7.5 µg/ml, and were 

tested for expression of His-tagged proteins by western blot. 

 

2.3.3.5 Construction of strains for the expression of MBP-His tagged InlBGW 

and AmiGW proteins 

 Expression vectors for the production of MBP-His-tagged-GW domain fusion proteins 

were constructed as follows. Primer pair 1804/1805 was used to amplify the GW domain 

region of the inlB gene (InlBGW), and primer pair 1806/1807 the GW domain region from the 

ami (AmiGW) gene using plasmids pQE30-GFP-inlBGW (ANG1451) and pQE30-GFP-

amiGW (ANG2157) as a template. The inserts were sequentially digested with NdeI and 

BamHI and ligated into pVL847 (ANG2816), which had been cut with the same enzymes. 

This generated pVL847-inlBGW-His and pVL847-amiGW-His that were recovered in XL1-

Blue generating strains ANG3178 and ANG3179, respectively. The sequence of these 

inserts was confirmed using primers 1673 and 1674. The plasmids pVL847-inlBGW-His and 

pVL847-amiGW-His were transformed into BL21(DE3) expression cells by heat shock, 

generating strains ANG3180 and ANG3181 respectively.  
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2.4 Standard techniques for protein analysis 

2.4.1 Quantification of Protein sample 

 Protein quantifications were performed using the Pierce BCA assay kit 

(ThermoFischer). The assay was performed as per the manufacturers protocol.  

 

2.4.2 Sodium Dodecyl Sulphate Poly-Acrylamide Gel Electrophoresis (SDS-

PAGE) 

 Proteins and LTA were separated according to their molecular weight on either 10 % 

or 15 % PAA gels, prepared as described by Sambrook et al (Sambrook 1989). Prior to 

loading onto PAA gels, samples were resuspended in 2 x protein sample buffer (62.5 mM 

Tris-HCl pH 6.8, 2 % Sodium Dodecyl Sulphate (SDS), 10 % glycerol, 0.01 % bromophenol 

blue (BPB), 10 % (v/v) β-mercaptoethanol) as indicated. To estimate protein sizes, either 5 

µl of Benchmark (Invitrogen) or 2.5 µl of Pageruler (Invitrogen) protein ladders, were run 

alongside 10 µl of each sample. Proteins were separated by electrophoresis using a Hoefer 

Mini Protein Electrophoresis system in 1 x SDS running buffer (14.4 g/L glycine, 3 g/L Tris-

Base, 1 g/L SDS). Electrophoresis was typically carried out at 200 V for 45 mins. 

 

2.4.3 Protein staining with coomassie brilliant blue 

 To visualise proteins, PAA gels were stained by immersing in coomassie brilliant blue 

staining solution (2.5 g/L coomassie brilliant blue R250, 45 % methanol, 10 % acetic acid), 

for 1 hr at room temperature with moderate shaking. Following this, the stain was removed 

and washed repeatedly with destaining solution (45 % methanol, 10 % acetic acid) until 

protein bands were clearly visible. 

 

2.4.4 Western blot analysis 

 LTA and protein samples separated on PAA gels were transferred to a PVDF 

membrane using a Hoefer electrophoretic transfer cell system. Transfer was performed at 

1000 mA in transfer buffer (3 g/L Tris-base, 14.5 g/L glycine, 20 % methanol) for 1 hr. 

Following this, the membrane was blocked by immersion in 20 ml 5 % milk in Tris buffered, 

saline (TBS) containing 0.1 % tween pH 7.4 (TBST), for 1 hour with moderate shaking. 

Subsequently, primary antibodies as indicated were added to fresh 20 ml 5 % milk in TBST 

and incubated overnight with moderate shaking at 4°C. To remove unbound antibody, the 

membranes were washed 3 x 10 mins in 20 ml 1 x TBST at room temperature. If required, 

membranes were incubated with a secondary antibody in 20 ml 5 % milk in TBST for 3 hrs at 

4°C. The membranes were washed as described above followed by incubation for 2 mins 
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with ECL (100 mM Tris-HCl pH 8.5, 2.5 mM luminol. 2.5 mM P-coumaric acid) containing 

0.009 % hydrogen peroxide at room temperature. The chemiluminescent signal was 

captured using an ECL Hyperfilm (GE Healthcare) which was developed using an automated 

developer (AGFA-Healthcare N. V.). 

 

2.5 Peptidoglycan purification and analysis 

 For the wildtype 10403S strain, an overnight culture was used to inoculate 1 L of BHI 

medium to an OD600 = 0.06 and the culture was grown at 37°C until it reached an OD600 = 1. 

For the 10403SΔtagO1/O2Supp mutant strain, 2 x 1 L cultures were grown in the same way to 

an OD600 of 0.5 - 0.6. From this point all cultures were treated the same. Cell cultures were 

placed on ice for 1 hour, the cells were harvested by centrifugation at 6000 x g for 10 mins at 

4°C and resuspended in 15 ml ddH2O. An SDS solution was added to a final concentration 

of 4 %, and the suspension was boiled by adding 5 ml at a time to a tube suspended in 

boiling water, with 5 min intervals to maintain a constant temperature. The total cell 

suspension was then boiled for a further 30 mins, then the cells were allowed to cool to room 

temperature. Following this, the cells were collected by centrifugation at 13,000 x g for 15 

mins at 18°C, the supernatant was discarded, and the cell walls were washed by 

resuspension in 40 ml ddH2O. The cells were washed 5 more times to remove the SDS, and 

resuspended in a final volume of 7 ml ice-cold ddH2O. An equal volume of 0.1 mm glass 

beads were added to the cell wall suspension and cells were broken at 4°C by vortex (5 x 3 

min runs) at maximum speed. The cell suspension was kept on ice between runs. After lysis, 

the cells were harvested by centrifugation at 200 x g for 10 mins to settle glass beads, and 

the supernatant was transferred to a fresh tube and stored on ice. The beads were 

resuspended in ice-cold 14 ml ddH2O and vortexed as before. The glass beads were 

pelleted by centrifugation at 200 x g for 1 min and the supernatant was combined with that 

from the first supernatant. Using the same centrifugation conditions, the glass beads were 

washed twice more with 14 ml ddH2O, and all supernatants combined. Following this, the 

combined supernatants were centrifuged for 20 mins at 23,400 x g at 4°C to pellet the cell 

walls. The pellets were washed with 25 ml ddH2O and spun again in the same way. The cell 

wall pellet was resuspended in 100 mM Tris-HCl pH 7.5 to a total volume of 10 ml, and α-

amylase (Sigma) was added to a final concentration of 100 µg/ml. The cell walls were 

incubated for 2 hours at 37°C on a rotator wheel. After 2 hours, DNase (Sigma) and RNase 

(Sigma) were added at final concentrations of 10 µg/ml and 50 µg/ml respectively. MgSO4 

was also added at a final concentration of 20 mM, and the suspension was incubated at 

37°C on a rotator wheel for a further 2 hours. The cells were then treated with trypsin 

(Worthington) at a final concentration of 100 µg/ml, and CaCl2 was also added at a final 
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concentration of 10 mM. The suspension was incubated at 37°C on the rotator wheel for a 

further 16 hours. After this time, an SDS solution was added at a final concentration of 1 % 

and the enzymes were inactivated by boiling for 15 mins. The cell walls were collected by 

centrifugation at 23,400 x g for 25 mins at 4°C. Using the same centrifugation conditions, the 

cells were washed by resuspending twice with 25 ml ddH2O, once with 20 ml 8 M LiCl, and 

once with 25 ml 100 mM EDTA pH 8. The cell walls were then washed twice more with 25 ml 

ddH2O and finally once with 25 ml acetone. After the final spin, the pellet was air dried for 10 

mins, then resuspended in 12 ml ddH2O. The sample was split in two; half was stored at -

20°C and the other half was lyophilised. To remove wall teichoic acid, the lyophilised 

material was resuspended in hydrofluoric acid at a concentration of 5 mg material per 2 ml 

HF. The suspension was incubated at 4°C with moderate agitation for 48 hours. Following 

this, the peptidoglycan were harvested by centrifugation at 23,400 x g for 30 mins at 4°C, 

then the pellet was washed as before by resuspending twice with 25 ml ddH2O, twice with 25 

ml 100 mM Tris-HCl pH 7.5, and twice more with 25 ml ddH2O. The peptidoglycan was 

resuspended in a final volume of 5 ml 100 mM (NH4)2CO3. To this suspension, 200 units of 

alkaline phosphatase (Sigma) were added and the suspension was incubated at 37°C for 16 

hours on a rotator wheel. After this incubation, the sample was boiled for 5 mins to inactivate 

the enzyme, then the volume was made up to 25 ml with ddH2O and the peptidoglycan was 

harvested by centrifugation at 23,400 x g for 30 mins. Using the same centrifugation 

conditions, the sample was washed twice with 25 ml ddH2O, then lyophilysed and the weight 

of peptidoglycan material was calculated. 

 

2.5.1 Pepdioglycan preparation for HPLC analysis 

 To prepare purified peptidoglycan for analysis by HPLC, the samples were treated 

with mutanolysin to generate muropeptides. Purified peptidoglycan was resuspended in 12.5 

mM sodium phosphate pH 5.9 to a concentration of 5 mg/ml and then treated with 550 units 

of mutanolysin (Sigma). The samples were incubated on a rotator wheel at 37°C for 20 

hours, boiled for 5 mins, then centrifuged for 5 mins at 17,000 x g and the supernatant 

transferred to a fresh tube. The sample was centrifuged again the same way and the 

supernatant was combined with that from the first spin. For HPLC analysis, 100 µl of 

muropeptides were combined with an equal volume of 0.5 M borate buffer (pH 9). The 

sample was reduced with a small amount of sodium borohydride for 20 mins at room 

temperature, then the reaction was stopped by adding 20 % phosphoric acid until the pH of 

the sample dropped to pH 2.5. The reaction was centrifuged at 17,000 x g for 5 mins to 

pellet the insoluble material, and 100 µl of the supernatant was analysed by High 

Performance Liquid Chromatography (HPLC) on an Agilent 1260 Infinity machine, based on 
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a previously published method (Antignac et al. 2003). The sample was loaded onto a 

Hypersil ODS 3 µm particle size 120 Å pore size C18 end capped 250 mm x 4.6 mm 

column. The sample was analysed against a linear gradient of buffer A (50 mM sodium 

phosphate pH 4.33) to buffer B (50 mM sodium phosphate pH 5.1 + 15 % methanol) at a 

flow rate of 0.5 ml/min for 120 mins at 52°C with UV monitoring at 205 nm. 

 

2.6 Methods for the analysis of LTA 

2.6.1 Preparation of cell lysates for the detection of LTA by Western Blot 

 To detect LTA from Listeria or Staphylococcus strains by Western blotting, 1 ml of an 

overnight culture was mixed with 0.5 ml 0.1 mm glass beads and lysed by vortexing for 45 

mins at 4°C. The glass beads were pelleted by centrifugation at 200 x g for 1 minute and 0.5 

ml of the supernatant was transferred to a fresh tube. The bacterial debris containing LTA 

were pelleted by centrifugation at 17,000 x g for 15 mins and suspended in sample buffer 

normalized for OD600
  = 2 in 90 µl. The samples were boiled for 20 mins then centrifuged at 

17,000 x g for 5 mins. Following this, 10 µl of each sample was separated on a 15 % SDS-

PAA gels. 

 To determine the amount of LTA released by the bacteria into the supernatant in 

Staphylococcus strains, 500 µl of overnight culture was centrifuged for 10 mins at 17,000 x 

g. Following this, 100 µl of the supernatant was transferred into a fresh tube and 100 µl 2 x 

protein sample buffer was added. Samples were boiled for 20 mins and then centrifuged for 

5 mins at 17,000 x g. Samples were analysed by separating 10 µl of each sample on a 15 % 

SDS-PAA gel. After the transfer from PAA gels onto a PVDF membrane as described above 

(section), LTA from S. aureus and L. monocytogenes was detected using a 1: 5000 dilution 

of α-LTA mouse monoclonal antibody (clone 55 from Cambridge Bioscience). This 

commercially produced antibody is raised against a mixed culture of Streptococcus sobrims 

strains, and is directed against the GroP backbone (Hogg et al. 1997). The product is quality 

assured by testing against S. aureus and has also been used in several studies to detect 

LTA from a range of Gram-positive bacteria, including published studies undertaken by the 

Gründling lab (van Langevelde et al. 1998; Gründling & Schneewind 2007b; Webb et al. 

2009; Hirose et al. 2010). Therefore it was decided that this antibody was appropriate to use 

for the detection of LTA derived from S. aureus and L. monocytogenes during this study. 

Following incubation with the α-LTA antibody, the blots were incubated with a secondary 

HRP-conjugated anti-mouse antibody at a dilution of 1:10000.  
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 To detect LTA from B. subtilis cells by western blotting, 3 ml of an overnight culture 

grown in PAB medium was centrifuged at 17, 000 x g for 30 mins to harvest cells. The pellet 

was resuspended in protein sample buffer to an OD600 = 3 in 100 µl, then samples were 

boiled for 45 mins. Following this the cells were harvested by centrifugation at 17, 000 x g for 

5 mins and 10 µl was separated on a 15 % PAA gel. Following transfer onto a PVDF 

membrane (see section 2.4.4), a humanised monoclonal α-LTA antibody (Biosynexus 

Incorporated; Gaithersburg, MD). This murine/human chimeric antibody was originally raised 

against LTA from S. aureus, and is highly active against all strains from this species 

(Weisman et al. 2011). Furthermore, this antibody has been used previously to reliably 

detect LTA in B. subtilis (Wörmann et al. 2011a). Following incubation with the humanised 

monoclonal α-LTA antibody, the blots and an HRP-conjugated polyclonal rabbit anti-human 

IgA, IgG, IgM, Kappa, Lambda antibody (DakoCytomation) were used at 1:10,000 dilutions 

to detect LTA. 

 

2.6.2 LTA purification 

 An overnight culture was used to inoculate 3 x 1 L growth medium (10 ml/L) 

supplemented with the appropriate antibiotics that were incubated overnight at 37°C. The 

cells were harvested by centrifugation at 6000 x g for 15 mins, the supernatant was 

removed, and each pellet was resuspended separately in 0.1 M sodium citrate pH 4.7 buffer. 

The volume was made up to 50 ml with the same buffer then spun at 8000 x g for 10 mins 

after which the pellets were recombined in 40 ml 0.1 M sodium citrate pH 4.7. An equivalent 

of 40 ml in volume of 0.2 mm glass beads was added to this cell suspension and the volume 

was made up to 100 ml with the 0.1 M sodium citrate pH 4.7 buffer. The cells were lysed 

using the bead beater at 4°C for 5 x 2 min runs with 5 min intervals on ice. To settle the 

beads, the suspension was centrifuged for 1 min at 200 x g and the supernatant was 

transferred to a fresh tube. The glass beads were resuspended in 20 ml 0.1 M sodium citrate 

pH 4.7 buffer by vortexing and centrifuged again as before. The supernatant was combined 

with the first supernatant and centrifuged again at the same speed to ensure removal of all 

the beads. The supernatant was transferred to two fresh centrifuge tubes, the volumes made 

up to 45 ml with 0.1 M sodium citrate pH 4.7 and suspensions centrifuged for 40 mins at 

13,000 x g. The pellets were combined, resuspended in 45 ml 0.1 M sodium citrate pH 4.7 

and centrifuged again in the same way. The pellets were finally resuspended in 60 ml 0.1 M 

sodium citrate pH 4.7. An equal volume of 1-butanol was added and stirred vigorously at 

room temperature for 30 mins. The suspension was centrifuged at 13,000 x g for 20 mins 

and the liquid phase was decanted into fresh tubes. The liquid phase was centrifuged again 

in the same way, and the lower aqueous phase removed and dialysed with slow stirring 
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against 20 mM sodium citrate pH 4.7 (2 L per sample) using a 1 kDa cutoff membrane at 

4°C. After 2 hours, the membranes were transferred into 2 litres of fresh buffer and dialysed 

overnight with slow stirring at 4°C. The LTA was purified by hydrophobic interaction 

chromatography using an Agilent Fast Protein Liquid Chromatography (FPLC) machine. The 

sample was loaded at a rate of 0.5 ml/min onto an octyl sepharose column that had been 

equilibrated with 100 ml equilibration buffer (0.1 M sodium citrate pH 4.7 15 % 1-propranol) 

at a flow rate of 0.5 ml/min. The column was washed with 120 ml equilibration buffer at a 

flow rate of 0.5 ml/min, before the LTA was eluted with a linear gradient of buffers A (50 mM 

sodium citrate pH 4.7 15 % 1-propranol) and B (50 mM sodium citrate pH 4.7 65 % 1-

propranol) from 0-100 % buffer B. Total volume flow-through was 300 ml at a flow rate of 0.5 

ml/min, collected into 5 ml fractions. To identify fractions containing LTA, 20 µl of fractions 

were mixed with 60 µl 2 x protein sample buffer and subjected to western blot using an LTA 

specific antibody as described in section 2.6.1. Fractions containing LTA were combined and 

dialysed in membranes with a 1 KDa cutoff against 2 L ddH2O twice a day for 5 days. The 

sample was then lyophilized and stored at -20°C. 

 

2.6.3 NMR Analysis of purified LTA 

 To analyse the LTA by 1D 1H NMR, 2 mg of purified LTA was suspended in 500 µl 

D2O of 99.96 % purity and lyophilised. The LTA was resuspended and lyophilised once more 

in this way, and finally resuspended in 500 µl of D2O of 99.99 % purity. NMR spectra were 

acquired on a 600 MHz Bruker Avance III spectrometer equipped with a TCI cryoprobe. 1d 

spectra for quantification were recorded with a 5s recycle delay and ca 45 degree proton flip 

angle to ensure accurate integration. Data were analysed in Topspin 3.1 (Bruker Biospin 

Ltd). 

 

2.7 Techniques for the analysis of WTA  

2.7.1 Isolation of WTA from Listeria 

 The cells from a 45 ml overnight culture were harvested by centrifugation for 10 mins 

at 6,000 x g. The pellet was washed with 20 ml 20 mM sodium acetate pH 4.6 buffer, and 

resuspended in 800 µl of the same buffer. The cell suspension was transferred to a fastprep 

tube and 800 µl of 0.1 mm glass beads was added, then the volume was made up to 2 ml 

using the same buffer. The cells were lysed using a FastPrep machine (MP bioscience) at 3 

x 1 min runs with 2 min incubations between runs on ice. The samples were centrifuged at 

200 x g for 1 min to sediment the glass beads, and the supernatant was transferred to a 
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fresh tube. The glass beads were resuspended in 750 µl 20 mM sodium acetate pH 4.6 

buffer, centrifuged as before, then supernatant was combined with the supernatant from the 

first spin. The cell walls were harvested by centrifugation at 17, 000 x g for 5 mins and 

resuspended in a final volume of 1 ml of 20 mM sodium acetate buffer pH 4.6 + 4 % SDS. 

The cell wall suspension was boiled for 30 mins transferred to a fresh tube and the volume 

made up to 10 ml with 20 mM sodium acetate pH 4 buffer. To remove the SDS, the sample 

was centrifuged at 6,000 x g for 10 mins and the pellet was resuspended in the same buffer. 

This wash step was repeated then the pellet was suspended in 800 µl of the same buffer 

and centrifuged at 17, 000 x g for 5 mins. The pellet was resuspended in 20 mM sodium 

acetate pH 4.6 so that based on the OD600 of the overnight culture so that OD600 = 1 in 10 µl. 

To liberate the WTA, NaOH was added at a final concentration of 0.1 M in a final volume of 

500 µl, and the sample was incubated at 65°C for 2 hours. The sample was centrifuged at 

for 10 mins at 17, 000 x g and the supernatant was transferred to a fresh tube and stored at -

20°C. 

 

2.7.2 Separation of WTA on an agarose gel 

 To analyse the WTA, 10 µl purified WTA was mixed with 10 µl 2 M sucrose in TBE, 

then 5 µl was loaded onto a 15 % TBE-PAA gel and run at 100 V for 1 hour in 0.5 x TBE 

buffer using a Hoefer's mini protein electrophoresis system. The WTA was visualised using 

either alcian blue followed by silver staining, or just silver staining. 

 

2.7.3 Alcian blue staining 

 PAA gels were immersed in 0.5 % alcian blue (Sigma) (made in 1 % acetic acid) and 

incubated with moderate shaking for 1 hour at room temperature. Excess alcian blue was 

removed by rinsing the gel several times with ddH2O then incubating with ddH2O for 1 hr at 

room temperature. Following this, the gel was fixed by incubation with a 40 % methanol + 10 

% acetic acid solution. 
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2.7.4 Silver staining 

 Destained and fixed TBE-PAA gels were washed again in ddH2O to remove any 

residual acetic acid. The PAA gel was overlaid with oxidation solution (3.4 mM potassium 

dichromate + 3.2 mM nitric acid) and incubated for 10 mins with moderate shaking. The gels 

were washed by briefly washing in ddH2O then 2 x 2 min washes in ddH2O. Following this, 

gels were immersed in 12 mM silver nitrate solution for 20 mins with moderate shaking, then 

washed once briefly in ddH2O. The gel was overlaid with developing solution (0.28 M sodium 

carbonate, 6 mM formaldehyde) for 10 secs, then the solution was discarded and fresh 

developing solution was added swirled until a brown precipitate was observed. To stop 

further colouration, the developing solution was removed and a stop solution (5 % acetic 

acid) was added. Images were taken with a GelDoc EZ Imager (Biorad) with ImageLab 3.0 

software. 

 

2.8 Assays for studying the localisation of GW domain containing 

proteins 

2.8.1 Preparation of Listeria supernatant and cell associated fractions for the 

detection of His-tagged reporter proteins by western blot 

 

 To assess the cellular localisation of reporter proteins, the different L. 

monocytogenes strains were grown in 5 ml BHI overnight cultures at 37°C (or 30°C for the 

10403SΔtagO1-O2Supp strain). Next day, 1.2 ml of this culture was centrifuged at 17, 000 x g 

for 10 mins to harvest cells. Following this, 1 ml of the supernatant was transferred to a fresh 

tube (supernatant fraction). The remaining supernatant was aspirated leaving a cell pellet 

(cell associated fraction). To prepare the cell associated fraction, the pellet described above 

was resuspended in 2 x SDS sample buffer normalized an OD600 = 2 in 100 µl. To prepare 

the supernatant fraction, 100 µl of cold trichloroacetic acid (TCA) was added to the 1 ml 

supernatant described above and the sample was vortexed and incubated on ice for 1 hour. 

Then the samples were centrifuged at 17, 000 x g for 10 mins and the supernatant was 

aspirated. The pellet washed by resuspending in 1 ml cold acetone followed by vortexing 

and incubation for 1 hour on ice. The sample was centrifuged as before and the supernatant 

aspirated. The sample was washed once more with cold acetone as described above, then 

the pellet was air dried for 10 mins, and resuspended so that 1 ml of an overnight culture 

with an OD600 = 2 was resuspended in 100 µl of 2 x protein sample buffer. Both the 

supernatant and cell associated fractions were boiled for 20 mins, spun down for 5 mins at 

17, 000 x g and 10 µl of each sample was separated on a 10 % PAA gel. 
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2.8.2 Protein purification of InlBGW and AmiGW proteins 

 A 50 ml culture of BL21(DE3) expression strains containing plasmids pVL847 

(ANG2890), pVL847-inlBGW (ANG3180), and pVL847-amiGW (ANG3181) was grown in LB 

medium supplemented with Amp 100 µg/ml was grown overnight at 30°C with shaking at 

180 rpm. This overnight was diluted 1: 50 into 1 L LB and the culture was grown until the 

OD600 = 0.6-0.7. At this point the cultures were induced using IPTG at a final concentration of 

0.5 mM before being incubated at 16°C overnight. Following this, the cells were harvested 

by centrifugation at 7,500 x g for 10 mins at 4°C, washed in 45 ml total volume cold lysis 

buffer (20 mM Tris pH 7.5, 150 mM, 5 % glycerol, 10 mM imidazole) and pelleted again by 

centrifugation as before. From this point everything was kept on ice unless otherwise 

indicated, and all centrifuge steps were performed at 4°C. The cells were suspended in a 

final volume of 20 ml lysis buffer containing protease inhibitors (Roche) and lysed by two 

passes through a french press at 11, 000 psi. The insoluble material and unbroken cells 

were removed by centrifugation at 23, 000 x g for 40 mins and the supernatant was passed 

through a column to purify the protein. The column, which was set up with 2 ml of a NTA 

Agarose Nickel resin (Qiagen: Catalogue No 30210), was equilibrated with 30 ml of the lysis 

buffer before the supernatant was applied and allowed to drain by gravity flow. The resin 

was then washed with lysis buffer containing an increasing concentration of imidazole. First, 

the column was washed with 30 ml wash buffer 1 (lysis buffer containing protease inhibitors 

and 10 mM imidazole), 30 ml wash buffer 2 (20 mM imidazole), and finally wash buffer 3 (30 

mM imidazole). The protein was eluted in 4 x 1 ml fractions of elution buffer (lysis buffer 

containing 500 mM imidazole). The fractions containing the protein were then purified by 

Fast Protein Liquid Chromagography (FPLC) size exclusion on a Superdex 200 16 x 60 

column (GE Healthcare). The Superdex 200 column was equilibrated with 120 ml FPLC 

buffer (20 mM Tris pH 7.5, 200 mM NaCl and 5 % glycerol) at 1 ml/min. Following this, the 

elution fractions obtained from the Ni-affinity purification were injected and FPLC buffer was 

run through the column at the same rate as above until the protein eluted. Protein elution 

was recorded at 280 nm. To identify the fractions containing the protein, 20 µl samples of 

each fraction from peaks (based on chromatograph analysis) were combined with 40 µl of 2 

x protein sample buffer, and run on a PAA gel. The protein was visualised by coomassie 

staining. The fractions containing protein were concentrated using Amicon Centricon 

concentrator tubes (Millipore). The concentrators were equilibrated with 5 ml 0.1 M NaOH 

followed by centrifugation at 4, 000 x g for 10 mins. The concentrator was rinsed briefly 3 x 

with ddH2O, then loaded with 5 ml FPLC buffer and centrifuged again as before. The protein 

containing fractions were pooled and loaded into the concentrator and the protein 

concentrated to ~600 µl final volume. The final protein concentration was determined using 
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the BCA assay kit (Pierce) and the assay was performed according to the manufacturer’s 

protocol. The protein samples were snap frozen in N2 and then stored at -80°C. 

 

2.8.3 In vitro assay for binding of GW domain proteins 

2.8.3.1 Binding assay using purified GW domain proteins and whole cells 

 Cells from a 50 ml BHI overnight culture were harvested by centrifugation at 4000 x g 

for 10 mins and the pellet was washed by resuspension in 20 ml 50 mM Tris pH 8 followed 

by centrifugation in the same way. The cell pellet was resuspended in the same buffer to an 

OD600 = 10. Each 250 µl reaction consisted of 200 µl of this cell suspension and 50 µl of 

purified His-MBP, His6-MBP-InlBGW, or His6-MBP-AmiGW protein at a concentration of 40 

µM giving a final protein concentration in the reaction of 8 µM. Control reactions lacked cells, 

and consisted of 200 µl of the 50 mM Tris pH 8 buffer plus 50 µl of protein as described 

above. The reactions were vortexed then incubated at room temperature for 15 mins. 

Following this, the reactions were centrifuged for 10 mins at 17, 000 x g to pellet the cells 

which were discarded. The supernatant was removed to a fresh tube, 2 x protein sample 

buffer was added 1:1 and 10 µl of each reaction was loaded onto a 10 % PAA gel at 200 V 

for 50 mins. The proteins were visualised by staining the gel with Coomassie brilliant blue as 

described above. 

  

2.8.3.2 Binding assay using purified GW domain proteins and purified 

peptidoglycan  

 The reaction was set up in a similar manner as described above for the whole cell 

binding assay (section 2.8.3.1). Each 250 µl reaction consisted of purified peptidoglycan 

(either before or after HF treatment) at the concentration indicated, and 50 µl of purified His-

MBP, His6-MBP-InlBGW, or His6-MBP-AmiGW protein at 40 µM, giving a final protein 

concentration in the reaction of 8 µM. The reaction was buffered to 50 mM Tris-HCl pH 8 

and the volume made up with ddH2O. Control reactions lacked peptidoglycan and contained 

200 µl of the buffer and 50 µl of purified protein as described above. The reactions were 

vortexed and incubated at room temperature on a rotator wheel for 15 mins. Following this, 

the reactions were centrifuged for 10 mins at 17, 000 x g to pellet the peptidoglycan. The 

supernatant was removed to a fresh tube, 2 x protein sample buffer was added 1:1 and 10 µl 

of each reaction was loaded onto a 10 % PAA gel at 200 V for 50 mins. The proteins were 

visualised by staining the gel with Coomassie brilliant blue as described above. 
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2.9 Assays to determine the susceptibility of B. subtilis mutants to 

stress stimuli 

2.9.1 NaCl, ethanol, and H2O2 stress survival assays 

 To analyse the sensitivity of B. subtilis strains to several environmental stress stimuli, 

assays were performed as described previously (Höper et al. 2005; Reder et al. 2012). For 

all stress experiments, the B. subtilis strains were grown in chemically defined medium 

(CDM) (Stülke et al. 1993). This medium contained 15 mM (NH4)2SO4, 27 mM KCl, 7 mM 

triosodium citrate, 50 mM tris, 1 mM KH2PO4, 8 mM MgSO4, 2 mM CaCl2, 1 µM FeSO4, 10 

µM MnSO4, 0.2 % glucose, and 39 µM L-tryptophan. The pH of the CDM was adjusted to pH 

7.5 using acetic acid, then sterile filtered and used in experiments. Exponentially growing 

cultures at OD600 = 0.5 were backdiluted into 50 ml CDM in 500 ml flasks. These cultures 

were grown until reaching an OD600 = 0.5, then a sample was taken, serially diluted in 0.9 % 

NaCl, and spotted onto LB agar plates to determine cell numbers before the culture was 

subjected to different stress stimuli. For NaCl stress survival experiments, the cell culture 

was first preadapted with 4 % NaCl final concentration followed by a further incubation for 30 

mins at 37°C. The NaCl concentration was then increased to 10 %, and the cultures were 

incubated further at 37°C. Aliquots were removed at the indicated time points, serially diluted 

and plated as described above. For ethanol stress survival experiments, 18 ml of an 

exponentially growing culture was transferred to a 100 ml flask and 2 ml ethanol was added 

to give a final concentration of 10 %. Alternatively, the cultures were preadapted by the 

addition of 2 % ethanol, that was raised to a final concentration of 10 % following incubation 

at 37°C for 30 mins. The flasks were subsequently incubated at 37°C for the time indicated. 

For H2O2 stress survival experiments, 18 ml of an exponentially growing culture was 

transferred to 100 ml flasks and H2O2 was added at a final concentration of 10 mM. The 

flasks were incubated at 37°C, then aliquots were removed at the indicated timepoints and 

diluted in 0.9 % NaCl and plated as described above. 

 The sensitivity of L. monocytogenes strains to stress stimuli was assessed using a 

similar method as above. For assays with this species, NaCl stress assays were performed 

as described above, but the strains were grown in BHI medium. Ethanol stress assays were 

performed in much the same way as the B. subtilis ethanol stress experiments, but using 

previously published ethanol concentrations from L. monocytogenes stress experiments 

(Ferreira et al. 2001). An exponentially growing cell culture at an OD600 = 0.5 was used to 

inoculate fresh BHI cultures. These cultures were subsequently grown at 37°C to an OD600 = 

0.5. Following this, ethanol was added to a final concentration of 5 % to preadapt the culture, 

which was subsequently incubated for a further 1 hr. After this time, the concentration of 
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ethanol was raised to 16.5 % and the cultures were incubated for 3 further hours. Aliquots 

were removed before and after the ethanol concentration was increased to 16.5 % to 

determine cell numbers before and after the imposition of stress. The aliquots were diluted 

with 0.9 % NaCl and spotted onto BHI plates that were incubated at 37°C overnight. 

 

2.9.2 Antibiotic susceptibility  

 For this assay, all strains were grown in Mueller Hinton broth (Sigma). Before use, 

133.1 µl of 1 M CaCl2, and 58.7 µl of 1 M MgCl2 was added to give a final concentrations of 

532 mM and 235 mM, respectively. Following this the pH was adjusted to 7.2 using NaOH. 

For each experiment, a 5 ml overnight of each strain was corrected to an OD600 = 0.1 and 

100 µl of this diluted suspension was added to each well of a 96 well plate to give a starting 

OD600 = 0.05. Antibiotics (Sigma) purchased in powder form were prepared using Mueller 

Hinton broth to the following 2 x starting concentrations; Penicillin G at 2 mg/ml, Triclosan at 

100 µg/ml, and Ampicillin at 100 µg/ml. Oxacillin was prepared in Mueller Hinton broth 

supplemented with 2 % (w/v) NaCl to a 2 x starting concentration of 10 µg/ml. Following this, 

100 µl of each antibiotic solution was added to each well containing 100 µl bacterial culture 

to give the 1 x starting concentrations of 1 mg/ml Penicillin G, 50 µg/ml Triclosan, 50 µg/ml 

Ampicillin, and 5 µg/ml Oxacillin. The plates were incubated shaking at 180 rpm overnight at 

37°C, then the OD600 was measured using a plate reader. 

 

2.10 Assays for the detection of LTA lacking glycosyl modifications 

using the isolectin BSI-B4 

2.10.1 Lectin dot blot 

 Purified LTA was serially diluted from a starting concentration of 250 µg/ml down to 

244 ng/ml in ddH2O, then 5 µl was spotted onto a nitrocellulose membrane and allowed to 

air dry at room temperature for ~10 mins. Following this, the membrane was blocked using a 

blocking solution (TBST + 3 % BSA) for 1 hour at 4°C with moderate shaking. The 

membrane was washed briefly 4 x with TBST then overlaid with fresh blocking solution 

containing isolectin BSI-B4 (1 mg/ml stock) at a concentration of 1: 5000 and incubated with 

moderate shaking at 4°C overnight. To remove unbound lectin, the membrane was washed 

3 x 20 mins in 1 x TBST then overlaid with fresh blocking solution containing HRP 

conjugated streptavidin (Sigma) at a concentration of 1: 4000 and incubated with moderate 

shaking at 4°C for 3 hours. The membranes were washed as described above followed by 

incubation for 2 mins with ECL (100 mM Tris-HCl pH 8.5, 2.5 mM luminol. 2.5 mM P-
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coumaric acid) containing 0.009 % hydrogen peroxide at room temperature. The 

chemiluminescent signal was captured using an ECL Hyperfilm (GE Healthcare) which was 

developed using an automated developer (AGFA-Healthcare N. V.). 

 

2.10.2 Enzyme-linked lectin assay (ELLA) 

 For an ELLA using whole cells, a single colony of a L. monocytogenes strain was 

used to inoculate 200 µl BHI in a 96 well plate that was incubated at 37°C overnight. 

Following this, 5 µl of the overnight culture was used to inoculate the well of a 96 well plate 

containing fresh 200 µl BHI and the plate was subsequently incubated at 37°C overnight. 

Five µl of this overnight culture was used to inoculate the well of a nunc maxisorp 96 well 

plate containing fresh 100 µl BHI. This plate was incubated at 50°C to dry. For an ELLA 

using purified LTA, the LTA was serially diluted into a nunc-maxisorp 96 well plate and the 

plate was then incubated without cover at 37°C until dry. Following this all plates were 

treated the same. The plates were washed 3 x with 200 µl TBST and dried by inversion, then 

200 µl blocking buffer (3 % BSA in TBST) was added to block non-specific binding. The 

plate was incubated statically at room temperature for 1 hour then washed as described 

above. Following this, 50 µl fresh blocking buffer containing BSI-B4 at a concentration of 2.5 

µg/ml was added and the plate was incubated statically at 4°C overnight. Following this, the 

plate was washed as described above and incubated with 100 µl fresh blocking solution 

containing HRP conjugated streptavidin at a concentration of 1: 4000 was added to each 

well. The plate was incubated statically at 4°C for 3 hours then washed as described above. 

Plates were developed using the OptEIA TMB substrate reagent kit (BD Biosciences) 

according to the manufacturers protocol. Briefly, 100 µl of developing solution was added to 

each well and the plate was incubated at room temperature for 20 mins. The reaction was 

stopped by adding 50 µl of 1 M phosphoric acid. The absorbance was measured at A450 

using a spectrophotometer.  
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Table 1: Bacterial strains used in this study 

Strain Relevant Features Reference 

Escherichia coli strains 

XL1-Blue Cloning strain. TetR – ANG127 Stratagene 

BL21(DE3) Protein expression strain – ANG191 (Studier et al. 1990) 

DH5α Cloning strain – ANG397 (Hanahan 1983) 

SM10 E. coli strain used for conjugations. KanR – ANG618 (Simon et al. 1983) 

ANG201 DH5α pCN34; Source of Kan (aphA-3) marker. KanR, AmpR  (Charpentier et al. 

2004) 

ANG203 DH5α pCN49; Source of Erm (ermC) marker. AmpR (Charpentier et al. 

2004) 

ANG678 DH5α pDR110; B. subtilis amyE integration vector with Pspank IPTG inducible 

promoter. AmpR 

Gründling lab strain 

ANG680 DH5α pDR111; B. subtilis amyE integration vector with PHyoerspank IPTG inducible 

promoter. AmpR 

Gründling lab strain 

ANG1264 DH5α pKSV7; L. monocytogenes allelic exchange vector. AmpR (Smith & Youngman 

1992) 

ANG1277 XL1-Blue pHPL3; L. monocytogenes integration vector. CamR (Gründling et al. 

2004) 

ANG1278 XL1-Blue pPL3e; L. monocytogenes integration vector. CamR (Gründling et al. 

2004) 

ANG1375 SM10 pHPL3. KanR, CamR  Gründling lab strain 

ANG1378 CLG190 pKSV7Δlmo0644; ΔltaP. AmpR (Webb et al. 2009) 

ANG1379 XL1-Blue pKSV7Δlmo0927; (ΔltaS). AmpR (Webb et al. 2009) 

ANG1429 DB3.1 pKOR1; E. coli / S. aureus allelic exchange vector. AmpR (Bae & Schneewind 

2006) 

ANG1451 XL1-Blue pQE30-GFP-inlBGW399 (6). AmpR Gründling lab strain 

ANG1551 XL1-Blue pHPL3-inlB-His6. CamR Gründling lab strain 

ANG1625 SM10 pHPL3-inlB-His6. KanR, CamR Gründling lab strain 

ANG1676 XL1-Blue pCN38; Source of Cam (cat194) marker. AmpR (Charpentier et al. 

2004) 

ANG1975 XL1-Blue pHPL3-inlB-amiGW-His6. CamR Gründling lab strain 

ANG2014 SM10 pHPL3-inlB-amiGW-His6. KanR, CamR Gründling lab strain 

ANG2157 XL1-Blue pQE30-GFP-amiGW. AmpR Gründling lab strain 

ANG2220 DH5α pKOR1Δsav0704::ermC. AmpR This study 

ANG2222 XL1-Blue pKSV7Δlmo0933. AmpR This study 

ANG2223 XL1-Blue pKSV7Δlmo2550. AmpR This study 

ANG2322 XL1-Blue pPL3e-Plmo0933-lmo0933. CamR This study 

ANG2793 XL1-Blue pKSV7Δlmo1079. AmpR This study 

ANG2802 TG1 pDG1662; B. subtilis amyE integration vector. AmpR Gründling lab strain 

ANG2816 XL1-Blue pVL847; Expression vector. AmpR Gründling lab strain 

ANG2890 BL21(DE3) pVL847. AmpR Gründling lab strain 

ANG2905 XL1-Blue pDG1662-PcsbB-csbB. AmpR This study 

ANG2906 XL1-Blue pDG1662-PyfhO-yfhO. AmpR This study 

ANG2958 XL1-Blue pDR110-Pspank-RBS-yfhO; yfhO under the control of an IPTG inducible 

spank promoter. AmpR 

This study 
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ANG2959 XL1-Blue pDR111-PHyperspank- RBS-yfhO; yfhO under the control of an IPTG inducible 

hyperspank promoter. AmpR 

This study 

ANG3178 XL1-Blue pVL847-inlBGW(399). AmpR This study 

ANG3179 XL1-Blue pVL847-amiGW. AmpR This study 

ANG3180 BL21(DE3) pVL847-inlBGW(399). AmpR This study 

ANG3181 BL21(DE3) pVL847-amiGW. AmpR This study 

ANG3303 XL1-Blue pDG1662-PcsbB-csbBD97A-yfhO; csbB with a point mutation, and yfhO under 

the control of the csbB promoter. AmpR 

This study 

ANG3508 XL1-Blue pDG1662-PcsbB-csbB-yfhO. AmpR This study 

   

Staphylococcus aureus strains 

 RN4220 Transformable laboratory strain – ANG113 (Kreiswirth et al. 1983) 

Newman Lab strain – ANG112 (Duthie & Lorenz 

1952) 

ANG2321 NewmanΔsav0704::ermC. ErmR This study 

ANG2388 RN4220Δsav0704::ermC. ErmR This study 

   

Listeria monocytogenes strains 

10403S StrepR – ANG1263 (Bishop & Hinrichs 

1987) 

ANG1385 10403SΔlmo0644. StrepR (Webb et al. 2009) 

ANG1386 10403SΔlmo0927. StrepR (Webb et al. 2009) 

ANG1411 10403SΔlmo0927 pPL3. StrepR, CamR (Webb et al. 2009) 

ANG1414 10403S pHPL3. StrepR, CamR (Webb et al. 2009) 

ANG1626 10403S pHPL3-inlB-His6. StrepR, CamR Gründling lab strain 

ANG1628 10403SΔltaS pHPL3-inlB-His6. StrepR, CamR Gründling lab strain 

ANG1630 10403SΔltaSSupp pHPL3-inlB-His6. StrepR, CamR Gründling lab strain 

ANG1783 10403SΔdltA. StrepR Gründling lab strain 

ANG2015 10403S pHPL3-inlB-amiGW-His6. StrepR, CamR Gründling lab strain 

ANG2035 10403SΔltaS pHPL3-inlB-amiGW-His6. StrepR, CamR  Gründling lab strain 

ANG2037 10403SΔltaSSupp pHPL3-inlB-amiGW-His6. StrepR, CamR Gründling lab strain 

ANG2226 10403SΔlmo2550. StrepR This study 

ANG2325 10403SΔlmo0933. StrepR This study 

ANG2337 10403SΔlmo0927; ΔltaS suppressor strain. StrepR Gründling lab strain 

ANG2350 10403SΔlmo0959Δlmo2519; suppressor strain referred to as 10403SΔtagO1-O2Supp 

in text. StrepR 

Gründling lab strain 

ANG2495 10403SΔlmo0933 pPL3e-Plmo0933-lmo0933; complementation strain. StrepR, CamR This study 

ANG2496 10403SΔlmo0933 pPL3e. StrepR, ErmR This study 

ANG2497 10403S pPL3e-Plmo0933-lmo0933. StrepR, ErmR This study 

ANG2498 10403S pPL3e. StrepR, ErmR This study 

ANG2509 10403SΔlmo2550 with pHPL3. StrepR, CamR This study 

ANG2510 10403SΔlmo2550 with pHPL3-inlB-His6. StrepR. CamR This study 

ANG2511 10403SΔlmo2550 with pHPL3-inlB-amiGW-His6. StrepR, CamR This study 

ANG2512 ANG2350 with pHPL3. StrepR, CamR This study 

ANG2513 ANG2350 with pHPL3-inlB-His6. StrepR, CamR This study 
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ANG2514 ANG2350 with pHPL3-amiGW-inlB-His. StrepR, CamR This study 

ANG2794 10403SΔlmo1079. StrepR This study 

ANG3324 10403SΔltaSSuppΔltaP pHPL3. StrepR. CamR This study 

ANG3325 10403SΔltaSSuppΔltaP pHPL3-inlB-His6. StrepR. CamR This study 

ANG3326 10403SΔltaSSuppΔltaP pHPL3-inlB-amiGW-His6. StrepR, CamR This study 

ANG3329 10403SΔlmo0933 pHPL3. StrepR, CamR This study 

ANG3330 10403SΔlmo0933 pHPL3-inlB-His6. StrepR, CamR This study 

ANG3331 10403SΔlmo0933 pHPL3-inlB-amiGW-His6. StrepR, CamR This study 

ANG3332 10403SΔdltA pHPL3. StrepR, CamR This study 

ANG3333 10403SΔdltA pHPL3-inlB-His6. StrepR, CamR This study 

ANG3334 10403SΔdltA pHPL3-inlB-amiGW-His6. StrepR, CamR This study 

ANG3465 10403SΔltaSSuppΔltaP. StrepR This study 

   

Bacillus subtilis strains 

B. subtilis 168 Transformable lab strain, trpC2 – ANG 1691 (Burkholder & Giles 

1947) 

ANG2747 B. subtilis 168ΔykcC::Cam. CamR This study 

ANG2748 B. subtilis 168ΔykcB::Kan. KanR This study 

ANG2749 B. subtilis 168ΔcsbB::Kan. KanR This study 

ANG2750 B. subtilis 168ΔyfhO::Erm. ErmR This study 

ANG2751 B. subtilis 168ΔykoT::Erm. ErmR This study 

ANG2752 B. subtilis 168ΔykoS::Cam. CamR This study 

ANG3017 B. subtilis 168ΔcsbB::Kan amyE::PcsbB-csbB; Complementation strain. KanR, CamR This study 

ANG3304 B. subtilis 168ΔyfhO amyE::PcsbB-csbBD97A-yfhO. ErmR, CamR This study 

ANG3305 B. subtilis 168ΔcsbB amyE::PcsbB-csbBD97A-yfhO. KanR, CamR This study 

ANG3458 B. subtilis 168ΔyfhO amyE::PyfhO-yfhO. ErmR, CamR This study 

ANG3459 B. subtilis 168ΔcsbB amyE::PyfhO-yfhO. KanR, CamR This study 

ANG3460 B. subtilis 168ΔyfhO amyE::PcsbB-csbB. ErmR, CamR This study 

ANG3461 B. subtilis 168ΔyfhO amyE::PSpank-yfhO; yfhO under the control of an IPTG inducible 

spank promoter. ErmR, SpecR 

This study 

ANG3462 B. subtilis 168ΔyfhO amyE::PHyspank-yfhO; yfhO under the control of an IPTG 

inducible hyperspank promoter. ErmR, SpecR 

This study 

ANG3463 B. subtilis 168ΔcsbB amyE::PSpank-yfhO; yfhO under the control of an IPTG inducible 

spank promoter. KanR, SpecR 

This study 

ANG3464 B. subtilis 168ΔcsbB amyE::PHyspank-yfhO; yfhO under the control of an IPTG 

inducible promoter. KanR, SpecR 

This study 

ANG3509 B. subtilis 168ΔcsbB amyE::PcsbB-csbB-yfhO. KanR, CamR This study 

ANG3510 B. subtilis 168ΔyfhO amyE::PcsbB-csbB-yfhO. ErmR, CamR This study 
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Table 2: Primers used in this study 

Number Primer Sequence 

211 pUC-F GTTGTAAAACGACGGCCAGT 

212 pUC-RR TTAGCTCACTCATTAGGCACCCCAGGC 

380 5-check-LMO0927-deletion CTTTAACATATGATTCCTCCTTGTAAC 

381 3-check-LMO0927-deletion CTTTCTACTTTTGCAAATAATGAATTTCAAATC 

387 5-check-LMO0644 CGGCATCGTCCGTTGCGGATCTTTCAC 

388 3-check-LMO0644 GCCGCGCCGCACTGGAAGATACGATGAC 

510 pKOR1-endGramCAT-attP2 GGAATTGTCAGATAGGCCTAATGAC 

666 5-seq pPL3 (start NotI) GAGCTCCACCGCGGTGGCGG 

667 3-seq-pPL2 and pPL3 (after KpnI) GCCTCGTGATACGCCTATTTTTATAGGTTAATGTC 

946 F-attB1 GGGG ACA AGT  TTG TAC AAA AAA GCA GGC TTC 

947 R-attB2 GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC 

1298 5-BamHI-1kb-lmo0933 CGGGATCCGCTCAATTAAAAAAGTTTCGAGTAGC 

1299 front-int-lmo0933 ACCATTTTCTTCTATACAGGAGTATTCAATACTATTTTCCAT 

1300 back-int-lmo0933 TACTCCTGTATAGAAGAAAATGGTTTTTCTGACCAAAAATAA 

1301 3-KpnI-1kb-lmo0933 GGGGTACCGGTGACTTCTTCGGCGTTAAAAATGTGG 

1302 Seq-del-lmo0933 CATTCTATGTATGTTTTGACAAGGC 

1303 5-check-lmo0933 GCTACAGCTACATCCGATAATTCCCC 

1304 3-check-lmo0933 CCCAGTTGGTGCAGTAGACGTTCGC 

1305 5-BamHI-1kb-lmo2550 CGGGATCCCCGGATCGTCAAATTCATTTAGAAACAG 

1306 front-int-lmo2550 CTCTCCGTTATATGCAGGAACAGATATTGTAATTAGTTTCAT 

1307 back-int-lmo2550  TCTGTTCCTGCATATAACGGAGAGAAAGAAGACATAGTATGA 

1308 3-KpnI-1kb-lmo2550 GGGGTACCCGCAACTTCACAGGGAAAAGTAAACCC 

1309 seq-del-lmo2550 GGGTACTGGGAACATGGAATTGCATC 

1310 5-check-lmo2550 CCCAGAAGTAGCGAAAGAAAGAGTG 

1311 3-check-lmo2550 CCTCCTTATTATTGTTTAACAAAACAG 

1312 5-1kb-SAV0704 ACAAAAAAGCAGGCTTCGGATACCCGATGCCTTCAGTTGGGTTAGG 

1313 front -int-Erm-SAV0704 GTGTAGCATGTCTCATTCAATTAAAACAAGGAATGACGACTCTAATTTTCAT 

1314 back-int-ERm-SAV0704 CAGTCGGCTTAAACCAGTTTTCAAGGATACCCATAAAGTTTATTCTAAATAA 

1315 3-1kb-SAV0704 ACAAGAAAGCTGGGTCACTAAGCAATTTGCTAACGGAAATTACGC 

1316 5-check-SAV0704 GGAGAGATATAAAGATGTTGAATGAG 

1317 3-check-SAV0704 GACAATAATTACAAGCTGTTTAACC 

1318 5-ErmC AATTGAATGAGACATGCTACACCTCCGG 

1319 3-ErmC GAAAACTGGTTTAAGCCGACTGCG 

1421 5-BamHI-Lmo0933 with P GGGGATCCCATCCCCTCTCTCCTTATTTTCAGGC 

1422 3-KpnI-Lmo0933 end CGGGTACCTTATTTTTGGTCAGAAAAACCATTTTC 

1527 5-BamHI-1kb-lmo1079 CGCGGATCCCAAAACGTTCTCCTTCAAAATCATAGGCG 

1528 front-int-lmo1079 ACGCTTTCTAAGCTTTTTCCATTTTTTTCTAACATCTTCCAT 

1529 back-int-lmo1079 AAATGGAAAAAGCTTAGAAAGCGTAAAAATAAAACACAATAA 

1530 3-KpnI-1kb-lmo1079 CGGGGTACCGCCCTAAAATCCCAAGAACTCGTGAGCG 

1531 Seq-del-lmo1079 CCAGACGCAACTGCTTCTTCAACGA 

1532 5-check-lmo1079 CGCAAATTTTAAAGTAGTTTCAATAAAGCC 

1533 3-check-lmo1079 CGTTCATTGTTGTTTTTTAGTAGCC 

1534 5-1kb-YkcC GTCGCTCTTGTTCATCTGTACCGCAATCAG 

1535 front-ApaI-YkcC ccgGGGCCCcacaggtacaacaattgaatattgaatatg 

1536 back-XhoI-YkcC ccgCTCGAGaaaagactctatagagaccagcatatgtca 

1537 3-1kb-YkcC CAGCATGCTTGATCTAGAGCAAGTGCCGC 

1538 5-check-YkcC CCATCATTATTATCTCATCATGCTGGC 
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1539 3-check-YkcC CCGATTGCTGAAGAATTGCTGTCTAAAGG 

1540 5-1kb-YkcB GCAGCGACTTGTGCTGACTGCTGATGAGG 

1541 front-ApaI-YkcB ccgGGGCCCgatatccagctcgcgttttttcttttccac 

1542 back-XhoI-YkcB ccgCTCGAGcggaatgaatcagtcagcaacattatacg 

1543 3-1kb-YkcB GCTGGATCACAATAAGTGATGACCAGCC 

1544 5-check-YkcB CGCACAGCGGCATCTCCAAAAGAGC 

1545 3-check-YkcB CGTAGATTCTGCCGATATATTCGCC 

1546 5-1kb-CsbB CATCGGGCTTATTACGCAATTCACTGATG 

1547 front-ApaI-CsbB ccgGGGCCCgacgggataataatcgagattaatccttgc 

1548 back-XhoI-CsbB ccgCTCGAGgaacgaattaaaaagcatgcggcgtctgac 

1549 3-1kb-CsbB CCGGCACAAACGCCGCCGCACTGATGCC 

1550 5-check-CsbB GTGACAAACCGGAAGGAATTGATTCG 

1551 3-check-CsbB CCACTCTATTTTCTGGCTGTATGGAGG 

1552 5-1kb-YfhO GAAGAAGGGTATGACCAAGTCATTGCCC 

1553 front-ApaI-YfhO ccgGGGCCCgtcaaataataattttttaaatacgatcat 

1554 back-XhoI-YfhO ccgCTCGAGgctgttttttatataagacgtaaaaagccc 

1555 3-1kb-YfhO GGCTCCGGATATTGATACTGTGTTAAAGC 

1556 5-check-YfhO CCGATCTGCAGCATCCGACATATTTGC 

1557 3-check-YfhO CGGCAATGGCTCACGCTGTTATGATCG 

1558 5-1kb-YkoT CTGCTGTTCAAACGAAATCGGACAAAGCC 

1559 front-ApaI-YkoT ccgGGGCCCgacgacgatggttaatactggctgtgactg 

1560 back-XhoI-YkoT ccgCTCGAGcgccaggaaaaagagcggttagaaaaaaag 

1561 3-1kb-YkoT TCAGTATATGATTGAAGTCAGTGACTACC 

1562 5-check-YkoT GGCCATAATCATGTGATGACCGTTC 

1563 3-check-YkoT CCAGTTCACAAGCCTGGATAAAATC 

1564 5-1kb-YkoS GCCCGCCGTGAAAATGCCCTGACAGCAGG 

1565 front-ApaI-YkoS ccgGGGCCCgtttcttttttttgttgtctcatcaatcgtaac 

1566 back-XhoI-YkoS ccgCTCGAGgcctggcgcatttatttatatgaaacaagataagg 

1567 3-1kb-YkoS  CAAATGGATATGATAAGAGACGCCCAGCC 

1568 5-check-YkoS GGCCTTTAATCATGTTCATTCGCACG 

1569 3-check-YkoS CTCTCCGATGATTCCAATTCCCATC 

1624 5-BamHI-CsbB-with P cgcGGATCCgctaaaatttctctccatccgtctgtc 

1625 3-HinDIII-CsbB cccAAGCTTtcagtgcatttttgtcagacgccgcatgc 

1626 Seq-CsbB GACTATGAAATATTCTTCATAAACGACG 

1627 5-BamHI-YfhO-with P cgcGGATCCaaataccaagcgccattggcagtgc 

1628 3-HinDIII-YfhO cccAAGCTTctatatagagccgggctttttacgtctt 

1629 Seq-YfhO-1 GGACTTGGCGGCGGCACATTCAGTCAGC 

1630 Seq-YfhO-2 CTTTGCATACATAAACCTTATATTCATCGG 

1631 Seq-YfhO-3 GCTGCGGCTGGTTTGTCACAGCTGTCTG 

1632 Seq-YfhO-4 CTGCTGGCCTTCTATTGGAATGATTTAAGC 

1633 5-pDG1662-seq GACGCGGTCATCAATCATACCACCAGTG 

1634 3-pDG1662-seq GGTGCTTTAGTTGAAGAATAAAGACC 

1663 5-pDG1662-AmyE-check GCGAGGGAAGCGTTCACAGTTTCGGGC 

1664 3-pDG1662-AmyE-check CGGTTGTAGCCCAAACGCCTTTCCGTGG 

1669 5-SalI-P opt-Yfho acgcGTCGACaaaataaggaggattgcgcaaatgatcgtatttaaaaaattattatttgacc 

1670 3-SphI-YfhO acatGCATGCctatatagagccgggctttttacgtctt 

1671 5-pDR-spank-seq cgctctcctgagtaggacaaatccgc 

1672 3-pDR-spank-seq cgggaaacggtctgataagagacacc 

1673 F-pVL847-seq GCAGACACCGATTACTCCATCG 
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1674 R-pVL847-seq gtgccacctgacgtctaagaaacc 

1731 CsbB-D97A-Fwd cggttattgtcatggatgccGCCctgcagcatccgacatatttgc 

1732 CsbB-D97A-Back gcaaatatgtcggatgctgcagGGCggcatccatgacaataaccg 

1804 5-NdeI-InlB-GW(399) TAATAACCATATGTTAACCCGCTATGTCAAATATATTCGCGGG 

1805 3-BamHI-InlB CGGGATCCTTATTTCTGTGCCCTTAAATTAGCTGCTTTCG 

1806 5-NdeI-Ami-GW(263) TAATAACCATATGATTAACGAAAAATATAAAGCAATGCAAG 

1807 3-BamHI-Ami CGGGATCCTTATTGCTTTTTAGCACTTAGGTTAGCAGC 
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Chapter 3 
Investigation into the production of 

LTA by clinical S. aureus strains 
isolated from different infection 

sites 
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3.1 Objective of chapter 3 

 Staphylococcus aureus, and in particular the drug resistant variant methicillin 

resistant S. aureus (MRSA), is a nosocomial pathogen responsible for significant morbidity 

and mortality in healthcare settings. Although ~20 % of the population are colonised with S. 

aureus (van Belkum et al. 2009), not all of those individuals will develop an active infection, 

indicating a variation in virulence between strains. Consequentially, attempts have been 

made to predict the virulence of strains, in particular by using genomic analysis (Laabei et al. 

2014). Although the precise role for LTA during infection is unknown, LTA from S. aureus 

has been proposed to stimulate the immune system (Morath et al. 2001; Morath et al. 2002a; 

Morath et al. 2002b; Schmidt et al. 2011). The aim of this chapter was to investigate whether 

there was a difference in the levels of LTA produced by clinical strains causing an active 

infection compared to those merely colonising the host. To this end, human clinical isolates 

were harvested from either colonising or infection sites and cell lysates were prepared. The 

amount of LTA produced by these strains was subsequently analysed by western blotting. 

  



93 
 

3.2 Description of the clinical MRSA strain database 

 S. aureus is capable of causing a range of diseases from superficial skin infections to 

life-threatening conditions such as endocarditis. A number of studies have demonstrated that 

individuals are typically infected with their own carriage isolate (Luzar et al. 1990; Nguyen et 

al. 1999; von Eiff et al. 2001). As a result, attempts have been made to predict the 

pathogenicity of S. aureus strains using genomic analysis or by assessing virulence factor 

production (Queck et al. 2009; Laabei et al. 2014). As described in chapter 1, LTA is an 

essential cell wall polymer that has a wide variety of roles both for basic cell survival and in 

interaction with the host immune system. Given that LTA has also been implicated in the 

stimulation of the inflammatory immune response during an infection, it is possible that 

clinical S. aureus isolates may differ in the quantity of LTA produced, depending on whether 

they are colonising the host or causing an active infection. To investigate this, a collection of 

MSSA (methicillin susceptible S. aureus) and MRSA strains taken from patients within the 

Imperial College Healthcare NHS Trust between June 2009-December 2010 was compiled. 

The strains were identified as S. aureus then tested for susceptibility to methicillin by the 

diagnostic lab at the hospital from which the sample originated to differentiate between 

MSSA and MRSA. Retrospective isolates derived from blood cultures stored by the trust 

between these dates were included, as well as all prospectively identified S. aureus strains 

isolated from a range of clinical samples. From this collection, 44 isolates of which 33 

isolates were MRSA and 11 were MSSA, were selected and could be grouped based on 

whether they were merely colonising the patient or causing an active infection (Table 3). 

These strains were grouped into 4 categories; 16 strains termed 'Blood' isolates were 

isolated from blood cultures and indicate an active bacteraemia, 6 strains termed 'sputum' 

isolates were isolated from sputum cultures from patients with respiratory pathologies, 14 

strains termed 'wound' isolates were isolated from an active skin and soft tissue infection 

(SSTI), and the remaining 9 strains termed 'screening' isolates were isolated from the nares 

or groin as part of a routine hospital screen. Screening isolates were not taken from the site 

of an active infection and thus represent a patient's commensal organisms. In addition, 

several of the selected isolates were chosen because they had been taken from the same 

patient over time. Although no genotyping analysis was performed on these isolates, the 

most prevalent epidemic MRSA (EMRSA) clones are UK hospitals belong to sequence type 

(ST) 22 or 36, corresponding to EMRSA -15 and -16 respectively (Moore & Lindsay 2002), 

as determined by multi-locus sequence typing (MLST) (Enright et al. 2000). It is likely the 

majority of strains used in this study will belong to these sequence types. 
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Strain 
ID 

Patient 
ID 

Site Culture Type Species Date 
Isolated 

1   Blood Blood Culture MSSA 11/06/2010 

2   Blood, peripherally Blood Culture MRSA 25/05/2010 

4 Patient 1 Blood Blood Culture MRSA 03/04/2010 

5 Patient 1 Blood Blood Culture MRSA 03/04/2010 

6 Patient 2 Blood Blood Culture MRSA 01/04/2010 

7 Patient 2 Blood Blood Culture MRSA 01/04/2010 

8 Patient 3 Blood Blood Culture MRSA 23/03/2010 

9 Patient 3 Blood Blood Culture MRSA 23/03/2010 

10   Blood Blood Culture MSSA 22/03/2010 

11   Blood Blood Culture MRSA 21/02/2010 

12 Patient 4 Blood Blood Culture MRSA 16/01/2010 

13 Patient 4 Blood Blood Culture MRSA 16/01/2010 

14 Patient 4 Blood Blood Culture MRSA 15/01/2010 

15 Patient 4 Blood Blood Culture MRSA 14/01/2010 

16   Blood Blood Culture MRSA 25/10/2009 

17   Sputum Sputum Culture MSSA 08/06/2010 

18   Sputum Sputum Culture MRSA 07/06/2010 

19   Sputum Sputum Culture MSSA 18/06/2010 

20   Sputum Sputum Culture MSSA 11/06/2010 

21   Sputum Sputum Culture MRSA 02/09/2010 

22   Sputum Sputum Culture MRSA 01/06/2010 

43 Patient 5 Left arm Wound Culture MSSA 26/09/2010 

44 Patient 6 Central venous catheter 
tip 

Wound Culture MRSA 01/10/2010 

45 Patient 7 Right toe Wound Culture MRSA 15/11/2010 

46 Patient 7 Abscess Wound Culture MRSA 15/11/2010 

49 Patient 20 Right backside abscess Wound Culture MSSA 22/10/2010 

50 Patient 20 Right flank pus Wound Culture MSSA 28/10/2010 

51 Patient 8 Sole Wound Culture MRSA 29/09/2010 

52 Patient 8 Left Foot Wound Culture MRSA 28/09/2010 

53 Patient 9 Right Leg Wound Culture MSSA 30/09/2010 

54 Patient 9 Left Leg Wound Culture MSSA 30/09/2010 

55 Patient 6 Left arm Wound Culture MRSA 01/10/2010 

56 Patient 10 Breast Wound Culture MSSA 12/10/2010 

83   Groin MRSA Screen MRSA 16/12/2010 

84 Patient 17 Wound Leg - left Wound Culture MRSA 10/05/2010 

86 Patient 17 Groin MRSA Screen MRSA 01/05/2010 

90   Nose MRSA Screen MRSA 30/04/2010 

91   Nose MRSA Screen MRSA 20/03/2010 

94   Nose MRSA Screen MRSA 05/05/2010 

95 Patient 18 Nose MRSA Screen MRSA 25/04/2010 

96 Patient 18 Wound Wound Culture MRSA 01/06/2010 

98 Patient 19 Nose MRSA Screen MRSA 16/04/2010 

99 Patient 21 Groin MRSA Screen MRSA 15/06/2010 

100 Patient 21 Groin MRSA Screen MRSA 05/05/2010 

 

Table 3: Clinical MRSA and MSSA strains. Clinical samples were tested for bacterial growth, and S. 

aureus strains were isolated on columbia base agar containing 5 % defibrinated horse blood. Strains 

were tested for sensitivity to methicillin by the hospital diagnostic lab to distinguish between MSSA 

and MRSA strains. Patients from which multiple isolates were taken, were assigned a patient ID. 

Strains lacking a patient ID were the only isolate taken from that patient.  



95 
 

3.3 Qualitative assessment of the amount of LTA produced by 

clinical MRSA strains by western blot 

 To determine the amount of LTA produced by clinical strains, whole cell lysates were 

prepared from the clinical isolates listed in table 3, as well as from the S. aureus strain 

RN4220, which served as a positive control. After running the lysates on SDS-PAGE gels 

the LTA polymer was detected by western blotting using an α-LTA antibody. This antibody 

was raised against Streptococcus sobrims strains, but has been used against a range of 

Gram-positive bacteria including S. aureus (Hogg et al. 1997; Gründling & Schneewind 

2007b) (see materials and methods section). RN4220 is a standard laboratory strain of S. 

aureus and was chosen as a positive control as the LTA produced by this strain is detected 

strongly by the α-LTA antibody (Kreiswirth et al. 1983). The LTA of S. aureus is found both in 

association with the cell surface and is also shed into the supernatant. Overnight cultures 

were centrifuged to separate the supernatant fraction, then the cell pellet was subjected to 

mechanical lysis to produce the cell associated fraction. As expected, the signal 

representing LTA detected in lysates derived from the S. aureus RN4220 control strain was 

observed at 15-19 kDa (Fig. 3.1, 3.2, 3.3 and 3.4). The LTA is detected as a smear between 

this range, which represents the variation in chain length of the PGP backbone and the 

amount of LTA is represented by the strength of the signal from the α-LTA antibody. 

Investigations presented in chapter 5 indicate that the mobility of LTA detected in this way is 

also affected by the degree of glycosyl modification of the PGP backbone of LTA. In 

addition, a non-specific band was detected between 37-64 kDa. Previous analysis in our lab 

has shown this non-specific band represents Protein A, and can be removed from blots by 

incubating the membrane in the presence of human IgG to make densitometry analysis more 

accurate. Although the amount of detectable Protein A varied between isolates it did not 

appear to correlate with the amount of detectable LTA. 
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3.3.1 Analysis of LTA production in isolates causing bacteraemia 

 Isolates recovered from blood cultures appeared to show significant variation in the 

degree of LTA associated with the cell wall (Fig. 3.1A). Isolates 2, 4, 5, 6, 7, and 10 exhibited 

very little detectable LTA associated with the cell wall compared to the RN4220 control 

strain. In particular, virtually no LTA was detected in lysates prepared from isolates 4 and 5 

(patient 1), isolates 6 and 7 (patient 2), and isolates 2 and 10. It should be noted that isolates 

4 and 5, and 6 and 7, were taken from patients 1 and 2 respectively on the same day and 

thus these strains were not expected to differ significantly in the amount of LTA detected. In 

contrast, isolates 8 and 9 (patient 3), isolates 12, 13, 14, and 15 (patient 4) and isolate 11 

displayed a strong signal similar to that of the RN4220 control strain indicating a high 

amount of LTA in association with the cell wall. Despite the disparity in the levels of LTA 

detected in association with the cell wall, all the strains isolated from blood cultures exhibited 

similar levels of LTA in the supernatant fraction (Fig. 3.1B). Interestingly, the LTA detected in 

the supernatant of these strains appeared to show a wide range of mobilities on the blot. For 

example, LTA detected in the supernatant from isolates 9 and 11 exhibited a lower mobility 

than the LTA derived from isolates 1, 2, 5, 8, 10 and the RN4220 control strain. It is also 

interesting to note that the isolates 13, 14, and 15 from patient 4 were collected over time at 

24 hr intervals. These strains appeared to maintain a constant amount of LTA in both the cell 

associated and supernatant fractions (Fig. 3.1), implying that over time the amount of LTA 

produced by S. aureus strains causing bacteraemia remains constant. However, a much 

larger sample size would be required to draw any significant conclusion. 
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Figure 3.1: LTA production in clinical S. aureus strains isolated from blood. Cell and 

supernatant samples were prepared from overnight cultures of clinical S. aureus strains (labelled by 

strain number) and an S. aureus RN4220 (Rn) control strain and analysed by western blot. After 

adjusting for OD600 of starting culture as described in materials and methods section, 10 µl of cell 

associated (A) and supernatant (B) samples were separated on a 15 % PAA gel and the LTA was 

detected by incubation with an α-LTA antibody (Hogg et al. 1997) at a concentration of 1: 5000, 

followed by an HRP conjugated α-mouse antibody at a concentration of 1: 10,000. The RN4220 

control was used at two separate volumes of 10 µl and 2.5 µl as indicated on each blot. The bands 

representing LTA are indicated by an arrow. The positions of protein molecular mass markers (in kDa) 

are indicated on the left. Where isolates were collected from the same patient, the patient number is 

indicated above the strain number (eg P1).  
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3.3.2 Analysis of LTA production from isolates causing respiratory symptoms 

In congruence with strains isolated from blood cultures, the amount of LTA detected 

in the association with the cell wall of clinical strains from sputum cultures also varied 

between isolates (Fig. 3.1A and 3.2A). Interestingly, all the strains isolated from sputum 

cultures appeared to possess lower amounts of LTA in association with the cell wall in 

comparison to the RN4220 control strain, although the mobility appeared to vary. As with the 

isolates derived from blood cultures, the amount of LTA detected in the supernatant of 

strains derived from sputum cultures appeared to be consistent between isolates (Fig. 3.1B 

and 3.2B). In contrast, the mobility of LTA from the sputum samples appeared to be 

consistent between those strains (Fig. 3.2B). Although a larger sample size would be 

required, this preliminary data appears to indicate that invasive S. aureus strains causing 

respiratory infections retains less LTA in its cell wall, and proportionally releases the majority 

into the supernatant. 

 

Figure 3.2: LTA production of clinical S. aureus strains isolated from sputum cultures. Cell 

associated (A) and supernatant (B) samples were prepared from overnight cultures of clinical S. 

aureus strains (labelled by strain number) and a S. aureus RN4220 (Rn) control strain and analysed 

by western blot as described in Fig. 3.1. The RN4220 control was used at two separate volumes of 10 

µl and 2.5 µl as indicated on each blot. The bands representing LTA are indicated by an arrow. The 

positions of protein molecular mass markers (in kDa) are indicated on the left. 
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3.3.3 Analysis of LTA production from isolates associated with wound 

infections 

 The amount of LTA detected in association with the cell wall from isolates derived 

from wound cultures also showed variation (Fig. 3.3A). Five of the isolates (43, 49, 50, 51, 

52) exhibited similar amounts of LTA in association with the cell wall as the RN4220 control. 

The remaining strains displayed LTA with a similar mobility, but in reduced amounts 

compared to the control. As with the isolates derived from blood and sputum cultures, all 

strains exhibited similar levels of LTA released into the supernatant (Fig. 3.1B, 3.2B and 

3.3B). In addition, the LTA detected in the supernatant fraction appeared to exhibit a similar 

mobility between those strains (Fig. 3.3B), in contrast to the LTA detected in the supernatant 

from blood culture isolates displayed a range of mobilities (Fig. 3.1B). Taken together (Fig. 

3.1, 3.2 and 3.3) these data indicate that strains causing an active infection display a general 

trend towards lower amounts of LTA retained in the cell wall, with consistent amounts 

released into the supernatant.  
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Figure 3.3: Detection of LTA in whole cell lysates of clinical S. aureus strains isolated from 

wound cultures by western blot. Cell associated (A) and supernatant (B) samples were prepared 

from overnight cultures of clinical S. aureus strains (labelled by strain number) and a S. aureus 

RN4220 control strain and analysed by western blot as described above. The RN4220 control was 

used at two separate volumes of 10 µl and 2.5 µl as indicated on each blot. The bands representing 

LTA are indicated by an arrow. The positions of protein molecular mass markers (in kDa) are 

indicated on the left. Where isolates were collected from the same patient, the patient number is 

indicated above the strain number (eg P6). 

 

3.3.4 Analysis of LTA production from isolates associated with patient carriage 

 The LTA detected in lysates from isolates derived from the screening cultures 

appeared to exhibit a different distribution of LTA compared to the isolates causing an 

infection. Whilst the general trend for blood, wound and sputum isolates seemed to be 

towards more LTA present in supernatant rather than the cell associated fractions (Fig. 3.1, 

3.2 and 3.3), the screening isolates appeared to show a general trend towards a higher 

amount of LTA in association with the cell wall (Fig. 3.4A) and less in the supernatant (Fig. 

3.4B). Also examined, were two pairs of isolates collected from two different patients. 

Isolates 84 (wound site) and 86 (nasal colonising site) were collected from patient 17, and 

isolates 96 (wound site) and 95 (nasal colonising site) were collected from patient 18. In 

agreement with the observed trend described above, the screening isolates 86 and 95 

displayed more LTA in association with the cell wall than released into the supernatant (Fig. 
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3.4). However, although the wound isolate 96 seemed to exhibit similar amounts of LTA in 

the cell wall and supernatant, wound isolate 84 exhibited more LTA in association with the 

cell wall than in the supernatant, in contrast to the observed general trend. When the LTA 

detected in isolates from patient 17 were compared, it was apparent that the wound isolate 

produced more LTA overall in both fractions compared to the screening isolate. However the 

opposite was true of the isolates from patient 18. As the two pairs of isolates appear to 

contradict each other, the data suggests that there is no correlation between the virulence 

potential and the amount of LTA produced by a strain, although with only two pairs of 

isolates no firm conclusions can be drawn. 

 

 

Figure 3.4: Detection of LTA in whole cell lysates of clinical S. aureus strains isolated from 

wound and screening cultures by western blot. Cell associated (A) and supernatant (B) samples 

were prepared from overnight cultures of clinical S. aureus strains (labelled by strain number) and a 

S. aureus RN4220 control strain and analysed by western blot as described above. The RN4220 

control was used at two separate volumes of 10 µl and 2.5 µl as indicated on each blot. The bands 

representing LTA are indicated by an arrow. The positions of protein molecular mass markers (in kDa) 

are indicated on the left. Where isolates were collected from the same patient, the patient number is 

indicated above the strain number (eg P17).  



102 
 

3.4 Discussion and future work 

 The precise role of LTA during infection has been the subject of debate over the last 

10 years, with the majority of study being focussed on LTA from clinically significant 

pathogens such as S. aureus and S. pneumoniae. LTA is frequently compared to the LPS 

present in Gram-negative bacteria, that is recognised by TLR4 and subsequently induces 

the production of pro-inflammatory cytokines (Pålsson-McDermott & O'Neill 2004). Initial 

reports indicated that similar to LPS, LTA was recognised by toll-like receptors (TLR), 

specifically TLR2, and that this also led to the production of pro-inflammatory cytokines 

(Morath et al. 2001; Morath et al. 2002a; Morath et al. 2002b; Schröder et al. 2003). 

However, more recently it appears that the immunostimulatory potential of LTA has been 

overstated, and that much of the previously observed inflammatory properties are due to 

contaminants present in purified LTA preparations (Morath et al. 2002a; Morath et al. 

2002b). Indeed, LTA isolated from a Δlgt strain that lacks the ability to produce lipoproteins, 

displayed severely attenuated ability to stimulate inflammatory cytokine production 

(Hashimoto et al. 2006). In addition, a more recent study using chemically synthesised LTA, 

found no recognition by TLR2 at all, and indicated that the synthetic LTA likely activates the 

lectin-dependent complement pathway (Schmidt et al. 2011; Vassal-Stermann et al. 2014). 

Although it is also important to note that chemically synthesised LTA may not exhibit the 

same immunogenicity as biologically synthesised LTA, this finding is notable as previous 

studies have indicated that LTA from S. aureus acts as a receptor for L-ficolin, which 

activates the lectin-dependent complement pathway (Polotsky et al. 1996; Lynch et al. 

2004). This also appears to be the case for S. pneumoniae LTA where L-ficolin binds to the 

P-Cho modifications present on LTA triggering complement activation (Vassal-Stermann et 

al. 2014). 

  As LTA has been implicated in stimulating the immune system, the aim of this 

chapter was to investigate any correlation between the amount of LTA produced by clinical 

strains of S. aureus from colonising and infection sites. The work presented here indicated a 

general trend between isolates collected from infection sites, towards low amounts of LTA in 

association with the cell wall, and lower, consistent amounts of LTA released into the 

supernatant (Fig. 3.1, 3.2 and 3.3). This is in contrast to colonising isolates derived from the 

nares or groin that are not causing an active infection. These isolates appear to display a 

trend towards higher LTA retention in the cell wall, and less released into the supernatant 

(Fig. 3.4). This data together implied there is either a possible advantage to releasing LTA 

into the supernatant, or that there is a disadvantage to retaining LTA in association with the 

cell wall, during an active infection. 
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 Although the exact role of LTA during infection is unclear, it is possible that the 

release of LTA into the supernatant may aid in bacterial evasion of the immune system. It 

has been shown that the inoculation of mice with Gram-positive bacteria, or with purified LTA 

results in the production of opsonic antibodies (Knox & Wicken 1973; Theilacker et al. 2006). 

This could explain the advantage of low retention of LTA in cell wall observed from invasive 

isolates causing a bacteraemia or respiratory symptoms (Fig. 3.1 and 3.2) as the release of 

LTA into the supernatant could provide protection against phagocytosis. In addition, S. 

aureus LTA acts as a cell wall anchor for Sbi (Smith et al. 2012), a protein that aids the 

evasion of neutrophil-mediated opsonophagocytosis by binding IgG (Smith et al. 2011). Sbi 

is released into the supernatant when LTA is not available to bind to (Smith et al. 2012), 

therefore the release of LTA from the cell surface during an infection could result in a greater 

release of Sbi into the extracellular environment further aiding pathogenicity. The release of 

LTA into the supernatant may also aid bacterial evasion of the complement system. Studies 

have shown that the deposition of complement on the cell surface of S. aureus leads to a 

reduced ability of this bacteria to bind to endothelial cells (Cunnion & Frank 2003). As LTA is 

a known receptor for L-ficolin (Lynch et al. 2004; Vassal-Stermann et al. 2014), a protein that 

activates the lectin mediated complement pathway, the release of LTA into the supernatant 

during infection could reduce the effectiveness of this pathway and allow the bacteria to 

evade the immune system. Interestingly, a number of isolates derived from blood cultures 

examined during this study, displayed almost no detectable LTA in association with the cell 

wall (Fig. 3.1A). It would be interesting to examine the immunogenic potential of these 

isolates compared to isolates with large amounts of LTA in association with the cell wall, 

such as those from colonising sites (Fig. 3.4A). 

 When considered in this context, the work presented here raises another question. 

Either isolates that retain less LTA at the cell surface are more likely to be invasive, or 

colonising isolates are able to regulate the release of LTA into the supernatant and thereby 

become invasive. Given that there are isolates within each group that don't conform to the 

observed trend (Fig. 3.1, 3.2, 3.3 and 3.4), the latter explanation appears more likely. 

However, the mechanism by which LTA is released into the supernatant, or how this is 

regulated is unknown, although it would be interesting to investigate this further. 
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 An observation made during this work was the variation in mobility exhibited by the 

LTA released into the supernatant from blood culture isolates (Fig. 3.1B) compared to wound 

and sputum isolates (Fig. 3.2B and 3.3B) where variation of mobility of LTA in the 

supernatant was slight. One possibility for this difference in mobility could be explained by 

work described in chapters 4 and 5, indicating that LTA lacking glycosyl substitutions is 

detected more strongly than glycosylated LTA by the α-LTA antibody used in this study. 

Non-glycosylated LTA also exhibits an altered running pattern when examined using this 

method. Differences in LTA glycosylation may affect the immune response to LTA. As 

mentioned above, S. aureus LTA has been implicated in lectin-dependent activation of the 

complement pathway via L-ficolin (Lynch et al. 2004). As lectins bind sugars, glycosyl 

modification of LTA would likely affect interaction with this pathway. However, it should be 

noted that currently there is only limited evidence that LTA from S. aureus is modified with 

sugar residues (Arakawa et al. 1981; Morath et al. 2001). Nevertheless, it would be 

interesting to purify LTA from these clinical isolates and to determine the presence or 

absence of glycosyl modifications. If glycosyl substitutions are detected, then further 

investigation into how these modifications affect the lectin-mediated activation of 

complement might provide a method for assessing the likelihood of the immune system 

clearing a S. aureus infection, based on the degree of glycosylation observed on LTA.  

 In addition, it would also be interesting to investigate if there is any correlation 

between the mobility of LTA detected in the clinical isolates and their genotype. Genotyping 

of the isolates may also provide insight as to why two isolates both causing bacteraemia 

seemingly produce such different quantities of LTA (Fig. 3.1). The main types of MRSA 

present in UK hospitals are EMRSA-15 (ST22), and to a lesser extent EMRSA-16 (ST36) 

(Moore & Lindsay 2002), as defined by multi-locus sequence typing (MLST) (Enright et al. 

2000), so the strains presented in table 3 likely belong to one of these groups. Therefore 

using MLST alone may not be sufficient to discriminate between isolates. Additional typing 

methods such as pulse-field gel electrophoresis (PFGE) (Schwartz & Cantor 1984), could be 

used in conjunction with MLST to provide a higher degree of discrimination between these 

clinical isolates. 
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 Alternatively, the low detection of cell associated LTA from these bacteraemia 

isolates (Fig. 3.1A) may be explained by strain variation, which was impossible to speculate 

on during this study due to the lack of genotyping information. In addition, a more meaningful 

analysis would require investigation of a larger sample size in conjunction with genotyping or 

sequencing. Whilst the preliminary results presented in this chapter indicate that strains 

causing active infections retain less LTA in their cell wall, it is important to note that the 

observations made in this chapter are subjective in the absence of quantitative densitometry 

analysis. This analysis was not performed as part of this study because the narrow lane 

sizes prevented a clear line separation between samples. Another caveat to the work 

presented here is that these isolates do not necessarily behave the same way in lab cultures 

as they would during infection. In an infection setting, the bacteria are under selective 

pressure of the host immune system, and this may affect the LTA expression dramatically. 

The structure of LTA is known to vary under different growth conditions so the LTA structure 

observed under lab conditions may not be the same as during an infection (MacArthur & 

Archibald 1984; Dehus et al. 2011). In addition, although the strains appear to show less 

LTA on the cell surface, S. aureus strains are encapsulated and are also capable of 

producing biofilms which may affect mechanical lysis during sample preparation for the 

detection of LTA by western blotting, thus masking the true amount of LTA being produced. 

Further investigation into biofilm production of these strains might provide insight into this 

possibility. 

 In summary, these preliminary results indicate that isolates causing an active 

infection either produce less LTA, or at least release more LTA into the supernatant 

compared to colonising strains that retain more LTA in the cell wall. However, these 

observations raise a number of questions regarding the relationship between the retention of 

LTA in the cell wall and the invasiveness of an isolate. In addition, the LTA mobility profiles 

for strains isolated from blood cultures pose interesting questions as to whether the 

difference in LTA structure, particularly glycosylation, might affect pathogenicity. 
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Chapter 4 
Identification of genes involved in 
the glycosylation process of type I 

LTA in Gram-positive bacteria 
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4.1 Objective of chapter 4 

Each glycerolphosphate (GroP) residue that comprises the PGP backbone of type I 

LTA can be modified on the hydroxyl group at the C2 position with either D-alanyl or glycosyl 

residues. D-alanylation of LTA has been shown to provide protection against cationic 

antimicrobial peptides (CAMPs) and the genes involved in this process are known. In 

contrast, the function of glycosyl substitutions have not been characterised and the genes 

involved have not been identified. The proposed model for the glycosylation of LTA is very 

similar to the described mechanism for the glycosylation of lipid A in Gram-negative bacteria. 

The amino acid sequences of the proteins involved in the glycosylation of lipid A in E. coli 

were used in BLAST searches to identify homologues in S. aureus, L. monocytogenes and 

B. subtilis. Deletion mutants of the genes encoding the newly identified proteins were 

constructed, the LTA from these strains was purified and the presence of glycosyl 

substitutions was assessed by NMR. 
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4.2 A bioinformatics approach to identify proteins involved in the 

glycosylation process of LTA in Gram-positive bacteria 

The proposed model of LTA glycosylation in Gram-positives (Fig. 1.5B) is similar to 

the lipid A glycosylation mechanism in E. coli (Fig. 1.5A). The glycosylation of lipid A in E. 

coli involves a cytoplasmic glycosyltransferase (ArnC) which utilises a nucleotide activated 

sugar as a substrate to transfer the 2-acetamido-4-amino 2, 4, 6-trideoxy-D-galactose 

(Ara4FN) sugar onto the lipid carrier undecaprenyl phosphate (C55-P) . A flippase comprised 

of ArnE and ArnF flips the lipid-linked sugar across the membrane where a second 

glycosyltransferase ArnT transfers the sugar onto lipid A. To identify homologues of these 

proteins in Gram-positive bacteria, the E. coli ArnC, ArnE, ArnF and ArnT protein sequences 

were used in BLAST searches against proteins encoded in the S. aureus, L. 

monocytogenes, or B. subtilis genomes. For each organism examined, only homologues for 

the cytoplasmic glycosyltransferase ArnC were identified (Table 4). BLAST searches for the 

flippase proteins ArnE and ArnF, and the extracellular glycosyltransferase ArnT yielded no 

matches. To assess whether the ArnC homologues identified in Gram-positive bacteria are 

involved in the glycosylation of LTA, deletion mutants of the genes encoding for these 

proteins listed in Table 4 were constructed in S. aureus, L. monocytogenes and B. subtilis. 

 

Organism ArnC 

Cytoplasmic 

glycosyltransferase 

ArnE 

Flippase 

ArnF 

Flippase 

ArnT 

Periplasmic 

glycosyltransferase 

S. aureus Sav0704 (2e-42) Absent Absent Absent 

L. monocytogenes Lmo2550 (1e-51) 

Lmo0933 (5e-43) 

Absent Absent Absent 

B. subtilis YkcC (5e-44) 

CsbB (2e-41) 

YkoT (8e-21) 

Absent Absent Absent 

 

Table 4: Homologues of proteins involved in the process of lipid A glycosylation in E. coli 

identified in Gram-positive bacteria. The protein sequences for ArnC, ArnE, ArnF and ArnT were 

used in BLAST searches to identify homologous proteins encoded in the genomes of S. aureus Mu50, 

L. monocytogenes 10403S, and B. subtilis 168. 'E-values' representing the likelihood of the sequence 

being found by chance are displayed in parentheses. 
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Further examination of the genes encoding the ArnC homologues in B. subtilis (Table 

4) revealed that they were all immediately adjacent to, or in an operon with, another gene 

(Fig. 4.1). The gene ykcC is downstream of the gene encoding YkcB, while ykoT is 

downstream of the gene encoding YkoS. Analysis of the B. subtilis genome using Biocyc 

(http://biocyc.org/), a website that allows for a visual inspection of the genome with all 

annotated promoters, did not reveal any information about the operon structures. However 

as both of these gene sets are only 12-13 bp apart, they are likely to be transcribed in an 

operon. In contrast, it was recently shown that csbB is co-transcribed in an operon with yfhO 

(Inoue et al. 2013). Analysis of the protein sequences from YkcB, YfhO and YkoS using the 

protein family prediction tool Pfam (http://pfam.xfam.org) showed that these proteins display 

similarity to glycosyltransferases belonging to the GT-C family. Glycosyltransferases from 

this family use prenol-linked sugars as substrates (Liu & Mushegian 2003). Whilst BLAST 

searches using the protein sequence of the lipid A glycosylation protein ArnT in Gram-

positive bacteria revealed no homologous matches, ArnT is also annotated as a GT-C type 

glycosyltransferase. This information indicates that YkcB, YfhO and YkoS are possible 

candidates for the final step in the glycosylation process of LTA in B. subtilis using C55-P-

GlcNAc as a substrate to transfer GlcNAc to LTA (Fig. 1.5B). Based on this information, any 

of these gene pairs could be involved in LTA glycosylation. 

 

Figure 4.1: Operon structure of arnC homologues in B. subtilis and their neighbouring putative 

GT-C glycosyltransferases. Gene orientation is indicated by arrowheads on each gene. Also 

indicated are the number of base pairs (bp) between genes. The genes identified as arnC-like are 

labelled with 'ArnC', and the neighbouring genes that exhibited GT-C like homology are annotated 

GT-C. No transcriptional information for ykcC/ykcB or ykoT/ykoS is available. The structure of the 

csbB/yfhO operon is based on previous studies (Akbar & Price 1996; Cao & Helmann 2004; Inoue et 

al. 2013). Promoters are represented by annotated black arrows at the start of csbB, with transcription 

terminators denoted by a lollipop. 
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4.2.1 Generation of B. subtilis mutant strains that produce LTA lacking 

glycosyl substitutions 

To investigate the potential involvement of these proteins in the glycosylation of LTA, 

isogenic mutant strains were generated in B. subtilis for the genes encoding the proteins 

YkcC, YkcB, CsbB, YfhO, YkoT and YkoS. Primers with overlapping sequences were 

designed to amplify 1 kb up and downstream of each gene to enable the fragments to be 

fused to an antibiotic resistance marker by SOE PCR. The resulting PCR product was used 

to directly transform wildtype B. subtilis. Mutants were identified by plating culture aliquots on 

agar plates supplemented with the appropriate antibiotic. The chromosomal DNA of mutants 

was subsequently extracted and the deletions confirmed by PCR. This yielded strains B. 

subtilisΔykcC::Cam (ANG2747), B. subtilisΔykcB::Kan (ANG2748), B. subtilisΔcsbB::Kan 

(ANG2749), B. subtilisΔyfhO::Erm (ANG2750), B. subtilisΔykoT::Erm (ANG2751), and B. 

subtilisΔykoS::Cam (ANG2752). 

In order to analyse the role of each of these proteins in the LTA glycosylation 

process, the LTA from the wildtype B. subtilis 168 control strain and the six isogenic mutants 

was purified by hydrophobic interaction chromatograph (HIC). The molecular structure of the 

LTA was then analysed by 1D 1H nuclear magnetic resonance (NMR). To this end, the 

purified LTA was suspended several times in D2O and lyophilised. This step was performed 

in order to replace all exchangeable protons with deuterons. Specifically these are the 

protons of the hydroxyl group in the GroP repeating units and those present in the sugars. 

Doing so simplifies the NMR spectra allowing for improved analysis, as only the non-

exchangeable 1H protons associated with hydrogen bonded to carbon atoms will give a peak 

on the spectra. 
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Figure 4.2: Chemical structure and NMR analysis of purified LTA from wildtype B. subtilis 168. 

(A) Chemical structure of LTA from B. subtilis. A single GroP subunit is denoted by brackets. 

Coloured shading indicates the non-exchangeable protons present in the LTA structure and their 

position on the NMR spectrum (B). Large cultures of B. subtilis were grown and the LTA was purified 

as described in the materials and methods section. Two mg of purified LTA was resuspended in D2O 

and lyophilised several times to exchange 
1
H protons for 

2
H deuterons before the 

1
H NMR spectrum 

was recorded. The signals representing the LTA components were assigned based on previously 

published spectra (Morath et al. 2001; Morath et al. 2002a; Morath et al. 2002b). The fatty acid 

CH2/CH3 groups from the lipid anchor are shaded orange (58 protons per lipid anchor), the GroP 

subunits are shaded green (5 protons per GroP group), D-ala backbone substitutions are shaded blue 

(4 protons per D-ala group), and GlcNAc substitutions are shaded yellow (10 protons per GlcNAc 

group). The peaks shaded grey represent citrate, a buffer component used during FPLC purification. 

This spectrum is representative of at least three independently isolated LTA samples from this strain. 
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The chemical structure of the B. subtilis 168 LTA has previously been determined, 

revealing that the PGP backbone is substituted with both D-ala and GlcNAc residues and is 

anchored to the membrane by a diglucosyl-DAG lipid anchor (Fig. 4.2A). The NMR analysis 

of the LTA isolated from the wildtype B. subtilis strain in this work yielded spectra as 

expected from previous studies (Morath et al. 2002a; Wörmann et al. 2011a) (Fig. 4.2B) The 

non-exchangeable protons from the CH2  and CH3 groups within the fatty acids of the 

glycolipid anchor yielded peaks at 1.3 ppm and 0.8 ppm respectively (Fig. 4.2). The signals 

representing protons within the GroP residues are present between 3.7-4.2 ppm, with an 

additional peak derived from the Gro-2-CH representing GroP substituted with D-ala at 5.4 

ppm. The two peaks representing protons within D-ala are visible at 4.3 ppm (C-H group) 

and at 1.6 ppm (CH3 group). The protons associated with carbons from the pyranose ring of 

GlcNAc are represented by peaks at 5.1 ppm (C1), and 3.5 ppm (C4), with the remaining 

protons resonating in the same region as the GroP signals. In addition, the peak at 2.1 ppm 

represents the signal from the protons associated with the N-acetyl group of GlcNAc. 

To determine the chain length and degree of backbone substitution the NMR 

spectrum was further analysed. The peak at 4.3 ppm representing the non-exchangeable 

proton associated with the C-H group from D-ala substitutions was used as a reference to 

calculate an integration value representing the area under each peak present on the spectra. 

This peak was used as the reference because it is known to represent one proton. To take 

into account the number of non-exchangeable protons present in each LTA component, first 

the sum total of all the integration values for the peaks representing each individual LTA 

component was calculated. Following this the number of non-exchangeable protons within 

each component was taken into account to give a value per proton, based on 58 protons 

within the lipid anchor, 5 within GroP, 4 within D-ala and 10 within GlcNAc. To determine the 

chain length of LTA, the proton-adjusted values described above were used to calculate the 

ratio of the GroP subunits to lipid anchor. To determine the percentage substitution of the 

PGP backbone, the proton-adjusted values were used to calculate the ratio of GroP subunits 

to either D-ala, or GlcNAc substitutions. In this way, the wildtype B. subtilis 168 LTA was 

calculated to have an average PGP chain length of 18 GroP units, of which 62 % are 

substituted with D-alanine and 27 % with GlcNAc residues. 
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Figure 4.3: NMR analysis of purified LTA isolated from B. subtilis mutant strains. NMR spectra 

of purified LTA from (A) B. subtilisΔykcC, (B) B. subtilisΔykcB, (C) B. subtilisΔcsbB, (D) B. 

subtilisΔyfhO, (E) B. subtilisΔykoT, (F) B. subtilisΔykoS. LTA was purified and analysed by NMR as 

described above for the B, subtilis wildtype. Shading of each peak reflects shading for the wildtype 

LTA (Fig. 4.2) Each spectrum is representative of at least three independently isolated LTA samples 

from this strain.  
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NMR analysis of LTA isolated from the six mutant strains revealed that the peaks 

representing the signal from non-exchangeable protons derived from the GlcNAc moieties 

were still present in the spectra for the LTA isolated from the B. subtilisΔykcC, B. 

subtilisΔykcB, B. subtilisΔykoT and B. subtilisΔykoS strains indicating that these genes are 

not involved in the glycosylation process of LTA (Fig. 4.3A, B, E, and F respectively). 

However peaks derived from the GlcNAc residues were absent in the NMR spectra for the 

LTA isolated from the B. subtilisΔcsbB (Fig. 4.3C) and B. subtilisΔyfhO (Fig. 4.3D) strains 

indicating that CsbB and YfhO are involved in the glycosylation process of LTA. 

 

4.2.1.1 Complementation of B. subtilis mutant strains that produce LTA lacking 

glycosyl substitutions 

To complement these mutations, the full-length csbB and yfhO genes including their 

upstream regions with potential promoters, were cloned into pDG1662 yielding plasmids 

pDG1662-PcsbB-csbB and pDG1662-PyfhO-yfhO. These plasmids were used to transform B. 

subtilisΔcsbB and B. subtilisΔyfhO respectively, generating the complementation strains B. 

subtilisΔcsbB amyE::PcsbB-csbB (ANG3017), hereafter referred to as B. subtilisΔcsbBComp, 

and B. subtilisΔyfhO amyE::PyfhO-yfhO (ANG3458). The pDG1662 vector is designed to 

integrate into the B. subtilis chromosome at the amyE locus, which encodes an α-amylase 

enzyme. Disruption of this locus results in a starch metabolism defect that can be detected 

by patching colonies on starch-containing agar plates and flooding them with Lugol's iodine. 

Strains possessing an intact amyE gene display a zone of clearance on these plates that is 

missing in strains where amyE is disrupted. When B. subtilisΔcsbBComp and B. subtilisΔyfhO 

amyE::PyfhO-yfhO strains were assessed in this way, it was observed that they lacked the 

zones of clearance observed in the wildtype (which possesses an intact amyE gene) 

indicating successful integration. Integration was also confirmed by PCR using one 

chromosome specific primer within amyE, but outside the region of homologous 

recombination, and one insert specific primer. The B. subtilisΔcsbBComp and B. subtilisΔyfhO 

amyE::PyfhO-yfhO strains produced PCR products at the expected sizes. To confirm that a 

double crossover recombination event had occurred, rather than Campbell type integration, 

colonies displaying insert integration into amyE were tested for spectinomycin (Spec) 

sensitivity. The Spec resistance marker is present on the plasmid outside of the region for 

homologous recombination, so Spec sensitivity indicates a double crossover recombination 

event has occurred. Both B. subtilisΔcsbBComp and B. subtilisΔyfhO amyE::PyfhO-yfhO were 

found to be Spec sensitive. These data show that the complementation strains B. 



115 
 

subtilisΔcsbBComp and B. subtilisΔyfhO amyE::PyfhO-yfhO integrated at the expected locus 

and a double recombination event has occurred. 

Following this, the LTA was isolated from the complementing strains B. 

subtilisΔcsbBComp and B. subtilisΔyfhO amyE::PyfhO-yfhO, and analysed by NMR, revealing 

that the peaks representing the signals from the non-exchangeable protons within the 

GlcNAc substitutions, that were absent in the B. subtilisΔcsbB mutant (Fig. 4.3C), were 

restored in this complemented strain (Fig. 4.4A). However the NMR analysis of LTA isolated 

from the B. subtilisΔyfhO amyE::PyfhO-yfhO strain lacked the peaks representing the GlcNAc 

substitution (Fig. 4.4B). These results indicated that CsbB is involved in LTA glycosylation, 

however the role of YfhO remains to be established, as due to the lack of an available 

antibody, expression of YfhO from the complementing plasmid could not be confirmed. 

  



116 
 

 

Figure 4.4: NMR analysis of purified LTA isolated from B. subtilis strains. NMR spectra of 

purified LTA from (A) B. subtilisΔcsbB amyE::PcsbB-csbB, (B) B. subtilisΔyfhO amyE::PyfhO-yfhO (C) B. 

subtilisΔyfhO amyE::PcsbB-csbB-yfhO, (D) B. subtilisΔyfhO amyE::PcsbB-csbBD97A-yfhO, (E) B. 

subtilisΔcsbB amyE::PcsbB-csbBD97A-yfhO. LTA purified from these strains was analysed by NMR as 

described for wildtype B. subtilis (Fig. 4.2) Each spectra is representative of at least three 

independently isolated LTA samples from this strain. 

 

A recent report indicated that yfhO exists in an operon with csbB (Inoue et al. 2013) 

so it is possible the lack of complementation of the B. subtilisΔyfhO amyE::PyfhO-yfhO strain 

is actually the result of a lack of expression due to the absence of a promoter upstream of 

yfhO. In order to control expression of YfhO a new 5' primer was designed to clone yfhO into 

plasmids pDR110 and pDR111 under the control of the IPTG inducible Pspank and PHyperspank 

promoters, respectively. This primer included a ribosome binding site (RBS) specifically 

engineered to give the highest expression in B. subtilis (Vellanoweth & Rabinowitz 1992). 

The resulting plasmids pDR110-PSpank-yfhO and pDR111-PHyperspank-yfhO were introduced 
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into the B. subtilisΔyfhO mutant and successful integration and double crossover 

recombination was confirmed by PCR and Spec sensitivity yielding the strains B. 

subtilisΔyfhO amyE::PSpank-yfhO and B. subtilisΔyfhO amyE::PHyperspank-yfhO. These strains 

were assessed for complementation with a western blotting technique using an α-LTA 

antibody (Hogg et al. 1997). This method, which will be discussed in detail in chapter 5, 

essentially involves comparing the increased mobility and increased signal strength of LTA 

isolated from mutant strains producing LTA that lacks glycosyl substitutions, when compared 

to the wildtype. However, when cultures of these strains were induced with IPTG and 

analysed by western blotting in this way, the LTA exhibited the same phenotype observed in 

LTA isolated from the glycosyl negative strain, indicating that there was no complementation 

(Fig. 4.5). 

 

Figure 4.5: Detection of LTA in B. subtilis whole cell lysates by western blot. Overnight cultures 

of wildtype B. subtilis 168, B. subtilisΔcsbB, and either (A) B. subtilisΔyfhO amyE::PSpank-yfhO, or (B) 

B. subtilisΔyfhO amyE::PHyspank-yfhO were prepared for western blot analysis as described in the 

materials and methods section. Three clones, indicated by C1, C2, and C3 of each strain were 

examined. Overnight cultures were harvested by centrifugation and resuspended in protein sample 

buffer. Samples were boiled, then 10 µl was loaded on a 15 % PAA gel. The LTA was detected by 

incubation with a primary α-LTA antibody at a concentration of 1: 5000, followed by an HRP-

conjugated α-mouse antibody at a concentration of 1: 10,000. The positions of protein molecular 

mass markers (in kDa) are indicated on the left. 

 

As a final approach, it was decided to complement the B. subtilisΔyfhO strain with the 

entire csbB-yfhO operon, but with a mutated csbB gene encoding a protein variant that has 

been inactivated for glycosyltransferase activity. CsbB is a member of the GT2 family of 

glycosyltransferases, which adopt a GT-A fold topology and typically possess a DxD binding 

motif that recruits a divalent cation to allow sugar binding (Breton et al. 1998; Wiggins & 

Munro 1998). Disruption of this motif in CsbB renders the enzyme inactive (Inoue et al. 

2013). To this end, the csbB-yfhO region including the intergenic region upstream of csbB to 

include the native promoter was cloned into pDG1662 generating the plasmid pDG1662-
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PcsbB-csbB-yfhO (ANG3508). In addition, another plasmid, based on a previously published 

CsbB mutant (Inoue et al. 2013), was constructed where overlapping primer PCR was used 

to mutate the DNA encoding the final aspartate residue in the DxD motif at position D97 to 

an alanine. This created a plasmid consisting of the native csbB promoter driving the 

expression of csbB and yfhO, but expressing a CsbB variant that is non-functional as its DxD 

motif has been mutated to DxA. This plasmid pDG1662-PcsbB-csbBD97A-yfhO (ANG3303), as 

well as pDG1662-PcsbB-csbB-yfhO, were transformed into both the B.subtilisΔcsbB and 

B.subtilisΔyfhO mutants yielding strains B.subtilisΔcsbB amyE::PcsbB-csbB-yfhO (ANG3509), 

B. subtilisΔyfhO amyE::PcsbB-csbB-yfhO (ANG3510), B. subtilisΔyfhO amyE::PcsbB-csbBD97A-

yfhO (ANG3304), and B. subtilisΔcsbB amyE::PcsbB--csbBD97A-yfhO (ANG3305). The 

expectation was that the pDG1662-PcsbB-csbB-yfhO plasmid would complement both mutant 

strains. However, it was expected that the pDG1662-PcsbB-csbBD97A-yfhO would only 

complement the B. subtilisΔyfhO strain, and not the B. subtilisΔcsbB mutant. To investigate 

this, the LTA was isolated from these strains and analysed by NMR to assess the presence 

or absence of GlcNAc substitutions. 

NMR analysis of the LTA isolated from B. subtilisΔyfhO amyE::PcsbB-csbB-yfhO 

revealed that the signals representing the non-exchangeable protons within the GlcNAc 

substitutions were present, indicating that glycosylation of LTA had been restored in this 

strain (Fig. 4.4C). In addition, analysis of the NMR spectra of the LTA isolated from B. 

subtilisΔyfhO amyE::PcsbB-csbBD97A-yfhO, hereafter referred to as B. subtilisΔyfhOComp, 

revealed that the GlcNAc substitutions were present indicating that the glycosylation of LTA 

had been restored (Fig. 4.4D). In contrast, the NMR spectra of the LTA isolated from B. 

subtilisΔcsbB amyE::PcsbB- csbBD97A-yfhO revealed that the GlcNAc substitutions were 

absent (Fig. 4.4E), indicating that glycosylation had not been restored in this strain and that 

the CsbB containing the D97A point mutation is non-functional. Altogether these results 

indicate that both the CsbB and YfhO are involved in the glycosylation of LTA. 

To assess whether a lack of glycosyl substitutions on LTA affects PGP chain length 

or the degree of GroP backbone substitution with D-ala, the NMR spectra of LTA isolated 

from the above strains were further analysed. Chain length and percentage substitution was 

calculated as described earlier for the wildtype B. subtilis (Fig. 4.2B, 4.3, 4.4). The statistical 

significance between the wildtype B. subtilis and the strains producing LTA lacking glycosyl 

substitutions, or between the wildtype and complemented strains was calculated using an 

unpaired two tailed Student T-test with a confidence interval of P ≤ 0.05. Based on these 

calculations, there was no significant difference in chain length when comparing LTA 

isolated from the wildtype, to LTA isolated from either B. subtilisΔcsbB (p = 0.08), or B. 

subtilisΔyfhO (p = 0.2) (Fig. 4.6A). In addition, there was no difference in the chain length of 
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LTA isolated from the wildtype to LTA isolated from the B. subtilisΔcsbBComp (p = 0.66) or B. 

subtilisΔyfhOComp (p = 0.11) complement strains (Fig. 4.6A). It was observed that the total 

GroP substitution by D-ala and GlcNAc combined was high in LTA isolated from the wildtype 

and complement strains. The LTA isolated from the wildtype B. subtilis showed a total 

average substitution of PGP at ~89%, comprising D-alanylation and glycosylation at 62% 

and 27% respectively (Fig. 4.6A). Interestingly, there was no significant difference in the 

degree of D-ala substitution between LTA isolated from the wildtype compared to LTA 

isolated from B.subtilisΔcsbB (p = 0.85) or B. subtilisΔyfhO (p = 0.55) strains that produce 

LTA lacking glycosyl modifications. This indicates that glycosylation does not act to prevent 

further D-alanylation by occupying potential modification sites, implying that these systems 

are independently regulated. The total GroP substitution by D-ala and GlcNAc combined 

was even higher in the complemented strains, however in these strains the percentage of 

both substitutions were slightly higher, possibly as a result of standard error from lower 

resolution spectra. 

 

 

Figure 4.6: Determination of LTA chain length and substitution by NMR analysis of purified 

LTA from B. subtilis strains. NMR spectra of purified LTA from B. subtilis strains (Fig. 4.2B, 4.3 and 

4.4) were analysed to calculate chain length (A) and percentage substitution (B). Chain length was 

determined by calculating the ratio of GroP to CH2/CH3 groups from the fatty acids, taking into 

account the number of protons for each signal (GroP 5 protons, CH2/CH3 58 protons). The percentage 

substitution was determined by calculating the ratio of GroP to either D-ala (4 protons) or GlcNAc (10 

protons) taking into account the number of protons. This analysis was performed on at least three 

independently acquired spectra, and the average was calculated and displayed with the standard 

deviation. Statistical significance was determined using a two-tailed unpaired student T-test at a 

confidence interval of P≤ 0.05. The lowest p value was p = 0.11 indicating that there is no statistical 

difference between the wildtype B. subtilis and mutant or complement strains.  
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4.2.2 Generation of L. monocytogenes mutant strains that produce LTA lacking 

glycosyl substitutions 

Deletion mutants for the E. coli ArnC homologues identified in L. monocytogenes 

(Table 4) were constructed using a similar approach as that for the B. subtilis mutants. 

Primers were designed to amplify 1 kb up and downstream of the genes encoding Lmo2550 

and Lmo0933, the separate fragments were joined by SOE PCR and ligated into the allelic 

exchange vector pKSV7. This generated plasmids pKSV7-Δlmo2550 and pKSV7-Δlmo0933, 

which were subsequently used to transform the wildtype L. monocytogenes strain 10403S. 

Allelic exchange was facilitated by temperature shift. To confirm plasmid excision, colonies 

were patched onto selective agar plates to identify colonies that had lost the 

chloramphenicol (Cam) resistance conferred by the plasmid. The creation of the mutant 

strains was confirmed by colony PCR. This resulted in the production of 10403SΔlmo2550 

and 10403SΔlmo0933 mutant strains. During construction of these mutant strains Eugster et 

al. reported that Lmo2550 is involved in the glycosylation of wall teichoic acid (WTA) with 

GlcNAc (Eugster et al. 2011). As a result the role of Lmo2550 in the glycosylation of LTA 

was not investigated further. To investigate a potential role for Lmo0933, the LTA from the 

wildtype 10403S and the 10403SΔlmo0933 mutant was purified and analysed by 1D 1H 

NMR as described above.   
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Figure 4.7: Chemical structure and NMR analysis of purified LTA from wildtype L. 

monocytogenes 10403S. (A) Chemical structure of LTA from L. monocytogenes 10403S. A single 

GroP subunit is denoted by brackets. The coloured shading indicates the non-exchangeable protons 

present in the LTA structure purified from 10403S, and maps their location on the NMR spectrum of 

purified LTA derived from L. monocytogenes 10403S (B). LTA was purified and analysed by NMR as 

described above. The signals representing the LTA components were assigned based on previously 

published spectra (Morath et al. 2001; Morath et al. 2002a; Morath et al. 2002b). The colour shading 

for the LTA components is reflective of that for the wildtype B. subtilis (Fig. 4.2), with the exception of 

the glycosyl substitution which is Gal in L. monocytogenes and is shaded yellow (6 protons per Gal 

group). This spectrum is representative of at least three independently isolated LTA samples from this 

strain. 
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The LTA from L. monocytogenes consists of a repeating backbone of GroP subunits, 

which can be substituted with either D-ala or with galactose (Gal). This backbone is attached 

to a galactosyl-glucosyl-diacylglycerol lipid anchor (Fig. 4.7A). Based on previously 

published NMR spectra (Uchikawa et al. 1986; Morath et al. 2001; Morath et al. 2002a; 

Morath et al. 2002b) the non-exchangeable protons within the CH2 and CH3 fatty acid groups 

of the lipid anchor, the protons within the GroP backbone, and those within D-ala 

substitutions, yield peaks in the same location on the spectrum as for purified B. subtilis LTA 

(Fig. 4.2B and 4.7B). In contrast to B. subtilis, LTA from L. monocytogenes is glycosylated 

with α-Gal rather than GlcNAc (Fig. 4.7A). The non-exchangeable protons within this sugar 

yield a peak at 5.2 ppm representing the proton associated with the anomeric carbon, with 

the remaining protons within the pyranose ring yielding multiple peaks in the same region as 

the protons from GroP subunits (Fig. 4.7B). The chain length and PGP backbone 

substitution of L. monocytogenes 10403S LTA was calculated as described above for 

wildtype B. subtilis. The LTA from wildtype L. monocytogenes 10403S was calculated as 

possessing a PGP backbone with an average length of 16 ± 4 GroP units. In addition it was 

calculated that an average of 60 % of GroP units are substituted with D-ala residues, and 24 

% were substituted with Gal (based on 6 protons within Gal). 

This analysis showed that the peaks representing the non-exchangeable protons 

within Gal substitutions present in LTA isolated from the wildtype 10403S strain (Fig. 4.7B) 

were absent in the LTA isolated from the 10403SΔlmo0933 mutant indicating that this strain 

lacks galactosyl substitutions on its LTA (Fig. 4.8A). To confirm this result, this strain was 

complemented by cloning a full-length copy of lmo0933, including the upstream region 

predicted to include its native promoter, into the vector pPL3e, generating pPL3e-Plmo0933-

lmo0933. This plasmid was introduced into 10403SΔlmo0933 generating strain 

10403SΔlmo0933.pPL3e-Plmo0933-lmo0933 (ANG2495), hereafter referred to as 

10403SΔlmo0933Comp. Following this, the LTA was isolated from the 10403SΔlmo0933Comp 

strain and analysed by NMR as described above. The non-exchangeable protons from each 

LTA component are colour coded in the same way as for the LTA isolated from the wildtype 

10403S strain (Fig. 4.7). NMR analysis of the LTA isolated from 10403SΔlmo0933Comp (Fig. 

4.8B) revealed that the peaks representing the non-exchangeable protons from Gal 

substitutions were present, indicating that complementation with lmo0933 restored the 

glycosylation of LTA. Altogether the results indicate that lmo0933 is involved in the 

glycosylation of L. monocytogenes LTA with galactose. 
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Figure 4.8: NMR analysis of purified LTA from L. monocytogenes strains 10403SΔlmo0933, 

10403SΔlmo0933 pPL3e-Plmo0933-lmo0933, and 10403SΔlmo1079. NMR spectra of LTA isolated 

from (A) 10403SΔlmo0933, (B) 10403SΔlmo0933 pPL3e-Plmo0933-lmo0933 and (C) 10403SΔlmo1079. 

LTA was isolated and analysed by NMR as described for wildtype 10403S. The colour shading 

representing LTA components are the same for wildtype 10403S (Fig. 4.7) The peaks shaded grey 

represent citrate, a buffer component used during FPLC purification. Each spectra is representative of 

at least three independently isolated LTA samples from this strain. 

 

Unlike csbB from B. subtilis, the gene encoding the ArnC homologue Lmo0933 in L. 

monocytogenes is annotated as existing in an independent transcriptional unit. 

Bioinformatics analysis of the proteins encoded by the surrounding genes, using the protein 

family and protein topology prediction tools Pfam and TMHMM respectively, did not identify 

any other obvious proteins that could be involved in LTA glycosylation. However, after the 

identification of the GT-C type glycosyltransferase YfhO in B. subtilis, the protein sequence 

of this enzyme was used in a BLAST search against the proteins encoded on the L. 

monocytogenes genome. The results showed only one viable match, Lmo1079 (2e-28). As 

this protein could be involved in the transfer of sugar from the lipid carrier onto LTA in this 

species, the role of Lmo1079 in the glycosylation of LTA was investigated. To this end, a 

strain with a deletion in the gene encoding Lmo1079 was constructed. Primers were 

designed to amplify the 1 kb regions flanking lmo1079, and these fragments were ligated 

together using SOE-PCR. The resulting PCR product was cloned into the allelic exchange 

vector pKSV7, generating the plasmid pKSV7-Δlmo1079 (ANG2793). This plasmid was 
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introduced into the wildtype 10403S strain, and allelic exchange was carried out under 

standard conditions. Allelic exchange and plasmid excision were confirmed by Cam 

sensitivity and PCR as previously described yielding the strain 10403SΔlmo1079 

(ANG2794). Subsequently the LTA was isolated from this strain and analysed by NMR as 

described above. Surprisingly however, the analysis showed that the peaks representing 

non-exchangeable protons within Gal substitutions were still present in the LTA derived from 

strain 10403SΔlmo1079, indicating that this gene is not involved in the glycosylation process 

of LTA (Fig. 4.8C). In an attempt to identify the extracellular glycosyltransferase involved in 

the glycosylation of LTA, the protein sequences of the other two GT-C type 

glycosyltransferases, YkcC and YkoT, identified in B. subtilis were also used in BLAST 

searches against proteins encoded in the L. monocytogenes genome. No strong matches 

were identified and thus the extracellular glycosyltransferase involved in the glycosylation 

process of LTA remains unidentified in this species. 

To determine whether the absence of galactosyl substitutions on LTA in L. 

monocytogenes affects LTA chain length or D-alanylation, the NMR spectra from LTA 

isolated from the wildtype 10403S, 10403SΔlmo0933, and 10403SΔlmo0933Comp were 

further analysed. LTA chain length and D-alanylation was calculated as described above for 

B. subtilis LTA. The number of non-exchangeable protons within each component of LTA 

was essentially the same in L. monocytogenes as for B. subtilis LTA with the exception of 

only 6 protons within Gal substitutions in L. monocytogenes. The statistical significance 

between LTA isolated from the wildtype L. monocytogenes and the 10403SΔlmo0933, or 

between the wildtype and the 10403SΔlmo0933Comp strain was calculated using an unpaired 

two-tailed Student T-test with a confidence interval of P ≤ 0.05. Based on these calculations 

there was no significant difference in chain length between LTA isolated from the wildtype 

and 10403SΔlmo0933 (p = 0.89) (Fig. 4.9A). For LTA isolated from the wildtype 10403S, a 

high degree of total substitution comprised of D-ala and Gal combined was observed. Total 

substitution of the PGP backbone was 84 % consisting of D-alanylation and glycosylation at 

60 % and 24 % respectively (Fig. 4.9B). In addition there was no significant difference 

between the degree of D-ala substitution of LTA isolated from the 10403SΔlmo0933 strain (p 

= 0.66) that produces LTA lacking Gal substitutions, compared LTA isolated from the 

wildtype 10403S (Fig. 4.9B). This is in agreement with the observations made in B. subtilis 

(Fig. 4.6B). In contrast to the Bacillus strains, the LTA isolated from the L. monocytogenes 

10403SΔlmo0933Comp strain bore a stronger similarity to the wildtype in terms of total 

substitution with both D-ala and Gal, possibly indicating a higher resolution spectra (Fig. 

4.6B and 4.9B). 
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Figure 4.9: Determination of LTA chain length and substitution from NMR analysis of purified 

LTA from L. monocytogenes strains. NMR spectra of purified LTA from L. monocytogenes strains 

(Fig. 4.7B and 4.8) were analysed to calculate chain length and percentage substitution. Chain length 

was determined by calculating the ratio of GroP to CH2/CH3 groups from the fatty acids, taking into 

account the number of protons for each signal (GroP 5 protons, CH2/CH3 58 protons). The percentage 

substitution was determined by calculating the ratio of GroP to either D-ala (4 protons) or Gal (6 

protons) taking into account the number of protons for each signal. This analysis was performed on at 

least three independently acquired spectra, and the average was calculated and displayed with the 

standard deviation. Statistical significance was determined using a two-tailed unpaired student T-test 

at a confidence interval of P ≤ 0.05. The lowest P value at this confidence interval was p = 0.2 

indicating that there is no statistical significance between the wildtype LTA and the mutant or 

complement strains. 

 

In summary, three mutants that produce LTA lacking glycosyl substitutions, one in L. 

monocytogenes and two in B. subtilis, have been constructed. Based on their homology to 

ArnC, as well as protein topology and protein family prediction analysis, the cytoplasmic 

glycosyltransferase Lmo0933 has been identified in L. monocytogenes, and the cytoplasmic 

and extracellular glycosyltransferases, CsbB and YfhO respectively, have been identified in 

B. subtilis. Although a deletion mutant was generated for the ArnC homologue identified in S. 

aureus the LTA of this strain was not analysed, as previous work performed in our lab 

showed this strain lacks glycosyl substitutions on its LTA. In addition, it appears that when 

glycosylation of LTA abrogated there is no change in either the chain length or the D-

alanylation of LTA in either B. subtilis or L. monocytogenes. 
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Chapter 5 
Development of methods to screen 

a transposon mutant library to 
identify mutants with defects in LTA 

glycosylation 
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5.1 Objective of chapter 5 

The bioinformatics approach employed to identify proteins involved in the 

glycosylation of type I LTA discussed in the previous chapter, yielded the identity of the 

cytoplasmic glycosyltransferase in L. monocytogenes and both the cytoplasmic and 

extracellular glycosyltransferases in B. subtilis. However, there was no indication as to the 

identity of the extracellular glycosyltransferase in L. monocytogenes or the membrane 

transporter that translocates the prenol-linked sugar across the membrane in either species. 

Therefore an alternative approach for the identification of the remaining proteins involved in 

the LTA glycosylation process was explored. The aim was to use a mariner-based 

transposon system validated in L. monocytogenes, to generate a transposon mutant library 

and to interrogate this library to identify mutants with defects in the LTA glycosylation 

process. To this end, methods of screening this transposon mutant library were developed to 

enable the discrimination between strains that produce LTA with or without glycosyl 

substitutions. Two methods were investigated, the first using a lectin to detect the presence 

of the sugar substitutions on LTA. Also investigated was a mobility shift phenotype exhibited 

by the LTA from strains defective for LTA glycosylation when loaded onto a PAA gel and 

detected by an α-LTA antibody. This method was further developed to make it suitable for 

use in a high-throughput assay. 
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5.2 Use of a lectin to detect the presence of galactose substitutions 

on LTA in L. monocytogenes 

5.2.1 Selection of the biotinylated lectin BSI-B4 to allow for the identification of 

α-galactose modifications on purified LTA 

To allow the identification of mutants with defects in the LTA glycosylation pathway 

from a transposon mutant library, a method for detecting the sugar substitutions on LTA was 

required. To this end the use of lectins, a family of proteins that bind carbohydrates with high 

specificity, were investigated. The lectin wheat germ agglutinin (WGA) has already been 

used to detect GlcNAc-substituted WTA in cell cultures of L. monocytogenes, highlighting 

the potential use of this method (Eugster et al. 2011). Lectins are proteins found in plants, 

animals and microorganisms that specifically bind mono- and oligosaccharides. LTA from L. 

monocytogenes is glycosylated with α-galactose (Hether & Jackson 1983; Uchikawa et al. 

1986) (Fig. 4.7), so a list of commercially available lectins with affinity for this sugar was 

examined. The lectin selected was BSI-B4, an isolectin from the plant Bandeiraea (Griffonia) 

simplicifolia. BS-I is a tetrameric protein comprised of a combination of subunits designated 

A and B, that have an affinity for α-GlcNAc and α-Gal respectively (Murphy & Goldstein 

1977). There are 5 BS-I isolectins with different combinations of A and B subunits and 

therefore different affinities for GlcNAc and/or Gal. BSI-B4 displays an almost exclusive 

affinity for terminal α-galactosyl residues so this seemed to be the most appropriate choice 

(Murphy & Goldstein 1977). Although many lectins are specific for a monosaccharide, they 

are also capable of binding oligosaccharides terminating with that sugar, though this may 

affect the affinity. BSI-B4 was chosen over other galactose binding lectins not only because it 

has a strong affinity for the α-Gal monosaccharide, but also as it displays a reduced affinity 

for di- or trigalactosyl polysaccharides, as well as polysaccharides containing other sugars in 

addition to Gal (Kirkeby & Moe 2001). A biotin conjugated form of BSI-B4 was selected to 

allow for the detection of bound lectin in vitro using streptavidin conjugated HRP. One of the 

major limitations to lectin-based assays is the lack of suitable blocking reagents to prevent 

the detection of non-specific binding. For example, the standard western blotting protocol 

performed during this study uses 5 % milk in TBST to block the PVDF membrane. However, 

this blocking reagent is inappropriate for use in lectin-based assays as milk is high in sugars 

that might mask or inhibit the binding of the lectin. Although several commercial blocking 

solutions are available, bovine serum albumin (BSA), which is not glycosylated, has been 

used as the blocking agent in numerous lectin studies, including assays with BSI-B4 (Kirkeby 

& Moe 2001). In addition, BSI-B4 has been shown to have a very low level of non-specific 

binding to BSA (Thompson et al. 2011). Therefore, all assays with the lectin were performed 

using BSA in TBST as a blocking agent. 
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To test the efficacy of BSI-B4, a dot blot was performed using purified LTA isolated 

from the wildtype 10403S and from the 10403SΔlmo0933 mutant. The purified LTA was 

diluted, spotted onto a nitrocellulose membrane, and allowed to air-dry. Non-specific binding 

was blocked by immersing the membrane in 5 % BSA in TBST and the galactose 

substitutions on the LTA were detected with biotinylated BSI-B4. It was expected that the 

lectin would only bind to the α-Gal-substituted LTA isolated from wildtype 10403S and not to 

the LTA isolated from the 10403SΔlmo0933 mutant that lacks this modification. 

 

Figure 5.1: Detection of galactose substitutions on purified LTA using biotinylated BSI-B4 by 

dot blot. Purified LTA isolated from the wildtype 10403S and the 10403SΔlmo0933 (ANG2325) 

mutant were diluted to the concentrations indicated. Equal volumes were spotted onto a nitrocellulose 

membrane and allowed to air dry. The galactose substitutions were detected using biotinylated BSI-B4 

at a concentration of 1: 4000, followed by HRP-conjugated streptavidin at a concentration of 1: 4000. 

 

Contrary to expectations, it was found that BSI-B4 was able to detect LTA isolated 

from both the wildtype 10403S and the 10403SΔlmo0933 mutant (Fig. 5.1). However, a 

visual inspection of the blot appeared to reveal a stronger signal for the LTA purified from the 

wildtype than the mutant, which was most apparent at the 5 mg/ml concentration of purified 

LTA. One possible explanation is that although BSI-B4 is reported to have an almost 

exclusive affinity for terminal α-galactose, it may also be able to bind the galactose moiety 

present in the glycolipid anchor of LTA (Kirkeby & Moe 2001). At the 5 mg/ml concentration, 

LTA isolated from the wildtype 10403S was detected as a dark spot, with a dark inner ring, 

compared to the LTA isolated from the 10403SΔlmo0933 mutant which was detected as a 

faded spot with a very faint inner ring. This observation is consistent with there being more 

galactose present in the wildtype LTA, derived from glycosyl substitutions on the PGP 
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backbone, leading to a stronger signal. However, this approach could not conclusively rule 

out the possibility that the lectin may be binding to contaminating sugars within the LTA 

preparation itself. In addition, as visual inspection is subjective, and as the difference in 

signal strength was slight, a quantitative method was required to assess the suitability of 

BSI-B4 as a method for discriminating between glycosylated or non-glycosylated LTA. 

 

5.2.2 Use of a quantitative assay to assess the ability of BSI-B4 to differentiate 

between strains producing glycosylated or non-glycosylated LTA 

 To evaluate whether BSI-B4 can differentiate between purified LTA with or without α-

gal substitutions, an enzyme-linked lectin assay (ELLA) based on a modified protocol for an 

ELISA, was used to quantitatively assess a difference in signal strength. For this assay, the 

wells of a microtitre plate were coated with increasing concentrations of purified LTA isolated 

from either the wildtype 10403S or from the 10403SΔlmo0933 strain. Non-specific binding 

was prevented by blocking wells with 5 % BSA in TBST as before. The wells were then 

incubated with a fixed concentration of BSI-B4, followed by incubation with streptavidin 

conjugated HRP. The plate was developed, and the signal was detected on a plate reader at 

450 nm. 

 

Figure 5.2: Detection of galactose substitutions on purified LTA using biotinylated BSI-B4 by 

ELLA. Purified LTA from the wildtype 10403S and 10403SΔlmo0933 (ANG2325) mutant was used to 

coat a 96 well plate. The galactose substitutions were detected using biotinylated BSI-B4 at a 

concentration of 1: 4000, followed by HRP-conjugated streptavidin at a concentration of 1: 4000. 
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At an equal concentration of purified LTA the signal from the bound BSI-B4 isolectin 

was consistently stronger for LTA isolated from the wildtype 10403S compared to LTA 

isolated from 10403SΔlmo0933 (Fig. 5.2). This difference in signal strength was observed 

even at low concentrations of purified LTA. As stated above, it is possible the isolectin is 

binding to a contaminating sugar in the LTA prep, or to the galactose moieties present in the 

glycolipid anchor of LTA. However, if BSI-B4 is binding to the glycolipid anchor in addition to 

the galactose substitutions on the PGP backbone, then there should be a quantitative 

difference between galactose detected in the LTA isolated from the wildtype 10403S 

compared to the 10403SΔlmo0933 mutant, as both strains possess the same glycolipid 

anchor. Based on NMR analysis of purified LTA isolated from the wildtype 10403S in this 

study, the PGP backbone consists of ~16 GroP subunits and approximately 24 % these are 

modified with α-Gal residues in this strain (Fig. 4.9), meaning an average PGP chain should 

carry ~4 α-Gal sugars. Although the glycosyl modifications are absent in the 

10403SΔlmo0933 mutant, the LTA of this strain still possesses a single galactose sugar in 

the glycolipid anchor. Therefore it was expected that if the isolectin exclusively detects 

galactose derived from the LTA structure itself (and not from a contaminating sugar) then 

there should be approximately a 4 fold increase in detection of α-Gal present in LTA isolated 

from the wildtype 10403S compared to LTA isolated from the 10403SΔlmo0933 mutant at 

the same µg/ml concentration. At each concentration of LTA tested, the signal for BSI-B4 

was consistently found to be an average of 1.26 ± 0.06 fold higher for LTA isolated from the 

wildtype 10403S compared to the 10403SΔlmo0933 mutant. This observation indicates that 

the signal detected in the purified LTA derived from the 10403SΔlmo0933 strain may be 

accounted for by background detection, rather than by detection of galactose present in the 

glycolipid anchor. Taken together with the above data (Fig. 5.1 and 5.2), BSI-B4 appears to 

be a viable tool for discriminating between purified LTA with or without glycosyl substitutions, 

although only in the context of an ELLA where a quantitative difference can be observed 

(Fig. 5.2). However, for this method to be applied to a high-throughput screen, it is 

necessary to work with whole cells. To this end, the ELLA was repeated as before, but using 

overnight cultures rather than purified LTA to coat the microtitre plate. 
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Figure 5.3: Detection of galactose substitutions on LTA in whole cells using BSI-B4 by ELLA. 

Overnight cultures of 10403S, 10403SΔlmo0933 and 10403SΔlmo0933Comp were diluted into a 

maxisorp plate and allowed to dry. The cells were overlaid first with biotinylated BSI-B4 at a 

concentration of 1: 4000, followed by streptavidin-HRP at a concentration of 1: 4000. The plate was 

developed and the absorbance was detected at OD450. Statistical significance was calculated using an 

unpaired two-tailed Student T-test with a confidence interval of P ≤ 0.05. 

 

Unfortunately, in contrast to observations using purified LTA (Fig. 5.2) there was no 

statistically significant difference in signal strength from the bound lectin between wildtype 

10403S and 10403SΔlmo0933 mutant cells (p = 0.25) presumably because BSI-B4 is 

detecting other galactose containing structures present on the cell surface. Taken together, 

the results in this section show that whilst BSI-B4 can be used to discriminate between 

purified LTA either possessing or lacking galactosyl substitutions, it is unsuitable for use in 

whole cell assays. This makes the lectin BSI-B4 an inappropriate tool as a method for a high 

throughput screen as the purification of LTA requires several litres of culture, and is a slow, 

labour intensive process. Therefore this approach was not considered further. 
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5.3 Detection of L. monocytogenes strains with defects in the LTA 

glycosylation process by western blotting  

5.3.1 LTA lacking glycosyl modifications exhibits an increased mobility on 

PAA gels 

A standard protocol was used throughout this study to detect LTA in cell cultures. 

First, glass beads were used to mechanically lyse an overnight culture, a sample was loaded 

onto a 15 % PAA gel and the LTA was detected with an α-LTA antibody that has been used 

previously to detect LTA from L. monocytogenes (Hogg et al. 1997; Webb et al. 2009) (see 

materials and methods section). When analysed in this way, the LTA detected in cell lysates 

derived from the 10403SΔlmo0933 mutant exhibited an increased mobility compared to the 

LTA detected in lysates derived from the wildtype 10403S strain (Fig. 5.4A). In addition, the 

LTA detected in lysates from 10403SΔlmo0933 seemed to exhibit a stronger signal than LTA 

from wildtype 10403S lysates (Fig. 5.4A). As the α-LTA antibody used in this study is raised 

against the GroP backbone of LTA (Hogg et al. 1997), it was hypothesised that in the 

absence of glycosyl substitutions, the antibody is likely able to bind to its target more 

efficiently, leading to a stronger detection of LTA in the 10403SΔlm0933 mutant lysates 

relative to the wildtype. B. subtilis strains, B. subtilisΔcsbB and B. subtilisΔyfhO, that 

produce LTA lacking GlcNAc substitutions, also displayed a stronger detection by an α-LTA 

antibody (Fig. 5.4B), although the phenotype was clearer in lysates from L. monocytogenes 

strains (Fig. 5.4A). The LTA from B. subtilis was detected using a humanised α-LTA 

antibody, that appears to be less specific than the antibody used in L. monocytogenes 

experiments, and this could explain the difference in clarity of phenotype between the two 

bacteria. Although this method can be used to identify mutants defective for LTA 

glycosylation in a small number of colonies, it is not a viable method for a high-throughput 

screen. Each sample requires a minimum of a 1 ml of overnight culture, and involves 

multiple tubes and centrifugation steps that slows sample preparation. As a result the 

number of mutants that can be tested per batch is limited. In addition, overexposure of film 

during the developing stage renders this phenotype less clear (Fig. 5.5D), so the method 

needed refining to reduce the possibility of detecting false positives. 
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Figure 5.4: Detection of LTA in L. monocytogenes and B. subtilis whole cell lysates by western 

blot. Overnight cultures of wildtype 10403S, 10403Δlmo0933 and 10403SΔlmo0933Comp strains (A) 

were prepared for western blot analysis as described in the materials and methods section. Overnight 

cultures were mechanically lysed and 10 µl was loaded on a 10 % PAA gel. The LTA was detected by 

incubation with a primary α-LTA antibody (Hogg et al. 1997) at a concentration of 1: 5000, followed by 

an HRP conjugated α-mouse antibody at a concentration of 1: 10,000. Also examined were B. subtilis 

strains with deletions for genes encoding homologues for ArnC, a protein involved in lipid A 

glycosylation (B). Cells from overnight cultures of B. subtilis, B. subtilisΔykcC, B. subtilisΔykcB, B. 

subtilisΔcsbB, B. subtilisΔyfhO, B. subtilisΔykoT, and B. subtilisΔykoS were harvested by 

centrifugation and resuspended in protein sample buffer. Samples were boiled and loaded onto a 15 

% PAA gel. The LTA was detected using a humanised α-LTA antibody (Weisman et al. 2011) at a 

concentration of 1: 5000, followed by an α-Human HRP conjugate at a concentration of 1: 10,000. 

The positions of protein molecular mass markers (in kDa) are indicated on the left of each blot. 

 

5.3.2 Optimisation of the western blot protocol for use in a high-throughput 

assay to identify strains with defects in the LTA glycosylation process 

To optimise this method, the assay conditions were altered to allow a more reliable 

detection of the phenotype. As stated above, the hypothesis for a stronger signal exhibited 

by LTA from 10403SΔlmo0933 cell lysates when detected by western blotting, is that the 

antibody can more easily access the PGP backbone in the absence of glycosyl substitutions. 

Therefore it was logically concluded that lowering the concentration of the α-LTA antibody 

would lead to a point where LTA would be detected in lysates from the 10403SΔlmo0933 

mutant strain, but not in lysates prepared from wildtype 10403S cells as the signal would be 

too weak. It was predicted that this approach would also allow a longer film exposure time 

before the mutant phenotype was indistinguishable from the wildtype, thus reducing the 

chance of false positive results. To that end, whole cell lysates were prepared from overnight 

cultures of the wildtype 10403S, 10403SΔlmo0933, and 10403SΔlmo0933Comp using the 

standard method. Samples were then loaded onto PAA gels and different concentrations of 

the α-LTA antibody were used to detect the LTA. 
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The phenotype exhibited by LTA detected in lysates prepared from 10403SΔlmo0933 

cells (Fig. 5.4A) was observed at all the concentrations of antibody tested (Fig. 5.5). 

Decreasing the concentration of α-LTA antibody from 1: 5000 (Fig. 5.4A), to 1: 10,000 (Fig. 

5.5A) and 1: 20,000 (Fig. 5.5B) resulted in a reduction of detectable signal of LTA in wildtype 

10403S cell lysates as expected. However, decreasing the α-LTA antibody concentration did 

not have such an effect on LTA detected in cell lysates from the 10403SΔlmo0933 mutant. 

In fact, a 1: 20,000 dilution of the antibody with a film exposure of 1.5 mins (Fig. 5.5B), led to 

a near total lack of detection of LTA in the wildtype 10403S sample, whilst the LTA from 

10403SΔlmo0933 mutant cell lysates was still detected strongly. In addition, at lower 

antibody concentrations the signal from the wildtype remained low even during a longer 

exposure time of 3 mins (Fig. 5.5C). In contrast, when the standard concentration of 1: 5000 

α-LTA antibody was used and the film was exposed for 3 mins it became difficult to 

distinguish between the mutant and wildtype samples (Fig. 5.5D). Taken together, these 

results showed that lowering the concentration of α-LTA antibody to eliminate detection of 

glycosylated LTA, allowed the phenotype to be detected more easily. However although 

producing whole cell lysates is faster and easier than purifying LTA, it requires larger 

cultures than could be grown in a 96-well plate so the method needed to be developed to 

reduce the culture volume required. 
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Figure 5.5: Detection of LTA in whole cell lysates of L. monocytogenes strains by western blot 

using different concentrations of α-LTA antibody. Overnight cultures of wildtype 10403S, 

10403SΔlmo0933, and 10403SΔlmo0933Comp were prepared for western blot analysis as described in 

the materials and methods section. The α-LTA antibody was added at a concentration of 1: 10,000 

(A), or 1: 20,000 (B) both with a film exposure time of 1.5 mins. Alternatively, the α-LTA antibody was 

added at a concentration of 1: 10,000 (C) or 1: 5000 (D), with a film exposure time of 3 mins. The 

positions of protein molecular mass markers (in kDa) are indicated on the left of each blot. 

 

For the detection of LTA in lysates using an α-LTA antibody to be a viable method for 

screening a transposon mutant library, the assay needed to be adapted for high-throughput 

format, ideally in a 96-well plate. Normal preparation of whole cells lysates is achieved by 

using 0.2 mm glass beads to mechanically lyse an overnight culture, a process which 

requires numerous tubes per sample and several wash steps. Furthermore it requires a 

minimum amount of culture to achieve proper lysis. To overcome this issue, a biochemical 

method of lysis was investigated using mutanolysin, an enzyme that targets the glycosidic 

linkages in peptidoglycan. This is an established method for lysing L. monocytogenes cells 

and susceptibility to lysis in this way can be increased by prewashing the cells in acetone 

(Fliss et al. 1991). For this study, cells were lysed by incubation with mutanolysin at a range 

of different concentrations. Alternatively, overnight cells were resuspended in acetone and 

incubated on ice for 1 hour before being treated with mutanolysin. The LTA was then 

detected as described above. 
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Treating cells with 11 units of mutanolysin, appeared to lyse cells sufficiently to allow 

the detection of LTA using an α-LTA antibody (Fig. 5.6). Under these conditions a signal for 

LTA was detected in lysates of 10403SΔlmo0933 at both concentrations of antibody, with or 

without an acetone wash. However, the LTA detected in wildtype 10403S lysates was only 

detectable at a 1: 5000 concentration of the α-LTA antibody, and only when mutanolysin 

treatment was preceded by acetone wash (Fig. 5.6A). Detection of the LTA present in 

lysates from 10403SΔlmo0933 was significantly reduced when the acetone wash step was 

omitted, but still gave good detection of LTA. If the detection of the wildtype is not required, 

then 11 units of mutanolysin with α-LTA at a 1: 10,000 concentration, is sufficient with no 

acetone wash to detect strains producing LTA that lack glycosyl substitutions at both the 

antibody concentrations examined. It may be that 5.5 units of mutanolysin is able to lyse the 

mutant to allow detection of the LTA, but only in the presence of the acetone wash, so this 

method could be further refined to reduce consumption of mutanolysin. Combined, these 

results set out a framework for a high-throughput assay involving only 2 steps, where 

overnight cultures can be treated directly with mutanolysin, centrifuged, and then 

resuspended in sample buffer and loaded directly onto PAA gels. Biochemical lysis also 

allows for the further adaptation for this assay for a 96 well plate format. 

 

Figure 5.6: Detection of LTA in whole cell lysates generated by mutanolysin treatment of L. 

monocytogenes strains by western blot. Overnight cultures of wildtype 10403S and 

10403SΔlmo0933 were prepared for western blot analysis. Lysates were prepared with differing 

amounts of mutanolysin, with or without an acetone wash as indicated. Samples were loaded onto a 

15 % PAA gel. The LTA was detected using an α-LTA antibody at a concentration of 1: 4000 (A) or 1: 

10,000 (B). The positions of protein molecular mass markers (in kDa) are indicated on the left of each 

blot. 
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In summary, two methods have been investigated to allow the discrimination 

between strains producing LTA with or without glycosyl substitutions. Initially, BSI-B4 was 

used successfully in an ELLA to distinguish between purified LTA isolated from the wildtype 

10403S and non-glycosylated LTA isolated from the mutant 10403SΔlmo0933. However, 

BSI-B4 was unable to discriminate between whole cells of the same strains, a requirement 

for this method to be useful in a high-throughput context. An alternative method for 

screening a transposon library was developed based on the mobility shift of LTA as detected 

by western blot. When detected by an α-LTA antibody, LTA in cell lysates from strains 

producing non-glycosylated LTA displayed an increased mobility, and was detected more 

strongly by the antibody. This method was adapted for a high-throughput assay by using 

mutanolysin to lyse cells, in conjunction with a reduction in the α-LTA concentration to 

eliminate detection of the wildtype LTA altogether whilst retaining the signal for the 

10403SΔlmo0933 mutant. In the presence of a 10403SΔlmo0933 control, this method would 

only give a signal for strains that had defects in their LTA glycosylation process. This 

adaptation also reduced the number of steps for sample preparation allowing for more 

samples to be processed. 
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Chapter 6 
Discussion of the identification of 

genes involved in the glycosylation 
of LTA and development of methods 
for identifying the remaining genes 

involved in the process 
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Although other types of LTA modification have been studied in great detail, the 

glycosylation process of LTA is largely uncharacterised. The model for LTA glycosylation 

proposed by Fischer et al. (Fischer 1994a) (Fig. 1.5B), is similar to that for the glycosylation 

of lipid A in E. coli (Fig. 1.5A). The amino acid sequences of proteins involved in the 

glycosylation process of lipid A in E. coli were used in BLAST searches to identify 

homologous proteins in Gram-positive bacteria. This approach identified homologues for the 

E. coli cytoplasmic glycosyltransferase ArnC in both B. subtilis and L. monocytogenes, yet 

no homologues for the two proteins that form the flippase ArnE/F, or ArnT, the extracellular 

glycosyltransferase, were apparent (Table 4). To assess the involvement of these ArnC 

homologues in the glycosylation of LTA, deletion mutants were constructed, and the LTA 

from these strains purified and analysed by 1H NMR to allow for the detection of the 

presence or absence of glycosyl substitutions. Analysis of NMR spectra of purified LTA from 

L. monocytogenes 10403S wildtype strain revealed a PGP chain length consisting of 16 ± 2 

GroP subunits, which is similar to the chain length observed in other Listeria species that 

had chain lengths of between 19 – 23 GroP subunits (Hether & Jackson 1983; Uchikawa et 

al. 1986; Dehus et al. 2011). It has previously been demonstrated using a different strain of 

L. monocytogenes that a proportion of the LTA from this bacterium had shorter chain lengths 

when grown at 37°C (Dehus et al. 2011). Therefore it is possible that the average LTA chain 

length calculated in this study is only representative of chain length at 37°C. The percentage 

of D-ala substitution on the LTA isolated from 10403S during this study was determined to 

be 60 ± 3 %, similar to the 57 % identified in a recent study (Dehus et al. 2011). The slight 

difference could be explained by any variation in the pH of the buffers used during the LTA 

purification process, a factor that is known to affect D-alanylation (MacArthur & Archibald 

1984; Morath et al. 2001). Older studies examining the structure of LTA used a hot phenol 

extraction method to purify LTA, which is known to reduce the amount of D-ala 

modifications, and as a result those studies are not comparable with this work (Hether & 

Jackson 1983; Uchikawa et al. 1986; Morath et al. 2001). In contrast, the glycosylation of 

LTA isolated from 10403S during this study was 24 ± 4 %, which was three-fold higher than 

the 8 % previously reported in the L. monocytogenes strain EGDe, despite using a similar 

method to purify the LTA (Dehus et al. 2011). It is possible that there is a difference in the 

degree of LTA glycosylation between different strains, however as the study that arrived at 

this lower figure did not publish the NMR spectra, it is difficult to speculate further. NMR 

analysis of purified LTA from wildtype B. subtilis 168 revealed a backbone consisting of 18 ± 

1 GroP units, of which 62 ± 11 % and 27 ± 2 % were substituted with D-ala and GlcNAc, 

respectively. This is relatively in line with the only published NMR spectra for LTA isolated 

from another B. subtilis strain that calculated a chain length of 22 GroP subunits, and 

glycosylation of 25 %. However, this previous study calculated the D-ala substitution to be 
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only 25 % (Morath et al. 2002a). Whilst a different B. subtilis strain was used in this previous 

work, this figure is much lower than the 60 – 80 % D-alanylation usually observed in Type I 

LTA structures (Morath et al. 2001; Morath et al. 2002b; Dehus et al. 2011; Wörmann et al. 

2011a). It is also worth noting that the LTA extraction protocol employed in both studies were 

similar, suggesting that the lower percentage of D-alanylation observed could be due to 

strain variation. 

NMR analysis of purified LTA isolated from mutant strains lacking the proteins listed 

in Table 4, indicated that the putative cytoplasmic glycosyltransferases Lmo0933 from L. 

monocytogenes (Fig. 4.8A and 4.8B) and CsbB from B. subtilis (Fig. 4.3C and 4.4A) are 

involved in LTA glycosylation. Strains lacking these proteins produced non-glycosylated LTA 

and these glycosyl modifications were restored upon complementation (Fig. 4.8B and 4.4A 

respectively). Interestingly, when the glycosylation of LTA was abolished, no effect on the 

degree of D-alanylation in either species was observed (Fig. 4.6B and 4.9B), indicating that 

glycosylation does not merely act to regulate D-alanylation through the occupation of 

modification sites. This is in agreement with previous reports that have shown that the D-

alanylation of LTA is influenced by the extracellular environment (Hurst et al. 1975; Fischer & 

Rösel 1980; MacArthur & Archibald 1984). A putative cytoplasmic glycosyltransferase, 

Sav0704, was also identified in the S. aureus Newman strain (Table 4), although previous in-

house analysis suggests the LTA produced by this strain lacks glycosyl substitutions 

altogether. As mentioned above in section 1.8.2, the glycosylation of LTA requires two 

separate glycosyltransferase activities, one cytoplasmic and one acting on the cell surface 

(Fig. 1.5B). Previous studies using Bacillus sp. showed that strains producing non-

glycosylated LTA lacked either one or both of these activities and only strains exhibiting both 

the cytoplasmic and extracellular glycosyltransferase activities were able to produce 

glycosylated LTA (Iwasaki et al. 1989). Although the Newman strain possesses the putative 

cytoplasmic glycosyltransferase Sav0704, no putative extracellular glycosyltransferase was 

identified during this study. This could provide an explanation for the presence of Sav0704 in 

a strain that is unable to produce glycosylated LTA. 

 Further analysis of the genes encoding the putative cytoplasmic 

glycosyltransferases involved in LTA glycosylation, revealed that lmo0933 from L. 

monocytogenes and sav0704 from S. aureus exist in independent transcriptional units. In 

contrast, csbB from B. subtilis is co-transcribed as an operon with one other gene, yfhO 

(Inoue et al. 2013), a deletion of which led to the abrogation of LTA glycosylation (Fig. 4.3D). 

Analysis revealed that this gene encodes for YfhO, a protein belonging to the GT-C family of 

glycosyltransferases. This family of proteins utilise prenol-linked sugars as substrates, 

indicating YfhO is probably the extracellular glycosyltransferase predicted in the LTA 
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glycosylation model (Fig. 1.5B). Following this, the protein sequence of YfhO was used in 

BLAST searches for homologues in L. monocytogenes leading to the identification of 

Lmo1079. However, when the purified LTA from the 10403SΔlmo1079 strain was analysed 

by NMR, peaks representing glycosyl substitutions were still present, indicating that this 

protein is not involved in the glycosylation of LTA (Fig. 4.8C). Alternatively, it may be that a 

second enzyme with a redundant function is present in L. monocytogenes strain 10403S. It 

is also significant to note that the gene encoding Lmo1079 exists in a region of the genome 

where a number of proteins involved in the synthesis of WTA are encoded. WTA from L. 

monocytogenes 10403S is glycosylated with GlcNAc and rhamnose (Rha), and although 

Lmo2550 has been shown to glycosylate WTA with GlcNAc, the enzyme for decorating the 

polymer with Rha is unknown. As such, it is possible that this role is carried out by Lmo1079. 

However this theory presumes the glycosylation of WTA can occur on both sides of the 

membrane as, based on its substrate and predicted protein topology, Lmo2550, glycosylates 

WTA in the cytoplasm, whereas Lmo1079 is predicted to only have extracytoplasmic activity. 

The role of Lmo1079 in WTA glycosylation could be investigated by loading purified WTA 

derived from the 10403SΔlmo1079 strain onto a PAA gel and visualising the WTA with silver 

stain. When treated in this way, WTA purified from the 10403SΔlmo2550 strain that lacks 

GlcNAc substitutions exhibited an altered mobility compared to WTA purified from the 

wildtype 10403S (Fig. 8.6B). Therefore it is possible this method could also be used to 

examine the role of Lmo1079 in the glycosylation of WTA. In an attempt to identify the 

extracellular glycosyltransferase in L. monocytogenes, the protein sequences of two other 

GT-C glycosyltransferases with unknown functions that were identified in B. subtilis (Fig. 

4.1), YkcB and YkoS, were used in BLAST searches against the L. monocytogenes genome. 

However, these searches returned no matches, thus the identity of the extracellular 

glycosyltransferase in L. monocytogenes remains unknown. 

 Whilst no attempt was made to demonstrate the in vitro activity of the LTA 

glycosylation proteins identified in this study, their roles can be predicted by using the protein 

topology and protein family prediction tools TMHMM (www.cbs.dtu.dk/services/TMHMM/) 

and Pfam (www.pfam.xfam.org), respectively. These analyses indicated that the B. subtilis 

CsbB and L. monocytogenes Lmo0933 proteins belong to the GT2 family of 

glycosyltransferases. Members of this family are predicted to use nucleotide-activated 

sugars as a substrate, which are only found in the cytoplasm. Furthermore, both proteins are 

predicted to possess a cytoplasmic facing N-terminal enzymatic domain and two C-terminal 

transmembrane (TM) domains. This makes CsbB and Lmo0933 likely candidates for the 

cytoplasmic glycosyltransferase involved in the synthesis of the C55-P-linked sugar 

intermediate preceding the glycosylation of LTA. The activity of CsbB and Lmo0933 could be 
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investigated by purifying the enzymatic domains from these proteins, followed by an assay to 

measure the activity of the enzyme either by using radiolabelled sugars to detect the 

production of the C55-P linked sugar (Breazeale et al. 2005), or by measuring the hydrolysis 

of a non-radiolabelled sugar using HPLC (Brown et al. 2012). 

The PGP backbone of LTA is polymerised on the outer surface of the membrane 

(Gründling & Schneewind 2007b; Webb et al. 2009; Wörmann et al. 2011a), so the sugar 

must be transported out of the cell in order for glycosylation to occur. Previous investigations 

have demonstrated that the sugar is linked to the lipid carrier undecaprenyl phosphate (C55-

P) prior to LTA glycosylation (Fig. 1.5B) (Mancuso & Chiu 1982; Yokoyama et al. 1988). As 

described above, protein family prediction tools indicated that YfhO belongs to the GT-C 

superfamily of glycosyltransferases, which are known to use C55-P-linked sugars as 

substrates. Members of this family are large integral membrane proteins that contain 

between 8 – 13 TM domains and possess a long C-terminal extracytoplasmic domain (Fig. 

1.6C). They also contain a modified DxD motif that is involved in enzymatic activity, typically 

located in the N-terminus on the first or second extracytoplasmic loop (Liu & Mushegian 

2003), followed by a short run of hydrophobic amino acids (Liu & Mushegian 2003). Protein 

topology prediction using TMHMM indicated that YfhO has 12 TMs with a long C-terminal 

extracellular loop between the last two TMs. In addition, an ExD motif was identified on the 

first extracellular loop followed by the hydrophobic residues 'TLFW'. Based on this 

information, YfhO likely uses C55-P-GlcNAc as a substrate and transfers the sugar onto the 

LTA acceptor. A recently study reported that the overexpression of csbB in the absence of 

yfhO produced a mutant with a morphological defect that was ascribed to the accumulation 

of glycosylated bactoprenol (Inoue et al. 2013). This finding correlates with the evidence 

from this study for the involvement of CsbB and YfhO in the glycosylation of LTA (Fig. 4.3 

and 4.4), as according to the model for LTA glycosylation (Fig. 1.5B), deleting YfhO would 

prevent the transfer of sugar from C55-P-GlcNAc onto LTA, thus leading to the accumulation 

of this lipid-linked sugar. Further investigation into the C-terminal extracytoplasmic loop of 

YfhO may provide more information about how this protein glycosylates LTA. The C-terminal 

extracytoplasmic loops of several GT-C proteins contain domains that are proposed to 

facilitate acceptor substrate recognition (Kus et al. 2008; Alderwick et al. 2011). Therefore it 

is possible that the C-terminal loop of YfhO is responsible for recognising the LTA backbone. 

This could be investigated by purifying this domain and crystallising it in the presence of 

PGP, or by assessing the ability of purified LTA to bind to this domain using pulldown 

assays. 
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As mentioned above, attempts to identify the GT-C like glycosyltransferase in L. 

monocytogenes were unsuccessful. The putative glycosyltransferase Lmo1079 was the only 

GT-C like protein identified in Listeria during this study, and it showed good homology (2e-

28) with YfhO from B. subtilis. Homology between members of the GT-C family display 

significant variation but can be higher between the amino acid sequence of the 

transmembrane domains rather than the active site. Therefore homology between two 

glycosyltransferases can be high, despite a lack of homology between their active sites 

(Igura et al. 2008). As the active site of YfhO has not been determined it is difficult to 

speculate on this, however, it should be noted that the portion of the protein with the 

strongest homology to Lmo1079 was the N-terminal transmembrane domain of YfhO (1-399 

aa) that contains the ExD motif in the first extracytoplasmic loop. In spite of this, a visual 

inspection of the Lmo1079 protein sequence did not reveal such a motif, and BLAST 

alignments comparing the amino acid sequence of the first and second extracellular loops 

showed no homology between the YfhO and Lmo1079 proteins. In addition, GT-C type 

glycosyltransferases with different substrates can show no homology at all even within the 

same strain (Alderwick et al. 2006), possibly providing an explanation as to why BLAST 

searches using the protein sequence of YfhO, which is involved in the glycosylation of LTA 

with GlcNAc, returned no results in L. monocytogenes where LTA is glycosylated with 

galactose. A useful source of information regarding glycosyltransferases is the carbohydrate-

active enzymes database (CAZy) (www.cazy.org), which provides lists of putative 

glycosyltransferases. However, not only was Lmo1079 absent from this list, but so were all 

the putative GT-C proteins identified in this study, including YfhO from B. subtilis. In addition, 

GT-C proteins may be incorrectly annotated as membrane bound proteins making 

bioinformatic analysis difficult (Alderwick et al. 2006). It appears that the identification of GT-

C like glycosyltransferases involved in the LTA glycosylation process will be difficult using an 

in silico approach until more is understood about their structures and enzymatic domain 

homology, to make searches more accurate.  

  During this study, no progress was made towards identifying exactly how the C55-P-

linked sugar traverses the membrane. In prokaryotes, polyprenol-phosphate dependent 

transport is believed to occur through the action of a dedicated membrane transporter, either 

an ABC transporter or a flippase. ABC-type transporters require ATP and typically transport 

pre-synthesised glycans across the membrane to a single site on the acceptor (Alaimo et al. 

2006). In contrast, transporters such as Wzx-type flippases do not require ATP and 

translocate individual glycan subunits by facilitated diffusion (Rick et al. 2003). It is believed 

that following diffusion, the polymerisation of these subunits in the periplasm facilitates 

transport across the membrane without the need for ATP as there is no accumulation of the 

http://www.cazy.org/
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subunit (Rick et al. 2003). Therefore an ATP-independent flippase seems to be the most 

likely candidate for the transport of C55-P-linked sugars used to modify LTA, as the 

glycosylation of LTA occurs at multiple points on the PGP backbone, thus continually 

depleting the pool of extracellular C55-P-linked sugar. Bacteria are thought to possess a 

different flippase for each unique undecaprenyl phosphate linked sugar substrate, so 

presumably this is the reason why homologues for the E. coli ArnE/F flippase proteins 

involved in lipid A glycosylation (Fig. 1.5A) were not identified in Gram-positive bacteria. In 

addition, certain major transporters such as Wzx-flippases lack signature motifs making in 

silico identification difficult (Rick et al. 2003).  

 An alternative theory for the transport of the polyprenol-linked sugars has recently 

been proposed based on the glycosylation of type IV pili in Pseudomonas aeruginosa, where 

the GT-C-like protein TfpW uses C55-P linked sugars to glycosylate type IV pili (Kus et al. 

2008). It was hypothesised by Kus et al. that the numerous TM domains present in TfpW 

mirrors Wzx-flippase topology, and therefore may be multifunctional, being involved in both 

the transport of the prenol-linked sugar across the membrane in addition to the transfer of 

sugar onto the acceptor. In support of this hypothesis, when the P. aeruginosa strain PAO1, 

which produces non-glycosylated pili, was transformed with the TfpW and the glycosylation 

of the acceptor PilAIV was restored (Harvey et al. 2011). However this approach did not rule 

out the possibility that the transporter was already present in the PAO1 strain, possibly as 

part of another system. In B. subtilis the glycosyltransferases CsbB and YfhO involved in 

LTA glycosylation are expressed from an operon that did not include a membrane 

transporter. It is therefore possible that although the LTA glycosylation mechanism has 

dedicated glycosyltransferases, the lipid-linked sugar is required for another purpose within 

the cell wall and thus the flippase needs to be maintained separately. In L. monocytogenes 

this may also provide an explanation for the inability of the α-Gal specific BSI-B4 isolectin to 

discriminate between the wildtype 10403S, and the 10403SΔlmo0933 mutant that produces 

non-glycosylated LTA (Fig. 5.3). As discussed above, using an in silico approach to identify 

other proteins involved in the glycosylation of LTA is problematic so an alternative strategy 

for identifying these proteins was investigated. 
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 To identify the membrane transporter, and also the GT-C-like glycosyltransferase, 

involved in the glycosylation of LTA in L. monocytogenes, it was decided to use a mariner 

based transposon system to generate a library of mutants, and then to interrogate this library 

to identify strains that were defective for the glycosylation of LTA. The system was chosen 

because the Himar1 mariner transposon preferentially inserts into A-T rich regions of the 

chromosome, which is ideal for a low G-C content bacteria such as L. monocytogenes (39 % 

G-C), and because it showed good random insertion (Cao et al. 2007). However to 

interrogate a transposon mutant library, a method of identifying mutants producing non-

glycosylated LTA was required. 

 To this end the use of lectins, proteins that bind to specific sugars, was investigated. 

The BSI-B4 isolectin used in this study has been shown to possess an almost exclusive 

affinity for terminal α-Gal (Murphy & Goldstein 1977). Unexpectedly, BSI-B4 bound to purified 

LTA isolated from the 10403SΔlmo0933 mutant, which produces non-glycosylated LTA, as 

well as the wildtype (Fig. 5.1 and 5.2), although a clear quantitative difference could still be 

detected (Fig. 5.2). However, using purified LTA is not a viable method for high-throughput 

screening as it is a long and laborious process, so instead an ELLA was performed with 

whole cells. Unfortunately the lectin was unable to differentiate between whole cells of the 

10403S wildtype and 10403SΔlmo0933 mutant strains (Fig. 5.3). A possible explanation for 

this is that there may be other cell surface components that contain α-gal, which are 

detected by the lectin. This may include the galactose containing LTA glycolipid anchor, 

although BSI-B4 would not bind to this glycolipid with the same affinity as for terminal α-gal 

residues (Kirkeby & Moe 2001). However, the glycolipid used as the LTA anchor is naturally 

present in the cell membrane, not just as a component of LTA, and would therefore exhibit 

terminal α-gal. This could provide an explanation for the similarity in signal strength for α-gal 

detection between wildtype 10403S and mutant 10403SΔlmo0933 cells, as glycolipid 

synthesis is presumably the same in both these strains. Taken together, the inability of BSI-

B4 to differentiate between cell cultures of the wildtype 10403S and the 10403SΔlmo0933 

mutant that produces non-glycosylated LTA makes it an ineffective tool for screening a 

transposon mutant library. Therefore an alternative method was investigated using an α-LTA 

antibody. 

 It is unlikely that the LTA from L. monocytogenes extends through the peptidoglycan 

layer, as the LTA cannot be detected using an α-LTA antibody without first lysing the cells 

(Gründling lab unpublished observations). It was observed that LTA detected from whole cell 

lysates derived from the 10403SΔlmo0933 strain showed an increased mobility in relation to 

the wildtype 10403S when separated on a PAA gel and detected using an α-LTA antibody 

(Fig. 5.4A). The signal for the mutant strain also appeared to be stronger. The antibody used 
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during this study was raised against the GroP backbone of LTA (Hogg et al. 1997), so an 

explanation for this observation could be that in the absence of glycosyl modifications the 

antibody can more easily access the PGP backbone. Therefore it was hypothesised that 

decreasing the concentration of the antibody would lead to a point where the antibody could 

detect the LTA from lysates derived from the 10403SΔlmo0933 mutant and not the wildtype 

10403S because the signal would be too weak. When the concentration of α-LTA antibody 

was decreased to 1: 20,000 the signal from the wildtype was almost undetectable, whilst a 

strong signal for the mutant was observed (Fig. 5.5B). However, preparing lysates produced 

by mechanical lysis requires a minimum amount of culture and the ideal high-throughput 

assay would be adapted for 96-well plate format. To achieve this, a biochemical method for 

lysing the cells was investigated. Treating cultures with mutanolysin was found to be 

sufficient to lyse cells and enable the detection of LTA in the 10403SΔlmo0933 mutant, 

which lacks glycosyl substitutions, but not the wildtype 10403S (Fig. 5.6). This detection 

could be improved by prewashing the cells with acetone before digestion (Fig. 5.6). 

Biochemical lysis with mutanolysin reduces the preparation of western blotting samples to a 

2 – or 3 – step process and lays the framework for the generation of a method for high-

throughput screening of a transposon mutant library. Ideally, this method would be scaled 

down for 96 well plate format, and also adapted to be performed as an ELISA, using the 

method described for the lectin assay. Using biochemically prepared lysates and a low 

concentration of α-LTA antibody should produce an assay where a positive result indicates a 

mutant with defects in its LTA glycosylation pathway. This is preferable to the lectin-based 

assay that would have returned a 'negative result' where a lower signal for strains lacking 

glycosyl substituted LTA would have been observed. 

 In summary, the work described in chapters 4 and 5 led to the identification of 

several proteins involved in the glycosylation of LTA in L. monocytogenes and B. subtilis. 

Due to the unsuccessful attempts to identify the membrane transporter in silico, methods 

were developed to enable the screening of a transposon mutant library for strains with 

defects in the LTA glycosylation process. This was achieved by using low concentrations of 

α-LTA antibody that prevented the detection of the wildtype LTA only. Therefore, although 

some proteins involved in the glycosylation of LTA remain unidentified, this tool should allow 

for their discovery. 
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Chapter 7 
Characterisation of Gram-positive 

bacteria lacking glycosyl 
substitutions on their LTA  
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7.1 Objective of chapter 7  

 The identification of enzymes involved in the glycosylation of LTA in both B. subtilis 

and L. monocytogenes allowed for the construction of mutants producing non-glycosylated 

LTA (see chapter 4). Previous studies have indicated that the gene encoding the 

cytoplasmic glycosyltransferase CsbB in B. subtilis is under the control of two alternative 

sigma factors that regulate the production of proteins involved in cell wall modification and 

the stress response. In addition, mutants lacking CsbB have been shown to be vulnerable to 

a number of environmental stresses, possibly indicating that the glycosylation of LTA plays a 

role in protecting bacteria under these conditions. To investigate this possibility, L. 

monocytogenes and B. subtilis mutant strains that produce LTA lacking glycosyl 

modifications were assessed for their susceptibility to number of stresses. 
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7.2 Investigation into the role of LTA glycosylation in the bacterial 

stress response 

 The construction of strains producing non-glycosylated LTA (chapter 4) allowed the 

investigation into the potential role of the glycosyl modification. The work described in 

chapter 4 identified two enzymes in B. subtilis, CsbB and YfhO, involved in the glycosylation 

of LTA. Although no function is currently assigned to either protein, CsbB has been 

implicated in the environmental stress response. Previous studies have shown that the gene 

encoding the CsbB protein is under the control of two alternative sigma factors, sigma B (σB) 

(Akbar & Price 1996) and sigma X (σX) (Huang & Helmann 1998) (Fig. 4.1). The major role 

of σX is to control the expression of genes that encode proteins involved in cell wall 

modification. This includes the dlt operon encoding the proteins required for the modification 

of teichoic acids with D-alanine residues (Cao & Helmann 2004). The alternative sigma 

factor σB regulates the expression of a number of genes involved in the general stress 

response (Volker et al. 1999; Höper et al. 2005; Reder et al. 2012). Transcriptional analysis 

of csbB revealed that this gene is upregulated in response to NaCl stress (Akbar & Price 

1996), and further investigation showed that a mutant lacking CsbB is sensitive to NaCl, 

paraquat, H2O2 and ethanol stress (Höper et al. 2005; Reder et al. 2012). Based on this 

work, it was hypothesised that the presence of the above stress stimuli, would likely lead to 

an increase in degree of glycosylation present on LTA.  

To investigate the effect of glycosyl modifications on LTA on cell survival, strains 

lacking glycosylation were first grown in the absence of stress. During routine growth of 

these strains, no obvious growth phenotype was observed (Fig. 7.1). The L. monocytogenes 

strain 10403SΔlmo0933 (Fig. 7.1A) and both the B. subtilisΔcsbB and B. subtilisΔyfhO 

strains (Fig. 7.1B) grew normally in liquid culture compared to the wildtype L. 

monocytogenes 10403S and B. subtilis 168 strains, respectively. Following this, the B. 

subtilisΔcsbB mutant was used in stress survival assays as described previously (Stülke et 

al. 1993; Höper et al. 2005; Reder et al. 2012). Briefly, an exponentially growing culture 

propagated in a chemically defined medium (CDM) (Stülke et al. 1993), was used to 

inoculate fresh CDM and the culture was subsequently grown at 37°C to an OD600 = 0.5. At 

this point, the culture was pre-adapted for 30 mins at 37°C with 4 % NaCl. An aliquot of this 

culture was taken, serially diluted in 0.9 % NaCl, and spotted onto an LB agar plate (t = 0). 

Subsequently, the concentration of NaCl was raised to 10 % and the culture was grown 

further at 37°C. At the indicated time points, additional culture aliquots were taken, serially 

diluted and spotted onto an LB agar plate as before. Essentially, a portion of the cells were 

killed as a result of the salt stress, but the surviving population would be recovered on the 

agar plates. Thus the sensitivity of each strain could be visualised based on the dilution at 
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which bacterial growth was still observed for each time point. Based on previous studies, it 

was expected that although the wildtype B. subtilis 168 strain would show a small decrease 

in the number of viable cells over time following the introduction of stress, the B. 

subtilisΔcsbB mutant should show a strong decrease in the number of surviving cells. 

 

Figure 7.1: Growth curves of L. monocytogenes and B. subtilis strains. Overnight cultures of (A) 

L. monocytogenes wildtype 10403S and 10403SΔlmo0933 strains, and (B) B. subtilis wildtype 168, B. 

subtilisΔcsbB, and B. subtilisΔyfhO strains, were backdiluted into fresh media in a 96 well plate. 

Growth was measured on a plate reader at 37°C at 180 rpm, by recording the OD600 at 30 min 

intervals. 

 

 Under these conditions both the wildtype B. subtilis and the B. subtilisΔcsbB strains 

showed a similar level of growth at the 10-5 dilution prior to the imposition of stress (Fig. 

7.2A). However, following the introduction of 10 % NaCl stress, both the wildtype B. subtilis 

and B. subtilisΔcsbB strains exhibited a similar decrease in the number of surviving cells 

over time (Fig. 7.2A). This result indicates that LTA glycosylation does not play a protective 

role in response to NaCl stress in B. subtilis. One possible explanation for these results is 

that the preadaptation step was leading to the upregulation of other stress response proteins 

that aid cell survival thereby masking the sensitivity of the B. subtilisΔcsbB mutant. To 

investigate this, the experiment was repeated without the preadaptation step, meaning the 

cultures were directly stressed with 10 % NaCl. Again however, no difference in sensitivity 

between the wildtype and mutant strains was observed under these conditions (Fig. 7.2B). 
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Figure 7.2: Time course survival of B. subtilis strains in response to NaCl stress. Exponentially 

growing cultures of B. subtilis wildtype strain 168 and B. subtilisΔcsbB were either pre-adapted with 4 

% NaCl (A), which was raised to 10 % following a 30 min incubation at 37°C, or stressed directly with 

10 % NaCl (B). Cultures were incubated at 37°C for 60 mins, then aliquots were taken, serially 

diluted, and spotted onto agar plates. 
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 In addition to NaCl stress, the B. subtilisΔcsbB strain was investigated for its 

sensitivity to two other stress stimuli, ethanol and H2O2, in a similar manner to the NaCl 

stress experiments above. Ethanol stress experiments were performed both with a pre-

adaptation step (Fig. 7.3A), and without (Fig. 7.3B), whereas for H2O2 experiments cultures 

were only performed without a pre-adaptation step (Fig. 7.3C). Again however, no difference 

in sensitivity was observed between the wildtype and mutant strains exposed to ethanol and 

H2O2 stress conditions (Fig. 7.3). Taken together (Fig. 7.2 and 7.3), these results indicate 

that the glycosylation of LTA is not involved in the B. subtilis stress response to NaCl, 

ethanol, or H2O2 stress stimuli. In addition, as the preadaptation of cultures to stress 

appeared not to affect the sensitivity of the B. subtilisΔcsbB strain (Fig. 7.2, 7.3A, 7.3B), from 

this point on all experiments were performed without a pre-adaptation step. 
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Figure 7.3: Time course survival of B. subtilis strains in response to ethanol and H2O2 stress. 

Exponentially growing cultures of B. subtilis wildtype strain 168 and B. subtilisΔcsbB were used in the 

following experiments. To investigate ethanol stress, cultures were either pre-adapted with 2 % 

ethanol (A), which was raised to 10 % following a 30 min incubation at 37°C, or stressed directly with 

10 % ethanol (B). For H2O2 experiments cultures were stressed with 10 mM H2O2 then incubated at 

37°C for 60 mins. For all experiments, aliquots were taken after 60 mins, serially diluted, and spotted 

onto agar plates. 
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To investigate whether the same response was observed in L. monocytogenes 

strains producing non-glycosylated LTA, stress assays were performed using L. 

monocytogenes 10403S wildtype and 10403SΔlmo0933 mutant strains grown in BHI, using 

a modified protocol (Ferreira et al. 2001). For an ethanol stress assay, the cultures were 

preadapted with 5 % ethanol for 1 hr, after which the concentration of ethanol was raised to 

16.5 % and the cultures were grown for a further 3 hours. Following this, serially diluted 

aliquots were spotted onto agar plates as described above for B. subtilis stress assays. 

However, as with the stress assays using B. subtilis strains, there was no difference in the 

survival between the L. monocytogenes 10403S wildtype and 10403SΔlmo0933 mutant 

strains (Fig. 7.4). These results together indicate that the glycosylation of LTA is not involved 

in the environmental stress response in B. subtilis and L. monocytogenes. 

 

 

Figure 7.4: Time course survival of L. monocytogenes strains in response to ethanol stress. 

Exponentially growing cultures of L. monocytogenes wildtype 10403S and L. 

monocytogenesΔlmo0933 were pre-adapted with 5 % ethanol, which was raised to 16.5 % following a 

60 min incubation at 37°C. Aliquots were removed after 3 hours, serially diluted and spotted onto agar 

plates.  
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 Although no difference was observed in either species, between the wildtype and 

mutant strains producing LTA that lacks glycosyl modifications, it is possible that during this 

assay the overall concentration of stress stimuli was too high, killing the wildtype in addition 

to the mutant, thus masking the difference in survival. To investigate this, further assays 

were performed using both B. subtilis and L. monocytogenes as above, but with different 

concentrations of NaCl or ethanol respectively, and assessing surviving cells after 60 mins, 

where the biggest difference in growth was observed compared to the pre-stress samples 

(Fig. 7.2 and 7.4). The aim was to define a concentration of each stress stimuli where the 

wildtype strain would survive, but the mutant strain producing LTA lacking glycosyl 

modifications would not. 

 As expected, the B. subtilis and B. subtilisΔcsbB cultures showed a similar number of 

cells prior to stress. Unfortunately however, colonies were detected at the same dilution for 

all the concentrations of NaCl tested (Fig. 7.5A). When the concentration of NaCl was 

lowered to 5 % neither the wildtype or the mutant exhibited significant cell death. In addition, 

at higher concentrations of 20 % NaCl stress, both strains exhibited a similar number of 

colonies at each dilution. A similar pattern was observed for ethanol stress experiments with 

L. monocytogenes strains whereby there was no difference between the survival of the 

mutant and wildtype strains at lower concentrations of ethanol stress (Fig. 7.5B). Taken 

together, these findings indicate that the glycosylation of LTA is not involved NaCl or ethanol 

stress response (Fig. 7.2, 7.4 and 7.5).  
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Figure 7.5: Survival of B. subtilis and L. monocytogenes strains in the presence of different 

concentrations of NaCl and ethanol stress. Exponentially growing cultures of (A) B. subtilis 

wildtype strain 168 and B. subtilisΔcsbB or (B) L. monocytogenes wildtype 10403S and 

10403SΔlmo0933, were challenged with different concentrations of NaCl or ethanol respectively. 

Cultures were treated as described above including preadaptation steps.  
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7.3 Investigation into the role of LTA glycosylation in antibiotic 

resistance 

 Although there appeared to be no role for the glycosylation of LTA in the B. subtilis 

response to cell wall damage caused by environmental stresses, it is possible that 

glycosylation protects against other sources of cell wall damage. Several antibiotics target 

the Gram-positive cell wall and elicit a similar stress response in B. subtilis mediated by 

alternative sigma factors (Cao & Helmann 2004; Butcher & Helmann 2006; Eiamphungporn 

& Helmann 2008). In addition, the glycosylation of WTA in S. aureus is known to confer 

resistance to methicillin (Brown et al. 2012) and it was hypothesised the glycosylation of LTA 

may play a similar role. To investigate whether the glycosyl modifications on LTA conferred 

protection to antibiotics, the B. subtilis wildtype 168 strain, and B. subtilisΔcsbB strain 

producing non-glycosylated LTA, were used in antibiotic sensitivity assays. Overnight 

cultures were corrected for OD600 readings and used to inoculate a 96 well plate. Different 

antibiotics were serially diluted, an equal volume was added to each well, and the plates 

were incubated overnight. Following this, the OD600 for each well was determined and 

calculated as a percentage of the OD600 of a control well containing a culture, grown in the 

absence of antibiotic. The antibiotics used in this study were chosen based on their cell wall 

target. Based on the cellular location of LTA, and role of WTA glycosylation in S. aureus for 

resistance to methicillin (Brown et al. 2012), antimicrobials targeting the cell wall, penicillin, 

oxacillin and ampicillin, were chosen. In addition, resistance to the antimicrobial triclosan 

which targets fatty acid biosynthesis (Schweizer 2001) was tested. This compound was 

selected as it is incorporated into numerous household products including soaps and 

toothpaste. If the glycosylation of LTA was found to protect against this antimicrobial, it 

would have implications for pathogenic Gram-positive bacteria that also glycosylate their 

LTA, such as L. monocytogenes. 

 Unfortunately, no difference in survival was observed between the wildtype B. subtilis 

and B. subtilisΔcsbB mutant strains for any of the antibiotics tested (Fig. 7.6). These results 

indicate that the glycosyl modification of LTA in B. subtilis does not protect the cells against 

β-lactam antibiotics (Fig. 7.6A, 7.6B, and 7.6D). In addition, no difference in sensitivity to 

triclosan was detected between the wildtype and mutant (Fig. 7.6C). These results together 

indicate that the glycosylation of LTA does not confer resistance to antimicrobial compounds 

that target the cell wall of B. subtilis. However, it should be noted that the data for penicillin 

G, oxacillin and triclosan are representative of only two repeats, and in the case of ampicillin 

only one experiment was performed, so the results cannot be regarded as statistically 

significant. Further repeats were not performed based on the strong correlation in sensitivity 

observed between the wildtype B. subtilis and the mutant B. subtilisΔcsbB across the 
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antimicrobial compounds tested (Fig. 7.6). In particular, resistance to ampicillin was only 

performed once because of the lack of difference in sensitivity to the two other β-lactam 

antibiotics. As the data presented here indicate that LTA glycosylation does not confer any 

antibiotic resistance to the antibiotics tested, the antibiotic resistance of L. monocytogenes 

strains producing non-glycosylated LTA was not determined. 

 

Figure 7.6: Susceptibility of B. subtilis and B. subtilisΔcsbB to antibiotics. Overnight cultures of 

wildtype B. subtilis 168 and B. subtilisΔcsbB were corrected to an OD600 = 0.05 and an equal volume 

was used to inoculate fresh medium. Serially diluted concentrations of each antimicrobial (A) 

Penicillin G, (B) Oxacillin, (C) Triclosan, and (D) Ampicillin were added to each well and overnight 

growth was measured. The absorbance of each well was calculated as a percentage of a wildtype 

control in the absence of antibiotic. 
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7.4 Discussion and future work 

 The aim of this chapter was to identify a physiological function for the glycosylation of 

LTA. In B. subtilis, the finding that strains lacking CsbB are sensitive to environmental 

stresses (Höper et al. 2005; Reder et al. 2012), led to the hypothesis that the glycosylation of 

LTA may provide protection against these insults. To investigate this, stress survival assays 

were performed to confirm whether the B. subtilisΔcsbB strain producing non-glycosylated 

LTA, exhibits a reduced ability to survive compared to the wildtype B. subtilis 168 strain. 

However, in response to NaCl stress, both the B. subtilis wildtype and the B. subtilisΔcsbB 

mutant displayed a similar decrease in the number of surviving cells (Fig. 7.2). It was 

possible that the 10 % concentration of NaCl used in the assay was too high, thus masking 

the difference in cell survival between the wildtype and the mutant. A stress survival assay 

with a final concentration 5 % NaCl revealed that both the wildtype B. subtilis and B. 

subtilisΔcsbB mutant survived well at this concentration (Fig. 7.5A). Increasing the 

concentration to 20 % NaCl also did not reveal any difference in survival between the 

wildtype and the mutant, even though the mutant should have been acutely sensitive to this 

high concentration based on previous reports (Höper et al. 2005). These results together 

demonstrated that the B. subtilisΔcsbB strain used in this study does not display any 

increased sensitivity to NaCl stress, in contrast to previous findings. Mutants lacking CsbB 

have also been shown to exhibit sensitivity to H2O2 and ethanol stress (Höper et al. 2005; 

Reder et al. 2012). Although this study did attempt to investigate the sensitivity of the B. 

subtilisΔcsbB strain to ethanol and H2O2, as with the NaCl stress experiments presented 

above (Fig. 7.2 and 7.5A), no differences were observed between the wildtype B. subtilis 

and the B. subtilisΔcsbB mutant (Fig. 7.3). These data suggest that the glycosylation of LTA 

in B. subtilis does not protect the bacteria against environmental stress. In support of this, 

when ethanol stress experiments were performed using Listeria mutants producing non-

glycosylated LTA no difference in sensitivity was observed between the wildtype 10403S 

and 10403SΔlmo0933 mutant strains (Fig. 7.4 and 7.5B). Despite several microarray studies 

investigating the regulation of genes involved in the stress response of L. monocytogenes, 

lmo0933 has not been identified in association with this process. Therefore no further stress 

experiments were performed in this species. 

 Although two alternative sigma factors have been shown to control csbB expression 

in B. subtilis in response to stress, the cells are unlikely to be under stress when grown 

under normal lab conditions. This implies that the glycosylation of LTA must also occur in the 

absence of stress. Throughout this project, stationary phase cultures were used to purify 

LTA, so it would be interesting to explore the temporal glycosylation of LTA by assessing the 

transcription of csbB and yfhO, and also by isolating LTA from cultures at the exponential 
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phase of growth to determine the degree of glycosylation, although this approach may be 

impaired by the large amount of bacteria required for each purification. 

 Differences in the results obtained in this study compared to previous reports could 

be explained by the method used for deleting the gene encoding CsbB in B. subtilis. The 

previously published csbB mutant was constructed using Campbell-like plasmid disruption of 

genes (Höper et al. 2005). In B. subtilis this method of gene disruption is not as stable as the 

double cross-over recombination method used to produce the mutant described in chapter 4, 

possibly explaining the difference between strains. In addition, Campbell-like disruption of 

the csbB gene would have affected the expression of downstream yfhO, which is expressed 

as an operon with csbB from the promoter upstream of csbB (see chapter 4). If the 

environmental stress phenotype is only apparent when both csbB and yfhO are disrupted, 

this could explain why the phenotype was never seen during this work. Alternatively, the 

possibility of an experimental error cannot be conclusively ruled out. At the time of 

performing the experiments, a mutant lacking σB, which is sensitive to all the stress stimuli 

described in this chapter, was unavailable and thus the assay could not be properly 

controlled. Future analysis of the role of LTA glycosylation in protection against 

environmental stress, would require this mutant to ensure that the assay results can be 

trusted. In addition there are numerous other stresses that were not tested as part of this 

work. For example, csbB is under control of the alternative sigma factor σX and mutants 

lacking this sigma factor display a sensitivity to severe heat stress (Huang et al. 1997). 

 Another possible factor affecting experimental control is the ability of B. subtilis to 

produce spores under stress conditions that germinate upon recovery in the absence of 

stress. To manage this, the stress survival assay could be repeated under conditions that 

prevent sporulation from occurring, and the formation of spores can be monitored by 

comparing the number of colonies present on agar plates before and after boiling of liquid 

culture. 
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 As a previous study had indicated that the glycosylation of WTA in S. aureus 

conferred protection to the cell against antibiotics (Brown et al. 2012), it was decided to 

investigate whether the glycosylation of LTA in B. subtilis was also capable of providing this 

protection. Therefore the sensitivity of the mutant was assessed against 4 compounds. 

Although there was no difference in sensitivity observed between the wildtype B. subtilis and 

the B. subtilisΔcsbB mutant strain, indicating that the glycosylation of LTA does not protect 

against the antibiotics tested (Fig. 7.6) it should be noted that the results were not 

statistically significant, so a firm conclusion cannot be drawn. In addition, only a small 

number of antibiotics were tested here, and a larger panel should be used before the role of 

glycosyl substitutions on LTA in antibiotic resistance is ruled out. 

 If factors affecting the degree of LTA glycosylation are identified, it would be 

interesting to investigate the effect of this increase on the D-alanylation of LTA. The results 

presented in chapter 4, indicate that the total percentage substitution of the LTA backbone 

with both D-ala and GlcNAc in wildtype B. subtilis is 89 %. If glycosylation is increased due 

to environmental stress, the degree of D-alanyl substitutions may decrease. It would be 

interesting to assess whether this occurs and what affect this has on the cell, as D-

alanylation of teichoic acids protects against cationic antimicrobial peptides and also affects 

adherence. 

 The work presented in this chapter was unable to establish a link between the 

glycosylation of LTA in B. subtilis or L. monocytogenes and the environmental stress 

response. However, given that glycosyl substitutions on LTA are found in non-pathogenic 

bacteria such as B. subtilis, in addition to pathogenic bacteria such as L. monocytogenes, a 

role in the environmental stress response seems plausible. Several environmental stress 

stimuli were not examined as part of this work, and it would be interesting to assess the role 

of LTA glycosylation in respect to these before ruling it out. 
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Chapter 8 
Investigation into the cell wall 

anchoring of proteins containing 
GW binding domains in Listeria 

monocytogenes 
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8.1 Objective of chapter 8 

 The InlB and Ami proteins of L. monocytogenes are members of a group of proteins 

that are anchored to the cell wall via a number of amino acid repeat sequences known as 

GW domains, so called because these repeats contain a conserved glycine-tryptophan 

dipeptide. Previous studies had identified LTA as the binding target of this set of non-

covalently attached cell wall proteins (Braun et al. 1997; Jonquières et al. 1999), but no 

attempt was made to assess whether they bound to the glycosyl or D-alanyl substitutions, or 

directly to the GroP backbone itself. The initial aim of this chapter was to investigate the 

binding of GW domain proteins to the cell wall of L. monocytogenes strain 10403SΔlmo0933 

(ANG2325) that produces LTA lacking glycosyl substitutions (described in chapter 4), strain 

10403SΔdltA (ANG1783) lacking D-alanyl substitutions on its LTA, or strain 

10403SΔltaSΔltaP that completely lacks the LTA polymer. This was achieved by introducing 

plasmids expressing His-tagged GW domain reporter proteins to these strains, and 

subsequently detecting whether the proteins localised to the cell wall. As this investigation 

indicated that LTA is not the receptor for GW domain containing proteins, the involvement of 

the two other major cell wall components, WTA and peptidoglycan, was investigated as cell 

wall receptors for this set of proteins. 

 

8.2 The approach used to assess the localization of GW domain 

proteins to the cell wall 

 It was previously shown that the cell wall anchor (CWA) of the InlB and Ami proteins 

consist of a number of GW domains that are responsible for their binding to the cell surface 

(Braun et al. 1997). Further investigation identified LTA as the binding target for these 

proteins (Jonquières et al. 1999). However, there was no investigation into the exact binding 

target on LTA, which is significant as LTA from L. monocytogenes is decorated with both D-

ala and glucose moieties. Studies in this species have shown that the decoration of WTA 

with different sugars determines the binding of bacteriophage autolysin proteins, and if this is 

the case with GW domain binding to LTA, it might provide an insight into a role for the 

glycosylation of LTA (Eugster et al. 2011). Alternatively, if GW domain containing proteins 

bind to D-ala residues on LTA, this might explain the reduced virulence exhibited by strains 

lacking D-ala modifications. In these strains it might be expected that for example, the GW 

domain containing attachment protein InlB, essential for cell invasion, would no longer be 

anchored at the cell surface, leading to a reduction in the ability to invade host cells 

(Jonquières et al. 2001). Furthermore, as indicated by work discussed in chapter 5, it is 

possible that the degree of LTA backbone modification could affect the retention of GW 
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domain containing proteins in the cell wall, thus providing an insight into the control of 

binding and release of this family of proteins. To that end, the initial aim of this study was to 

determine whether these proteins bind to the D-alanyl or glycosyl substitutions present on 

LTA, or to the GroP backbone itself. To achieve this, two plasmids created by a previous lab 

member, were used. These plasmids made use of a previously published observation that 

the number of GW domains directly affects the binding strength of these proteins to the cell 

wall (Braun et al. 1997). The InlB protein contains 3 GW domains and is sometimes 

observed in the supernatant in addition to the cell surface, whereas the Ami protein contains 

8 GW domains and is exclusively associated with the cell surface (Braun et al. 1997). The 

first plasmid, pHPL3-inlB-His (ANG1551), contains the full-length inlB gene with an 

additional DNA sequence encoding for a C-terminal His tag. The second plasmid, pHPL3-

inlB-amiGW-His (ANG1975), contains the inlB gene lacking its CWA, fused to sequences 

coding for the 8 GW domains of Ami and a C-terminal His tag (Fig. 8.1). These two proteins 

were expressed from the constitutive Hyperspac promoter in plasmid pHPL3. Essentially two 

constructs were generated that produced proteins containing the InlB protein fused to GW 

domains with differing strengths of binding to the cell wall. These expression vectors were 

introduced into the different L. monocytogenes mutant strains described below and protein 

localization was assessed by cell fractionation followed by western blot analysis. To assess 

whether the protein localized to the cell wall, the cells from an overnight culture were 

harvested by centrifugation, then resuspended in protein sample buffer. To assess whether 

the protein was released from the cell wall into the supernatant, proteins from the 

supernatant were concentrated by TCA precipitation and then resuspended in protein 

sample buffer. Samples were boiled, and the presence of reporter proteins in each fraction 

was detected by western blot analysis with a His-tag specific antibody (α-His). If the reporter 

proteins were retained in the cell wall, then they would be found in the cell pellet fraction. 

Conversely, if the proteins were unable to bind to the cell wall then they would be shed into 

the supernatant. 
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Figure 8.1: Graphic representation of GW-domain containing proteins expressed in different L. 

monocytogenes mutants. The numbers above each schematic denote amino acid number. The GW 

domains are shaded grey. Top row: InlB-His containing full length InlB protein with C-terminal His tag. 

Bottom row: InlB-AmiGW-His protein consisting of the N-terminal portion of InlB (amino acids 1-398) 

fused to 8 x GW domains from Ami (amino acids 262-917) followed by a C-terminal His tag. 

 

8.3 Interactions of GW-domain containing proteins with D-alanyl 

and glycosyl modifications of LTA  

 To determine the component of LTA involved in binding of GW domain containing 

proteins, different L. monocytogenes strains lacking LTA modifications and strains lacking 

the LTA polymer altogether were used. The empty vector pHPL3 (ANG1277) (used as 

negative a control), plasmid pHPL3-inlB-His (ANG1551) and pHPL3-inlB-amiGW-His 

(ANG1975) (described in the previous section) were introduced into the wildtype L. 

monocytogenes strain 10403S (ANG1263) as well as the 10403SΔlmo0933 mutant that 

produces LTA without glycosyl substitutions (ANG2325), and the 10403SΔdltA strain that 

produces LTA lacking D-alanyl modifications (ANG1783). Overnight cultures of these strains 

were subjected to cell fractionation to determine whether the InlB-His and InlB-AmiGW-His 

proteins were associated with the cell pellet or released into the supernatant. The His-tagged 

reporter proteins were detected by Western blot using an α-His antibody (Fig. 8.2). 

 The positive and negative controls came out as expected; no signal was detected in 

the pellet or supernatant fractions when samples derived from the negative control strain 

10403S containing the empty vector pHPL3 were analysed (Fig. 8.2). The InlB-His and InlB-

AmiGW-His proteins were detected in the pellet fraction in samples prepared from a wildtype 

strain, indicating that both proteins were sequestered to the cell wall. However, this was also 

the case when these proteins were expressed in strains producing LTA lacking glycosyl or 

D-alanyl substitutions, indicating that neither of these modifications is involved in the binding 

of GW domain proteins to the cell wall of L. monocytogenes (Fig. 8.2). 
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Figure 8.2: Cell fractionation and western blot analysis for the detection of His-tagged GW 

domain proteins in the cell or supernatant fraction of different L. monocytogenes strains. Cell 

and supernatant samples were prepared from overnight cultures of wildtype 10403S, 

10403SΔlmo0933, and 10403SΔdltA strains containing the plasmids pHPL3-inlB-His (A) or pHPL3-

inlB-amiGW-His (B) and analysed by western blot. The wildtype 10403S strain containing the empty 

vector pHPL3 (ANG1414) or pHPL3-inlB-His (ANG1626) or pHPL3-inlB-amiGW-His (ANG2015) (WT) 

were run as controls. Cell associated (cell) and supernatant (sup) protein samples were prepared 

from overnight cultures and 10 µl of these samples separated on a 10 % PAA gel. The proteins were 

detected using an HRP conjugated α-His antibody at a 1: 5000 dilution. The predicted size of these 

proteins are 70 kDa for the InlB-His and 117 kDa for InlB-AmiGW-His. The positions of protein 

molecular mass markers (in kDa) are indicated on the left. 

 

8.4 The role of the poly-glycerolphosphate backbone of LTA as the 

cell surface binding site for GW domain containing proteins 

 The above described results indicated that LTA modifications are not involved in the 

binding of GW domain containing proteins to the cell wall. However it was possible that 

these proteins were binding directly to the PGP backbone of LTA. To investigate this, the 

plasmids pHPL3-inlB-His and pHPL3-inlB-amiGW-His were introduced into previously 

constructed strains 10403SΔltaS (ANG1386) and 10403SΔltaSSupp suppressor strain 

(ANG2337), which have a deletion for the gene encoding for the LTA synthase LtaS and are 

therefore defective for LTA backbone synthesis. The 10403SΔltaS mutant displays a severe 

temperature sensitive growth defect at 37°C that results in the bacteria forming long 

filaments that eventually lyse (Webb et al. 2009). To generate a strain that was easier to 

manipulate, the 10403SΔltaS strain was repeatedly passaged in fresh medium to improve its 

growth, generating the 10403SΔltaS suppressor strain, hereafter referred to as 

10403SΔltaSSupp. This strain, which was made by a previous member of the laboratory, and 

was still unable to synthesize the PGP LTA backbone, but did not have the growth defect at 

37C exhibited by the parental 10403SΔltaS strain. Sample preparation for detection of the 

reporter proteins by Western blot in the cell pellet and supernatant fractions were carried out 

as described above.  
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 The AmiGW-His protein was found to be associated exclusively with the cell wall in 

both the 10403SΔltaS and 10403SΔltaSSupp strains indicating that proteins with GW domains 

are not retained in the cell wall through an interaction with the PGP backbone of LTA (Fig. 

8.3). Interestingly, although the InlB-His protein was observed exclusively in the pellet in the 

wildtype 10403S and 10403SΔltaSSupp strains, this protein was observed in both the pellet 

and supernatant fractions in samples prepared from strain 10403SΔltaS (Fig. 8.3). In 

previous studies it was observed that the native InlB protein is found both in association with 

the cell wall and released into the supernatant (Braun et al. 1997), although in this study the 

recombinant InlB reporter protein was only observed in the cell wall fraction in the wildtype 

10403S (Fig. 8.3A). It is possible that the growth defect exhibited by the 10403SΔltaS strain 

causes the reporter proteins to be released into the supernatant. The AmiGW-His protein is 

still sequestered to the cell wall in this strain presumably because it has more GW domains 

than InlB-His protein resulting in stronger binding to the cell wall (Braun et al. 1997). The 

10403SΔltaSSupp strain shows improved growth compared to the parental 10403SΔltaS 

strain and this may explain why InlB-His is found exclusively in association with the cell wall 

in the suppressor strain. 

 

 

Figure 8.3: Cell fractionation and detection of His tagged GW domain proteins in the cell or 

supernatant fraction by western blot in strains with defects in PGP synthesis. Cell pellet and 

supernatant samples were prepared from overnight cultures of wildtype 10403S, 10403SΔltaS, and 

10403SΔltaSSupp strains containing plasmids pHPL3-inlB-His (A) or pHPL3-inlB-amiGW-His (B) His-

tagged proteins detected by western blot analysis as described above. The predicted size of these 

proteins are 70 kDa and 117, kDa for the InlB-His and InlB-AmiGW-His proteins respectively. The 

positions of protein molecular mass markers (in kDa) are indicated on the left.  
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 Together, these results indicate that LTA is not the binding receptor for GW domain 

containing proteins. However, it should be noted that whilst the 10403SΔltaS and 

10403SΔltaSSupp mutants are defective for LTA backbone synthesis they still produce 

glycolipids with a single GroP group attached through the activity of the LTA primase 

enzyme LtaP (Webb et al. 2009). This PGP synthesis intermediate could be sufficient for the 

binding of GW domain proteins to the cell wall. To eliminate this as a possibility, a double 

mutant was generated with deletions for both the ltaP and ltaS genes. 

 To generate the double mutant, the allelic exchange vectors used to make the 

original single deletion mutants were introduced into the appropriate strain as follows. The 

10403SΔltaP (ANG1385) mutant was transformed with pKSV7-ΔltaS (ANG1379), and both 

the 10403SΔltaS and 10403SΔltaSSupp strains were transformed with pKSV7-ΔltaP 

(ANG1378). The electroporation and allelic exchange was carried out as described in the 

materials and methods section. Using this method, attempts to generate a double mutant 

were successful in the 10403SΔltaP and 10403SΔltaSsupp strains, however the 10403SΔltaS 

background strain did not survive the temperature shift required during the allelic exchange 

procedure for plasmid integration. This was expected as plasmid integration takes place at 

41°C, and the 10403SΔltaS strain is unable to grow properly at this elevated temperature. 

The generation of the double mutant was confirmed by PCR using primers outside the 

region of homology (Fig. 8.4). 
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Figure 8.4: Confirmation of L. monocytogenes mutants defective in PGP synthesis by PCR. 

Chromosomal DNA from 12 clones (1-12) of 10403SΔltaSSuppΔltaP double mutants generated in the 

10403SΔltaSSupp background strain were prepared as described in the materials and methods section 

and deletions confirmed by PCR. Primers 387 and 388 are located 1 kb up and downstream of the 

ltaP gene. Wildtype L. monocytogenes strain 10403S DNA (W) was used as a control. With gene size 

of ~1.8 kb, a band at ~3.8 kb is expected in a WT strain, and a band of 2 kb is expected in the ltaP 

mutant strain (left panel). Primers 380 and 381 are located 1 kb up and downstream of the ltaS gene. 

With a gene size of ~1.9 kb, a wildtype band is expected at ~3.9 kb, and a mutant band is expected at 

2 kb (right panel). 

 

 Next, the plasmids pHPL3, pHPL3-inlB-His and pHPL3-inlB-amiGW-His were moved 

into the 10403SΔltaSSuppΔltaP double mutant. To achieve this, E. coli SM10 strains SM10 

pHPL3 (ANG1375), SM10 pHPL3-inlB-His (ANG1625) and SM10 pHPL3-inlB-amiGW-His 

(ANG2014) which were available in the lab, were used to transfer the plasmids into the 

10403SΔltaSSuppΔltaP double mutant by conjugation. This generated strains 

10403SΔltaSSuppΔltaP pHPL3-inlB-His (ANG3325) and 10403SΔltaSSuppΔltaP pHPL3-inlB-

amiGW-His (ANG3326), which produce the His-tagged reporter fusion proteins, but lack the 

ability to synthesise the LTA backbone or the GroP-glycolipid intermediate. Overnight 

cultures of these strains were used to prepare cell pellet and supernatant fractions as 

described above and the localization of the reporter proteins was determined by western blot 

analysis. 

 In agreement with the localization of the reporter proteins observed in the 

10403SΔltaSSupp strain (Fig. 8.3), the InlBGW and AmiGW reporter proteins were observed 

in association with the cell pellet fraction, indicating that neither LTA nor the GroP-glycolipid 

intermediate are involved in retaining these proteins at the cell surface (Fig. 8.5). 
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Figure 8.5: Cell fractionation and western blot detection of His-tagged GW domain proteins in 

the cell or supernatant fraction in strain 10403SΔltaSSuppΔltaP. Cell and supernatant samples 

were prepared from overnight cultures of wildtype 10403S, 10403SΔltaSSuppΔltaP strains expressing 

the pHPL3-inlB-His (A) and the pHPL3-inlB-amiGW-His (B) proteins and analysed by western blot as 

described above. The predicted size of these proteins are 70 kDa and 117, kDa for the InlB-His and 

InlB-AmiGW-His proteins, respectively. The positions of protein molecular mass markers (in kDa) are 

indicated on the left. 

 

8.5 The role of wall teichoic acid as the cellular binding site for 

proteins with GW cell wall anchoring domains 

 As the involvement of LTA in the retention of proteins possessing GW domains had 

been ruled out, other cell wall components were considered as possible receptors. WTA has 

previously been shown to be a receptor for bacteriophage endolysin proteins, and this 

interaction is mediated by the glycosyl modifications on WTA (Eugster et al. 2011). To 

investigate the possibility that the glycosylation state of WTA is responsible for the cell wall 

binding of GW domain containing proteins, a deletion mutant 10403SΔlmo2550 (ANG2226) 

was generated, which lacks GlcNAc substitutions on its WTA. In addition, the involvement of 

WTA itself was tested using a mutant strain lacking WTA. 

 

8.5.1 The generation of a WTA negative strain with improved growth capability 

 In contrast to the synthesis of WTA in S. aureus where one enzyme, TagO, is 

involved in the first step of WTA synthesis, two tagO genes lmo0959 (tagO1) and lmo2519 

(tagO2) are present in the L. monocytogenes genome (Eugster & Loessner 2012). Work 

performed by Eugster et al. found that deletion of a single tagO allele did not result in a 

reduction in WTA, indicating that these genes are functionally redundant (Eugster & 

Loessner 2012). However, attempts to construct a mutant lacking both these tagO genes 

were unsuccessful, so to circumvent this issue they constructed a conditional 

10403SΔtagO1ΔtagO2 mutant where tagO1 was under the control of an inducible promoter 

(Eugster & Loessner 2012). Despite this, a previous member of our lab was able to generate 
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a mutant with a clean deletion of both ΔtagO1 and ΔtagO2 genes, hereafter referred to as 

10403SΔtagO1-O2, and in agreement with previously published work this strain displayed a 

severe growth defect. Unlike the mutants deficient for LTA synthesis, this strain showed no 

temperature sensitive phenotype, however, growth was significantly slower and the strain 

reached a much lower final OD600 than the wildtype 10403S strain. To make a strain that was 

easier to manipulate, a suppressor strain, hereafter referred to as 10403SΔtagO1-O2Supp, 

(ANG2350) was generated by passaging the 10403SΔtagO1-O2 strain in fresh media to 

encourage suppressor mutations, which allow for improved growth. This work was 

performed by a previous member of the lab. As part of this thesis, growth curves were used 

to compare the growth characteristics of strain 10403SΔtagO1-O2Supp with that of the 

wildtype 10403S strain (Fig. 8.6A). The 10403SΔtagO1-O2Supp strain grew significantly better 

than the original 10403SΔtagO1-O2 mutant strain (data not shown), however, it still did not 

reach the same final OD600 as a wildtype 10403S culture. Before any further investigation, 

the absence of WTA was confirmed in the suppressor strain by isolating the WTA from cell 

cultures and visualising the WTA by silver staining as described in the materials and 

methods section (Fig. 8.6B). The wildtype 10403S strain was used as a positive control. It 

was observed that although the growth of the strain had improved, WTA synthesis had not 

been restored in either of the suppressor strains tested (1A and 7B) (Fig. 8.6B). Strain 

10403SΔtagO1ΔtagO2Supp 7B (ANG2350), was selected for use in all further experiments. 

Strain 10403SΔlmo2550, lacking GlcNAc modifications on its WTA, was also included in this 

analysis. It is interesting to note that WTA isolated from this strain showed an altered running 

pattern as compared to WTA isolated from a wildtype 10403S strain (Fig. 8.6B). This is 

similar to the observation of the LTA running profile in the 10403SΔlmo0933 strain that lacks 

Gal modifications on its LTA (Fig. 5.4A). 
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Figure 8.6: Growth curve and detection of WTA by silver staining in 10403SΔtagO1-O2Supp. 

Bacterial growth curves (A). Overnight cultures of wildtype 10403S and 10403SΔtagO1-O2Supp were 

used to inoculate fresh medium and growth was followed by measuring OD600 at the indicated time 

points. Gel electrophoresis and detection of WTA by silver staining (B). Overnight cultures of wildtype 

10403S, two 10403SΔtagO1-O2Supp strains (1A and 7B) and 10403SΔlmo2550 were processed to 

isolate the WTA. Ten µl sample aliquots were separated on a native 10 % PAA gel and WTA was 

visualised by silver staining. 

 

8.5.2 HPLC analysis of the peptidoglycan produced by a WTA negative L. 

monocytogenes strain. 

 As mentioned above, L. monocytogenes strains lacking WTA show severe growth 

defects and these strains exhibit a significantly altered cell morphology as observed by 

phase contrast microscopy (Eugster & Loessner 2012). In addition to this, transmission 

electron microscopy (TEM) previously performed in our lab showed that the cell surface of a 

strain lacking WTA is 'rough' in contrast to the smooth surface observed in the wildtype 

10403S strain (data not shown). In S. aureus, mutants defective for WTA synthesis also 

display cell wall defects and further analysis has revealed the peptidoglycan from this mutant 

possesses a lower degree of cross linking compared to the wildtype strain, resulting in a 

weaker cell wall (Gründling & Schneewind 2006). To investigate if there is also a difference 

in the peptidoglycan structure in the WTA deficient L. monocytogenes strain, the 

peptidoglycan was purified from the 10403SΔtagO1-O2Supp strain and the wildtype 10403S 

control strain. The purified peptidoglycan was treated with mutanolysin to generate 

muropeptides, which were subsequently analysed by HPLC using a previously published 

method (Boneca et al. 2007). Depending on the crosslinking, peptidoglycan treated in this 

manner produces muropeptides as monomers, dimers and trimers, which elute off from the 

column in that order. 
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 The HPLC analysis of muropeptides derived from the wildtype 10403S produced 

during this study (Fig. 8.7A) showed a high degree of similarity to previously published 

reports (Korsak et al. 2005; Boneca et al. 2007; Korsak et al. 2010). The first observation 

that could be made was that the overall signal strength was approximately 3 times stronger 

for the peptidoglycan sample derived from the WTA deficient strain compared to the sample 

obtained from the wildtype 10403S strain. This is despite the fact that both samples were 

treated equally throughout the purification process and an equal amount of peptidoglycan 

was digested and analysed by HPLC (Fig. 8.7). A possible explanation is that the 

10403SΔtagO1-O2Supp strain has an increased sensitivity to mutanolysin, and therefore more 

muropeptides were released and subsequently detected by HPLC. As mentioned above, 

studies on WTA deficient strains of S. aureus have shown that the peptidoglycan from these 

strains exhibits a lower degree of crosslinking, indicated by a lower proportion of trimers 

(Gründling & Schneewind 2006). In that study, the difference was visually obvious, whereas 

the spectra in this study did not appear to display a clear difference in the distribution of 

monomeric, dimeric and trimeric muropeptides between the peptidoglycan isolated from the 

wildtype 10403S and the WTA deficient strain 10403SΔtagO1-O2Supp (Fig. 8.7). 
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Figure 8.7: Muropeptide profiles derived from wildtype 10403S and WTA deficient 

10403SΔtagO1-O2Supp L. monocytogenes strains. Peptidoglycan was purified from wildtype L. 

monocytogenes 10403S (A) and WTA deficient 10403SΔtagO1-O2Supp (B) strains. The peptidoglycan 

was treated with mutanolysin to produce muropeptides, which were then separated by HPLC. 

Monomers, dimers and trimers were calculated based on retention times of 7-36, 36-60, and 60-80, 

respectively. Based on previously published spectra, four peaks representing major muropeptides are 

annotated with red (N-acetylated) or black (N-deacetylated) (Boneca et al. 2007). Spectra were 

scaled to the highest peak per sample. The above spectra are representative of 3 replicates per 

strain. N-acetylglucosamine (GlcNAc), glucosamine (GlcN), N-acetylmuramic acid (M), L-alanyl-γ-D-

glutamyl-amidated mesodiaminopimelic acid (TriPDAPNH2), L-alanyl-γ-D-glutamyl-amidated 

mesodiaminopimelyl-D-alanine (TetraPDAP).  
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 To quantitatively assess whether there was a difference in peptidoglycan crosslinking 

between these strains, a baseline was drawn for each spectra between the retention time of 

7–80 mins. Using the baseline derived from each spectra, the total peak area for all 

muropeptide peaks was obtained and set to 100 %. Then the peak area for the monomeric 

muropeptides with retention times of 7–36 mins, dimeric muropeptides with retention times 

of 36–60 mins and trimeric muropeptides with retention times of 60–80 mins were 

determined and their percentage of the total muropeptide peak area was calculated and 

plotted (Fig. 8.8). The retention times for these muropeptide groups were determined based 

on previously published spectra (Boneca et al. 2007). 

 This analysis confirmed that there was no significant difference in the proportion of 

monomeric, dimeric and trimeric muropeptide fragments in peptidoglycan isolated from the 

wildtype 10403S versus the WTA negative strain 10403SΔtagO1-O2supp (Fig. 8.8). This 

indicates that in contrast to previously published data for S. aureus, there does not appear to 

be any difference in the degree of peptidoglycan crosslinking between the wildtype and a 

strain lacking WTA in L. monocytogenes. 

 

Figure 8.8: Quantification of monomer, dimer and trimer muropetides in peptidoglycan derived 

from a wildtype or a WTA deficient L. monocytogenes strain. The amount of monomer, dimer and 

trimer muropeptides for mutanolysin-digested peptidoglycan derived from the wildtype 10403S strain 

(clear) and the WTA negative strain 10403SΔtagO1-O2Supp (hatched) was determined and plotted. To 

this end, a baseline was drawn between 7-80 mins and the total area under all the peaks was set to 

100 %. The area under the peaks representing monomers, dimers and trimers were calculated as a 

percentage of total peaks, based on retention times of 7-36, 36-60, and 60-80 respectively. The data 

points are the average and standard deviation from three separately isolated peptidoglycan samples 

per strain. Statistical significance was calculated using the Student T-test.  
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 Interestingly, although the proportion of peaks within each muropeptide region 

remains the same between the wildtype 10403S and the mutant 10403SΔtagO1-O2Supp , the 

profile of the peaks within the monomer region, and in particular within the dimer region, 

were significantly different. Based on retention times, the ratio of comparable peaks within 

the monomer and dimer region were calculated between the wildtype 10403S and the 

mutant 10403SΔtagO1-O2Supp. This analysis showed the ratio between a number these 

peaks were significantly different indicating an altered peptidoglycan structure, but without 

further analysis, the peaks could not be assigned a definitive identity and therefore these 

have not been investigated further. However, four major peaks that gave the strongest 

signals and were clearly comparable to previous spectra were tentatively assigned an 

identity. On this basis, it was assumed that the peaks 1 and 2 (monomers), and the peaks 3 

and 4 (dimers), represent the same structures, but with different N-acetylation states. Peak 1 

is predicted to have the structure GlcNAcMTriDAPNH2, and peak 2 is predicted to have the 

same structure, but where the GlcNAc moieties have been N-deacetylated to GlcN. This is 

similar for peaks 3 and 4, where peak 3 has a predicted structure of GlcNAcMTriDAPNH2-

GlcNAcMTetraPDAPNH2 and peak 4 has the same predicted structure, but where both the 

GlcNAc moieties are N-deacetylated to GlcN. The ratio between these peaks appeared 

different between HPLC spectra of muropeptides derived from wildtype 10403S and the 

WTA deficient strain 10403SΔtagO1-O2Supp possibly indicating a difference in the N-

acetylation state of the peptidoglycan. To assess this, the percentage of peaks 1 and 2, and 

peaks 3 and 4, in relation to each other was calculated (Fig. 8.7 peaks 1-4). 

 Approximately 50 % of the N-acetylglucosamine residues in peptidoglycan isolated 

from a wildtype L. monocytogenes strain are N-deacetylated by the enzyme PgdA (Boneca 

et al. 2007). In agreement with this figure, 52 % of the peptidoglycan derived from the 

10403S wildtype was N-deacetylated (Fig. 8.9). Interestingly, peptidoglycan derived from the 

10403SΔtagO1-O2Supp strain appeared to exhibit a significant decrease in peptidoglycan N-

deacetylation (Fig. 8.9). The monomeric muropeptides represented by peaks 1 and 2 (Fig. 

8.7) exhibited only 30 % N-deacetylation (p = <0.0001) (Fig. 8.9A), and the dimeric 

muropeptides represented by peaks 3 and 4 (Fig. 8.7) exhibited only 16 % N-deacetylation 

(p = 0.0003) (Fig. 8.9B) compared to the wildtype. The disparity in these calculated values 

probably result from the density of peaks from the dimer region, preventing accurate peak 

integration. However a caveat to this analysis is that whilst all replicates showed good 

reproducibility and only negligible peak drift was observed, the peak assignment is only 

based on previously published spectra, so further analysis by MALDI-TOF is required to 

confirm the identity of each peak. 
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Figure 8.9: Quantification of the N-acetylation state of peptidoglycan isolated from wildtype 

and WTA deficient strains. The peaks annotated on the peptidoglycan HPLC spectra from the 

wildtype 10403S and 10403SΔtagO1-O2Supp strains (Fig. 8.7) were analysed. For each spectrum a 

baseline was drawn between 7-80 mins and the total area under all the peaks was set to 100 %. The 

major peaks annotated on the peptidoglycan HPLC spectra from the wildtype 10403S and 

10403SΔtagO1-O2Supp strains (Fig. 8.7) were compared to determine the ratio of N-acetylated (clear) 

to N-deacetylated (hatched) peptidoglycan in both strains. For the major peaks in the monomer region 

(A), peaks 1 and 2 (Fig. 8.7A) were calculated as ratios of each other, as were the major peaks within 

the dimer region (B), peaks 3 and 4 (Fig. 8.7B). These average value and standard deviation from 

three independently isolated peptidoglycan samples is plotted. Statistical significance was calculated 

using the Student T-test, indicated by * for acetyl peaks, and ** for deacetyl peaks. 

 

8.6 Cellular localisation of proteins with GW binding domains in a 

WTA negative L. monocytogenes strain 

 To investigate whether WTA acts as the binding target for cell wall proteins with GW 

binding domains, plasmids pHPL3-inlB-His and pHPL3-inlB-amiGW-His were introduced into 

the WTA negative strain 10403SΔtagO1-O2Supp. The standard electroporation method 

described in the methods section caused lysis of the cells presumably due to the fragile 

nature of the cell wall. Therefore, the following modifications were made; cells were grown in 

BHI/sucrose as per standard protocol, but when the cells reached an OD600 = 0.2, rather 

than being incubated with Penicillin G or lysozyme, the cells were directly washed in 

HEPES/sucrose buffer, and concentrated suspensions were used for electroporations. Using 

this modified electroporation procedure strains 10403SΔtagO1-O2Supp pHPL3-inlB-His 

(ANG2513) and 10403SΔtagO1-O2Supp pHPL3-inlB-amiGW-His (ANG2514) could be 

obtained. To determine the localization of the His-tagged reporter proteins in these strains, 

cell and supernatant fractions were prepared as in section 8.3 and the proteins were 

detected by western blot using an α-His antibody. 
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 A signal for the InlB-His and AmiGW-His proteins was detected in the pellet fraction 

for samples derived from the wildtype 10403S control strain (Fig. 8.10 upper panels). 

Furthermore, a signal for the His-tagged reporter proteins was found in the pellet fraction of 

samples obtained from strain, 10403SΔlmo2550 strain indicating that the GlcNAc 

substitution on WTA is not required for the binding of GW domain-containing proteins to the 

cell wall (Fig. 8.10 upper panels). However, only a very weak signal could be detected for 

the reporter proteins when they were expressed in the WTA negative 10403SΔtagO1-O2supp 

strain and a signal was also obtained in the supernatant fraction (Fig. 8.10 upper panels). It 

also appears that a significant amount of the InlB-AmiGW-His protein is degraded, as 

numerous extra bands were observed at sizes below the expected 117 kDa band. During the 

suspension of the pellet in protein sample buffer it was also observed that the sample had 

become viscous indicating that the cells had lysed. This could explain the lack of signal 

associated with the pellet. This is similar to the observation that when wildtype 10403S cells 

are lysed before detection of these proteins, the signal disappears to near zero (data not 

shown). To test for lysis of the 10403SΔtagO1-O2Supp WTA negative strain, the samples 

were separated on a 15 % PAA gel and the presence of the ribosomal and cytoplasmic 

protein L6 was assessed using an α-L6 protein specific antibody. The sample preparation for 

the western-blot analysis does not include a lysis step. For the preparation of the pellet 

fraction, bacterial cells are boiled in SDS-sample buffer; however, this step does not cause 

lysis of a wildtype Listeria strain, and therefore, the pellet fraction reports only on cell wall 

associated proteins as cytoplasmic proteins should remain undetected. Thus, if cells are 

intact, the L6 proteins should remain in the cytoplasm and not be detected in the pellet nor in 

the supernatant fraction. This is indeed the case for samples derived from the wildtype 

10403S strain and strain 10403SΔlmo2550 (Fig. 8.10 lower panels). However, a positive 

signal for the L6 protein could be detected in the pellet and also faintly in the supernatant 

fraction for samples derived from strain 10403SΔtagO1-O2Supp (Fig. 8.10 lower panels). This 

finding provides a possible explanation for the lack of detectable signal from the His-tagged 

proteins, and also casts doubt on the presence of the small signal in the supernatant of the 

10403SΔtagO1-O2Supp strain that would indicate WTA is responsible for binding. To 

investigate further whether or not WTA is involved in the retention of GW domain containing 

proteins within the cell wall of L. monocytogenes, a different approach was taken using 

purified reporter protein. 
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Figure 8.10: Cell fractionation and western blot detection of His-tagged GW domain proteins 

and cytoplasmic protein L6, in strains lacking WTA substitutions or WTA synthesis. Cell pellet 

and supernatant samples were prepared from overnight cultures of wildtype 10403S (WT), 

10403SΔtagO1-O2Supp (ΔtagO Supp.), and 10403SΔlmo2550 strains containing the pHPL3-inlB-His 

(A) and the pHPL3-inlB-amiGW-His (B) proteins. The wildtype 10403S transformed with the empty 

vector pHPL3 (ANG1414), with pHPL3-inlB-His (ANG1626) or pHPL3-inlB-amiGW-His (ANG2015) 

(WT) were run as controls. Ten µl cell pellet and supernatant fractions were separated on a 10 % PAA 

gel. The proteins in the upper panels were detected using an HRP conjugated α-His antibody used at 

a 1: 5000 dilution. The predicted size of these proteins are 70 kDa and 117 kDa for the InlB-His and 

InlB-AmiGW-His proteins, respectively. The lower panels show the same samples, but the proteins 

were separated on a 15 % PAA gel, and were detected using an L6 specific antibody at a 

concentration of 1: 10,000, followed by an HRP conjugated α-rabbit antibody at a concentration of 1: 

20,000. The positions of protein molecular mass markers (in kDa) are indicated on the left. 

 

8.7 Cell wall binding assays using recombinant GW domain-His-

MBP fusion proteins 

 The results described in sections 8.3 and 8.4 indicate that LTA is not the binding 

receptor responsible for the retention of GW domain containing proteins in the cell wall. 

Attempts to assess the role of WTA as the cell wall anchor for this set of proteins were 

inconclusive due to poor and unreliable detection of the reporter proteins. Therefore, an 

alternative approach was used to identify the cell wall binding receptor for GW domain 

containing proteins using exogenously added purified protein. To this end, a His-maltose 

binding protein (MBP) tag was fused to the N-terminus of the GW domains from both InlB 

and Ami proteins. These fusion proteins were overexpressed and purified from E. coli and 

then added to either whole cell or purified peptidoglycan suspensions (both before and after 

treatment with HF) derived from wildtype or WTA-negative L. monocytogenes strains. After 

incubation the samples were centrifuged to pellet the cells or peptidoglycan and any bound 

proteins, and the resultant supernatant was assayed for the presence or absence of the 

recombinant protein. If the tagged protein bound to the cells or peptidoglycan, it would be 
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absent from the supernatant fraction indicating that the GW domain protein was retained 

within the cells or peptidoglycan. Conversely, if the recombinant protein, as expected for a 

control His-MBP protein lacking GW domains, did not bind to the cells or the peptidoglycan 

fraction, the recombinant reporter protein would be detected in the supernatant fraction. 

 

8.7.1 Expression and purification of His-MBP-GW fusion proteins 

 Plasmid pVL847 is an E. coli protein expression vector, which can be used for the 

overexpression of His6-MBP or His6-MBP fusion proteins under the control of an IPTG-

inducible T7 promoter system. To allow for the expression and purification of His-MBP 

tagged GW fusion proteins, sequences encoding for the InlBGW domains or AmiGW 

domains were inserted into plasmid pVL847. This yielded plasmids pVL847-inlBGW 

(ANG3178) and pVL847-amiGW (ANG3179), which were along with plasmid pVL847 

introduced into the E. coli protein expression strain BL21(DE3). The resulting strains could 

be used for the expression of the His6-MBP control protein, as well as the His6-MBP-

InlBGW and His6-MBP-AmiGW fusion proteins. A schematic representation of these fusion 

proteins along with their calculated protein sizes is shown in Fig. 8.11. 

 

 

Figure 8.11: Graphical representation of the His6-MBP and the His6-MBP-GW fusion proteins. 

Top row: His6-MBP with a calculated molecular weight of 45 kDa. Middle row: His6-MBP-InlBGW with 

a calculated molecular weight of 71 kDa. Bottom row His6-MBP-AmiGW with a calculated molecular 

weight of 118 kDa. GW domains are shaded in grey.  
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The three different proteins were purified as described in the materials and methods 

section first by Ni-NTA affinity purification and gravity flow, followed by size exclusion 

chromatography using a fast protein liquid chromatography (FPLC) machine. Initially, heavy 

degradation of both His6-MBP-GW domain fusion proteins was observed, however this was 

improved by including protease inhibitors during the lysis and initial purification steps. The 

His6-MBP protein and the His-MBP-InlBGW protein, hereafter referred to as InlBGW, eluted 

as a single peaks. However, the latter protein eluted in the void volume of the size exclusion 

column indicating the formation of large aggregates. The His-MBP-AmiGW protein, hereafter 

referred to as AmiGW, eluted as multiple peaks (Fig. 8.12) of which the protein from the 

peak 1 (void volume) and peak 2 were concentrated separately. Following this protein 

concentration step, the final protein concentration was determined using the Pierce BCA 

assay kit (Thermofischer) and the molarity of each protein suspension calculated taking into 

account the different molecular weight for each protein. 

 

 

Figure 8.12: Size exclusion chromatography profile of His-MBP-AmiGW protein. An 

exponentially growing culture of strain BL21(DE3) pVL847-amiGW (ANG3181) expressing His-MBP-

AmiGW protein fusion was induced with IPTG and grown overnight at 16°C. Following this the cells 

were lysed and the proteins purified by size exclusion chromatography as described in the materials 

and methods section. Peak 1 represents void volume. Peak 2 contains the His-MBP-AmiGW protein 

that was used for all the experiments in this thesis. The remaining peaks did not exhibit any 

detectable levels of protein when using western blotting with an α-His antibody.  
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8.7.2 Binding of His6-MBP-GW fusion proteins to L. monocytogenes cells 

 To confirm that the purified His6-MBP-GW fusion proteins were able to bind to the 

cell wall of L. monocytogenes, a binding assay was performed using intact cells of the 

wildtype 10403S strain. An overnight culture of strain 10403S was washed in the reaction 

buffer and suspended to an OD600 = 10. Two hundred µl of this cell suspension was mixed 

with 50 µl of a 40 µM protein solution containing purified His-MBP, InlBGW, or AmiGW 

(derived from the second peak). This yielded a final protein concentration of 8 µM in the 

binding assay. The suspensions were incubated for 15 mins at room temperature, and the 

cells and bound protein subsequently removed by centrifugation. The supernatant fraction 

was assayed for the presence of unbound protein, by separating 10 µl sample on a 10 % 

PAA gel and coomassie staining. As a control, the purified proteins were also incubated in 

the absence of bacterial cells. 

 Using this method, the His-MBP protein was detected in the supernatant in both the 

no-cell control sample, as well as the plus-cell samples, indicating that there is no unspecific 

binding of the His6-MBP protein to L. monocytogenes cells (Fig. 8.13). However, the InlBGW 

fusion protein was also present in the supernatant fraction regardless of whether bacterial 

cells were present, indicating that the InlBGW protein does not bind under these conditions 

to whole cells (Fig. 8.13). As mentioned above, the InlBGW fusion protein eluted in the void 

volume during size exclusion chromatograph, indicating that the protein forms large 

aggregates. This self interaction of the protein could perhaps explain why it lost the ability to 

bind to cells, and hence this fusion protein could not be used for any further analysis. This 

was also the case for AmiGW protein derived from peak 1 in the FPLC chromatograph (Fig. 

8.12), which failed to bind even to wild-type cells in this assay (data not shown). The protein 

derived from peak 2 (Fig. 8.12) of the AmiGW fusion protein was present in the supernatant 

fraction in the control sample, but was absent from the supernatant fraction upon incubation 

with whole cells, indicating that the fusion protein retained its ability to bind to wildtype L. 

monocytogenes cells (Fig. 8.13). Therefore, protein derived from the second peak of AmiGW 

fusion protein could be used for further studies and to assess which cell wall components 

are important for the binding of the GW domains. From this point onwards the InlBGW 

protein was not examined further, and all further experiments were performed with the 

AmiGW protein fusion protein from the peak 2 (Fig. 8.12). 
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Figure 8.13: Binding of purified His-MBP-GW fusion proteins to wildtype L. monocytogenes 

10403S whole cells. Purified His6-MBP (ANG2890), His6-MBP-InlBGW (InlBGW) (ANG3180), and 

protein from the second peak of His6-MBP-AmiGW (AmiGW) (ANG3181) were assessed for their 

ability to bind to whole cells of wildtype L. monocytogenes strain 10403S. The His6-MBP, InlBGW and 

AmiGW fusion proteins have predicted sizes of 45 kDa, 71 kDa and 118 kDa respectively. Cells were 

resuspended in buffer then purified protein was added and the mixture was incubated at room 

temperature to allow binding. The mixture was centrifuged and 10 µl samples of each supernatant 

fraction were separated on a 10 % PAA gel and the protein bands were visualised by Coomassie 

staining. If no binding has occurred, then the protein will be present in the supernatant fraction and 

result in the presence of a protein band on the gel. Conversely, the absence of a band indicates 

binding. Ctrl indicates control samples where the protein was incubated without cells and OD600 = 10 

indicates samples where the protein was incubated with WT L. monocytogenes bacterial suspensions 

with an OD600 = 10. The positions of protein molecular mass markers (in kDa) are indicated on the 

left. 

 

 To assess the requirement of WTA for the interaction of the His6-MBP-AmiGW fusion 

protein to the bacterial cell wall, the same binding assay was performed using whole cells 

derived from the WTA-negative strain 10403SΔtagO1-O2Supp. As a control, the ability of this 

fusion protein to bind to LTA, using whole cells derived from the LTA-negative strain 

10403SΔltaSSuppΔltaP double mutant was also examined. For binding assays, a final His6-

MBP and His6-MBP-AmiGW protein concentration of 8 µM was used, and cell suspensions 

were used as described above at an OD600 = 10 or where indicated at an OD600 = 1 or 0.5. 

  



185 
 

 As observed for wildtype 10403S cells, the AmiGW fusion protein was also able to 

bind to whole cell suspensions derived from the WTA and LTA negative L. monocytogenes 

strains 10403SΔtagO1-O2Supp and 10403SΔltaSSuppΔltaP, respectively (Fig. 8.14). Less 

concentrated whole cell suspension (OD600 = 1 and 0.5) of wildtype and WTA deficient 

strains were also used in binding assays. In both strains, partial binding was observed at 

OD600 = 1. Binding appeared further reduced when the OD600 was 0.5, although densitometry 

analysis would need to be performed to quantify the difference (Fig. 8.14). Together with the 

results presented in sections 8.3, 8.4 and 8.5, this data strongly suggests that neither WTA 

nor LTA constitute the binding receptor for GW domain containing proteins. This led to the 

hypothesis that a possible binding target for these proteins is the peptidoglycan polymer. 

 

 

Figure 8.14: Binding of purified AmiGW to whole cells from L. monocytogenes strains with 

defects in teichoic acid synthesis. Purified MBP (ANG2890) and MBP tagged AmiGW protein were 

investigated for their ability to bind to whole cells of (A) wildtype L. monocytogenes strain 10403S 

(ANG1263), (B) 10403SΔtagO1-O2Supp (ANG2350), and (C) 10403SΔltaSSuppΔltaP mutant strains. 

Purified His-MBP was used as a control. The MBP and AmiGW proteins have predicted sizes of 45 

kDa and 118 kDa respectively. The assay was performed as described above (Fig. 8.13). If no 

binding has occurred, then the protein will be present in the supernatant fraction and result in the 

presence of a protein band on the gel. Conversely, the absence of a band indicates binding. OD600 

indicates samples where purified protein was incubated with whole cells with an OD600 = 10. The 

positions of protein molecular mass markers (in kDa) are indicated on the left. 
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8.7.3 Binding of His6-MBP-AmiGW fusion protein to purified peptidoglycan 

 To investigate whether GW domain containing proteins bind to peptidoglycan, 

cultures of the wildtype 10403S and the 10403SΔtagO1-O2Supp WTA deficient mutant were 

grown and the peptidoglycan was purified as described in the materials and methods 

section. Part of the purification process involves treating the peptidoglycan with concentrated 

hydrofluoric acid (HF) to remove WTA. To provide further evidence that WTA is not involved 

in the cell wall retention of GW domain containing proteins, binding assays were performed 

with the His6-MBP protein (negative control) and the His6-MBP-AmiGW fusion protein using 

peptidoglycan isolated from wildtype 10403S with and without HF treatment as well as 

peptidoglycan isolated from the WTA negative 10403SΔtagO1-O2Supp without HF treatment. 

Recombinant His6-MBP or His6-MBP-AmiGW proteins were again used at a final 

concentration of 8 µM and the purified peptidoglycan was used at a concentration of 2.5 

mg/ml, 0.5 mg/ml or 0.25 mg/ml in binding assays as indicated, to define a binding limit. 

 First, the binding of the His6-MBP and His6-MBP-AmiGW proteins to peptidoglycan 

prepared prior to HF treatment was assessed. As expected, the His6-MBP negative control 

protein did not bind to any of the purified peptidoglycan samples and hence was always 

recovered in the supernatant fraction. Complete binding of the His6-MBP-AmiGW fusion 

proteins was observed with purified peptidoglycan at a concentration of 2.5 mg/ml. For 

peptidoglycan derived from the wildtype 10403S strain, binding was also seen when 

peptidoglycan was added at a concentration of 0.5 mg/ml, however when the peptidoglycan 

was further diluted to 0.25 mg/ml the majority of the protein was now unbound and remained 

in the supernatant (Fig. 8.15A). For the peptidoglycan derived from the strain 

10403SΔtagO1-O2Supp however, binding of His6-MBP-AmiGW fusion protein was observed 

down to a lower concentration of peptidoglycan compared to the wildtype, with total binding 

at 0.5 mg/ml and still partial binding at 0.25 mg/ml (Fig. 8.15B). The most likely explanation 

for this observation is that WTA comprises a large proportion of the bacterial cell wall, so 

whilst peptidoglycan derived from the WTA-negative strain and wildtype strain were added at 

the same concentration in mg/ml, there is more peptidoglycan material per weight in the 

10403SΔtagO1-O2Supp than the wildtype 10403S. 

  



187 
 

 

Figure 8.15: Binding of His-MBP-AmiGW to purified peptidoglycan prior to HF treatment 

isolated from L. monocytogenes strains. Peptidoglycan from the wildtype L. monocytogenes strain 

10403S and 10403SΔtagO1-O2Supp was purified, as described in the materials and methods section, 

with the exception of the HF treatment step. The MBP and AmiGW proteins have predicted sizes of 

45 kDa and 118 kDa respectively. The assay was performed as described above (Fig. 8.13). If no 

binding has occurred, then the protein will be present in the supernatant fraction and result in the 

presence of a protein band on the gel. Conversely, the absence of a band indicates binding. Ten µl 

samples of each reaction were separated on a 10 % PAA gel and the protein bands were visualised 

by Coomassie staining. Ctrl indicates control samples where the protein was incubated without 

purified peptidoglycan, and mg/ml indicates reactions where protein is incubated with purified 

peptidoglycan at the indicated mg/ml concentration. The positions of protein molecular mass markers 

(in kDa) are indicated on the left. 

 

 Finally, the wildtype peptidoglycan was treated with concentrated HF to chemically 

remove the WTA and used in the binding assays. The results showed total binding of the 

AmiGW protein to HF treated wildtype peptidoglycan at 1 mg/ml and a partial binding at 0.2 

mg/ml. (Fig. 8.16). This is much lower than the partial binding observed for wildtype 

peptidoglycan before HF treatment at 0.5 mg/ml (Fig. 8.15A). Interestingly, it was very 

similar to the concentration of 10403SΔtagO1-O2Supp peptidoglycan for partial binding at 

0.25 mg/ml (Fig. 8.15B). These observations appear to support the hypothesis that because 

WTA constitutes such a significant proportion of the cell wall, in its absence, the amount of 

peptidoglycan per weight after removal of WTA is greater than untreated peptidoglycan. This 

explains the differences between the degree of partial binding at similar concentrations of HF 

treated and untreated wildtype 10403S peptidoglycan. 
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Figure 8.16: Binding of His-MBP-AmiGW to purified peptidoglycan from wildtype L. 

monocytogenes strain 10403S after treatment with HF. Peptidoglycan from the wildtype L. 

monocytogenes strain 10403S was purified and treated with HF to chemically remove WTA. The MBP 

and AmiGW proteins have predicted sizes of 45 kDa and 118 kDa respectively. The assay was 

performed as described above (Fig. 8.13). If no binding has occurred, then the protein will be present 

in the supernatant fraction and result in the presence of a protein band on the gel. Conversely, the 

absence of a band indicates binding. The positions of protein molecular mass markers (in kDa) are 

indicated on the left. 

 

8.8 Discussion and future work 

 Cell wall proteins are anchored to the cell surface in three main ways; attachment to 

the membrane, covalent interaction with peptidoglycan, or ionic interaction with secondary 

cell wall polymers. The first mechanism has been described for ActA, a protein required for 

the actin-based motility of L. monocytogenes within the host cell cytosol. ActA possess a C-

terminal hydrophobic transmembrane helix that anchors the protein to the membrane (Kocks 

et al. 1992; Schneewind et al. 1993). Other proteins such as InlA, an adhesion protein 

required for the entry of L. monocytogenes into host cells, possess a C-terminal LPXTG 

sorting motif. This sorting signal is recognized by the sortase A enzyme, which then cleaves 

and covalently anchors the InlA protein to the peptidoglycan (Navarre & Schneewind 1994; 

Lebrun et al. 1996; Mengaud et al. 1996). The third mechanism involves binding to 

secondary cell wall polymers and has perhaps, been best characterized in S. pneumoniae, 

which possess several choline binding proteins (CBPs) that directly bind to choline residues 

present on the teichoic acids of this organism (Garcia et al. 1998). In L. monocytogenes, 

another set of proteins possess cell wall anchors (CWA) consisting of variable numbers of 

GW domain amino acid repeats, so called because the repeats possess a glycine-

tryptophan dipeptide. In L. monocytogenes, there are 9 proteins with GW cell wall binding 

domains including the virulence factor InlB, and the autolysins Ami, IspC and Auto. Of the 

remaining 6 proteins one is annotated as a putative internalin protein and the other 5 

proteins are annotated as putative autolysins with similarity to N-acetylmuramoyl-L-alanine 
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amidase proteins, such as Ami and Auto. The InlB and Ami proteins have 3 and 8 GW 

domains respectively, and these domains have been shown to be essential for binding of 

these proteins to the cell surface (Braun et al. 1997). By altering the number of GW domains 

a link between the number of these domains and the strength of protein binding to the cell 

wall was observed (Braun et al. 1997). Previous studies suggested that both InlB and Ami 

proteins bind to LTA via these GW domains (Jonquières et al. 1999), although no 

investigation was made into the components of LTA involved in protein anchoring. In L. 

monocytogenes, LTA is substituted with D-alanyl groups and also D-galactosyl groups. In 

contrast, WTA is glycosylated with a variety of different sugars in L. monocytogenes, and 

this variation restricts bacteria susceptibility to infection by different bacteriophage (Eugster 

et al. 2011). This restriction occurs because phage endolysins, which digest the murein 

sacculus to facilitate progeny phage release, bind to the glycosyl substitutions on WTA to 

allow them to access the cell wall (Eugster et al. 2011). To investigate the binding of these 

proteins to the cell surface, two plasmids expressing InlB fused to either its own GW 

domains (pHPL3-inlB-His), or the Ami GW domains (pHPL3-inlB-amiGW-His) (Fig. 8.1), 

were constructed and these plasmids were introduced into a number of mutant L. 

monocytogenes strains to investigate LTA and WTA as the binding receptors for GW-domain 

containing proteins. 

 The data presented in this study, revealed that neither D-ala nor glycosyl 

substitutions on LTA were involved in binding the GW domain proteins to the cell surface 

(Fig. 8.2). In addition, all the mutants defective for LTA backbone synthesis retained the 

ability to sequester the proteins to the cell surface (Fig. 8.3 and 8.5), although the original 

10403SΔltaS strain showed the release of some of the His-InlB into the supernatant (Fig. 

8.3A) in contrast to the 10403SΔltaSSupp strain where the protein was exclusively associated 

with the cell wall (Fig. 8.5A). This was probably due to the expected weaker binding strength 

of the His-InlB reporter protein in the context of the 10403SΔltaS which has a growth defect, 

possibly caused by a weakened cell wall. The suppressor mutations possessed by the 

10403SΔltaSSupp strain appear to be sufficient to recover this defect hence retention of InlB-

His in the cell wall fraction. In the 10403SΔltaSSuppΔltaP double mutant, both reporter 

proteins with the InlB or Ami GW domains were exclusively associated with the cell wall (Fig. 

8.5), so it is important to note that this double mutant was constructed in the suppressor 

background strain. This explains the lack of InlB-His protein detected in the supernatant for 

this strain (Fig. 8.3 and 8.5). 
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 These results strongly suggest that LTA is not the binding receptor of GW domain 

proteins, in contrast to previously published work (Jonquières et al. 1999). However the 

methodologies between those studies and this one are significantly different. Previous work 

used similar protein constructs, but a different fractionation approach. Briefly, the 

supernatant fraction was prepared in a similar way as this study, taking the supernatant from 

a centrifuged cell culture and subjecting the sample to TCA precipitation. The pellet was then 

subjected to biochemical lysis to remove the peptidoglycan and generate protoplasts. This 

mixture was centrifuged and separated to produce protoplasts and the supernatant (cell wall 

fraction). The protoplasts were lysed and centrifuged to generate the membrane fractions, 

and cytoplasmic fractions. Using this method the InlB protein was observed in the membrane 

and supernatant fractions. The method used for this study which detected the exclusive 

association of this protein with the cell wall (Fig. 8.2), simply involved centrifugation of an 

overnight culture with no lysis steps. It is possible that removal of peptidoglycan to generate 

protoplasts was incomplete and there was enough residual murein to effect binding, a theory 

that supports our finding that GW domain proteins bind to peptidoglycan (Figs. 8.14, 8.15, 

and 8.16). This could also explain their observation of the presence of the reporter InlB 

protein in the supernatant, as it contains fewer GW domains in comparison to Ami leading to 

a weaker association with the cell wall. It is possible that under these conditions, the residual 

peptidoglycan cannot sequester InlB efficiently leading to its release. In addition, the 

supernatant fraction from the previous study also contained cytoplasmic proteins, indicating 

the cells had lysed. In this study, both InlB and Ami were detected in the supernatant of 

strains defective for WTA synthesis (Fig. 8.10). The WTA defective strain has a severe 

growth defect and the cells tend to lyse, which may have affected the protein localization as 

additional experiments performed in this study using purified fusion proteins indicated that 

GW domains containing proteins can bind to the cell wall without WTA (Fig 8.14B). The 

observation that cell lysis might affect the cellular localization of these proteins, could 

provide an explanation as to why the results presented in this chapter differ from previously 

published work. In addition it is important to note that at the time of the previous work, the 

genes involved in synthesis of the PGP backbone of LTA were unknown and mutant strains 

defective for LTA synthesis were unavailable. Taken together with this previous research, 

the findings described in this chapter provide strong evidence that LTA is not the cell wall 

binding target for GW domains in L. monocytogenes. Therefore, other cell wall targets were 

investigated. 
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 WTA is a known ligand for bacteriophage endolysin proteins, raising the possibility 

that WTA may be involved in the retention of other proteins in the cell wall (Eugster et al. 

2011). To investigate this possibility a previously generated suppressor strain lacking WTA, 

10403SΔtagO1-O2Supp, was transformed with the plasmids discussed above. Also 

investigated was strain 10403SΔlmo2550 (ANG2226), which lacks GlcNAc substituted on its 

WTA. This modification on WTA has, in a previous study, been shown to mediate the binding 

of bacteriophage endolysins, a set of proteins that digest the peptidoglycan of infected cells 

leading to host cell lysis and the release of progeny phage (Eugster et al. 2011). The data 

presented in this study demonstrate that GlcNAc modifications on WTA are not required for 

GW domain protein binding (Fig. 8.10). In the 10403SΔtagO1-O2Supp strain, very little to no 

signal was detected on Western blots for the reporter proteins. The His-InlB-AmiGW reporter 

protein was also significantly degraded, as multiple bands were detected by western blot 

using the α-His antibody (Fig. 8.10 upper panels). However detection of the ribosomal 

protein L6, which is located in the cell cytoplasm, indicated the cells had lysed (Fig 8.10 

lower panels). In addition to this, when samples were prepared including a lysis step, the 

signal for the reporter proteins disappeared from all strains including the samples prepared 

from a wildtype strain, indicating that the proteins are either rapidly degraded or lost during a 

centrifugation step (data not shown). These results indicate that this methodology for 

assessing the localisation of InlB-GW fusion proteins in the WTA deficient strain is 

inappropriate as the results from this experiment are unreliable. 

 Previous studies have shown that strains lacking WTA in L. monocytogenes display a 

severe growth defect and cells exhibit a coccoid morphology when examined by light 

microscopy (Eugster & Loessner 2012). In addition, unpublished transmission electron 

microscopy (TEM) performed in the Gründling lab has shown the cell walls of the 

10403SΔtagO1-O2 mutant are 'furred' in contrast to the smooth morphology of the wildtype 

10403S strain. These results indicate that the WTA negative strain may have defects in the 

peptidoglycan structure. To investigate this, peptidoglycan was purified from the wildtype 

and 10403SΔtagO1-O2Supp strains. The peptidoglycan was digested with mutanolysin to 

generate muropeptides that were then analysed by HPLC. Interestingly, the observed 

differences in the peptidoglycan structure for the WTA deficient L. monocytogenes strain 

10403SΔtagO1-O2Supp were quite different to that observed for a WTA negative S. aureus 

strain. An S. aureus ΔtagO mutant showed significantly decreased peptidoglycan 

crosslinking demonstrated by the reduction of trimers or higher oligomers in the HPLC 

chromatogram of digested peptidoglycan, explaining the weakness in the cell wall (Gründling 

& Schneewind 2006). In L. monocytogenes, the proportion of peptidoglycan monomers, 

dimers and trimers was the same for peptidoglycan isolated from wildtype 10403S and the 
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10403SΔtagO1-O2Supp mutant strain, when calculated as a percentage of total muropeptides 

(Fig. 8.8). This indicates that the absence of WTA does not cause a significant difference in 

the ability of this organism to perform the peptidoglycan crosslinking reaction mediated by 

penicillin binding proteins (PBPs). Thus, in contrast to S. aureus there is no inherent 

weakness in the peptidoglycan structure. 

 Although the proportion of monomeric, dimeric and trimeric muropeptides was the 

same between peptidoglycan derived from the wildtype 10403S and 10403SΔtagO1-O2Supp 

strains (Fig. 8.8), the profile of peaks representing monomers, and in particular dimers, was 

visually very different between the strains (Fig. 8.7). Based on retention times, there was a 

significant difference between the area under several of these peaks, but without any 

knowledge of their chemical structures and identities, these peaks were not investigated 

further. The spectra from this study were compared with spectra published in a paper in 

which the same conditions were used for the HPLC separation of the muropeptides (Boneca 

et al. 2007). In this previous study, several of the muropeptide peaks were further analysed 

by mass spectrometry and assigned specific chemical structures (Boneca et al. 2007). 

Based on the similarity between the muropeptide profile and peak retention time found both 

in this study and previous work, muropeptide peaks were tentatively assigned specific 

chemical structure (Fig. 8.7). The drawback of this approach is that whilst the spectra looked 

very similar, to conclusively identify each peak they would need to be examined by matrix 

assisted laser desorption/ionization mass spectrometry (MALDI-MS) so as a result, the 

analysis in this study was limited to a few prominent comparable peaks. Given this caveat, 

the data obtained in this study, indicated a significant decrease in the N-deacetylation state 

of peptidoglycan isolated from the strain compared to the wildtype (Fig. 8.9). In itself, this 

does not provide any obvious explanation for the observed cell wall weakness and increased 

cell lysis displayed by the 10403SΔtagO1-O2Supp strain, but it does highlight that there is a 

significant difference in the peptidoglycan structure between the WTA-negative and the 

wildtype strain. As mentioned above, a significant difference in the ratios of other peaks 

within the dimer region were observed between the wildtype and WTA deficient strains, so 

there are likely further differences in the peptidoglycan structures between these strains, for 

example L. monocytogenes peptidoglycan also undergoes O-acetylation at muramic acid 

residues, a reaction catalysed by OatA (Aubry et al. 2011). Further investigation into the 

identities of all the muropeptide peaks may provide further insight into the weakness 

exhibited by the cell wall from the 10403SΔtagO1-O2Supp strain. 
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 In addition, it was observed that whilst the peptidoglycan was isolated for both strains 

in the same manner, and equal weights of peptidoglycan were digested and subsequently 

analysed by HPLC, the signal detected for the muropeptides derived from the wildtype strain 

was ~3-fold lower compared to the signal obtained for muropeptides derived from the 

10403SΔtagO1-O2Supp strain (Fig. 8.7). A possible explanation for this is that the 

10403SΔtagO1-O2Supp strain has an increased susceptibility to mutanolysin and is therefore, 

more efficiently digested by this enzyme. This susceptibility could be explained by a 

reduction in the percentage of N-deacetylated peptidoglycan. This is in agreement with 

observations that strains lacking PgdA have 100 % acetylated peptidoglycan, and exhibit a 

significant susceptibility to mutanolysin and lysozyme. These strains are also more 

susceptible to Triton X-100 induced autolysis (Boneca et al. 2007; Schwartz et al. 2012). 

This is interesting, as 7 of the proteins containing GW domains are annotated as N-

acetylmuramoyl-L-alanine amidases that target the same linkage as mutanolysin. One of 

these proteins, Auto, has been shown to preferentially target N-acetylated peptidoglycan 

(Bublitz et al. 2009). The 10403SΔtagO1-O2Supp strain showed a significant increase in its N-

acetylated peptidoglycan so weakness in the cell wall could result from increased activity of 

autolysins. However this still does not fully explain the growth defect observed in the 

10403SΔtagO1-O2Supp strain as deletion of PgdA does not impact growth (Boneca et al. 

2007). It would seem likely that other factors are involved in the cell wall weakness which 

may be revealed after the identities of other peaks from the HPLC profile have been 

determined. 

  An alternative explanation could be that WTA physically prevents autolytic enzymes 

from interacting with the cell wall and in its absence, this autolytic activity is increased. In 

support of this hypothesis is the observed action of certain autolysins from S. aureus where 

the presence of WTA prevents uncontrolled autolysin mediated cell lysis. Mutants lacking 

WTA exhibited even distribution of the major autolysin Atl across the cell surface, but in the 

wildtype these enzymes were restricted to the cross wall region (Schlag et al. 2010). In 

addition to the above, it is important to note that this analysis was performed using the 

10403SΔtagO1-O2Supp suppressor strain, which may have compensatory mutations that 

change the peptidoglycan structure and enhance survival. It would be interesting to purify 

the peptidoglycan from the parental WTA-negative strain and compare any differences to the 

suppressor strain. However this may not be possible as even the suppressor strain, which 

had improved growth characteristics was difficult to grow and work with, and large amounts 

of material was lost with each step. 
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 As the initial approach and expression of the His6-InlBGW or His6-InlB-AmiGW in the 

WTA deficient 10403SΔtagO1-O2Supp strain to investigate their localisation was 

unsuccessful, an alternative approach was taken using purified recombinant proteins. To this 

end, the GW domains from the InlB and Ami proteins were cloned into the expression vector 

pVL847, which allowed the expression and purification of N-terminal His6-MBP tag fusion 

proteins (Fig. 8.11). To demonstrate if these proteins were functional, the ability of the 

purified His6-MBP-InlBGW and His6-MBP-AmiGW proteins to the surface of wildtype 

10403S cells was determined. However, whilst the AmiGW protein bound to these cells, the 

InlBGW protein did not. It was assumed that this was likely due to the fact that the His6-

MBP-InlBGW protein formed large aggregates during the purification and the aggregated 

protein lost its ability to recognize and bind to the cell wall receptor (Fig. 8.12), therefore from 

this point on all binding assays were performed only using the AmiGW reporter protein. 

 To investigate whether this protein required WTA for cell wall binding, another whole 

cell assay was performed using the cell suspensions derived from the 10403SΔtagO1-O2Supp 

strain. The results showed that the AmiGW protein was able to bind to the cells, indicating 

that WTA is not involved in sequestering this protein to the cell wall (Fig. 8.14B). 

 Finally, peptidoglycan was investigated as the binding target for GW domain proteins. 

Binding assays using purified peptidoglycan from 10403SΔtagO1-O2Supp (Fig. 8.15B) and 

from the 10403S wildtype before (Fig. 8.15A) and after chemical removal of WTA by HF (Fig. 

8.16), showed that the His6-MBP-AmiGW reporter protein was associated with the 

peptidoglycan in all cases. These data, indicated that GW domain proteins do not bind WTA, 

but bind directly to peptidoglycan. This also provides support for the hypothesis that results 

from previous work indicating LTA as the binding target was due to incomplete removal of 

peptidoglycan from protoplasts. 

 The binding target of GW domains has also been investigated in other species. In S. 

aureus, several autolysins such as Atl, are retained in the cell wall via GW domains. In 

agreement with the work presented in this chapter, the GW domains from Atl were shown to 

bind to purified peptidoglycan (Biswas et al. 2006). However more recently, another study 

suggested that Atl GW domains may preferentially bind to LTA (Zoll et al. 2012). This 

previous study added purified Atl GW protein exogenously to a culture of S. aureus strain 

4S5, a strain that lacks LTA, and no binding was observed. This is in direct contrast to the 

work presented in this chapter, which detected strong binding of the reporter proteins 

InlBGW and InlB-AmiGW (Fig. 8.3 and 8.5) in mutants lacking LTA. In addition it is important 

to note that data produced by the Gründling lab showed peptidoglycan from the S. aureus 

4S5 strain exhibits significantly reduced cross-linking, and this may explain the inability of 
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the GW domains to bind to the cell wall, supporting our finding that GW domain proteins 

from L. monocytogenes bind to peptidoglycan (Fig. 8.14, 8.15, and 8.16). In addition, studies 

in Listeria have indicated that the GW domains from InlB and Ami proteins were unable to 

bind to the surface of L. innocua cells despite the LTA structure being identical across all 

Listeria species leading the authors to hypothesise that the sequence of the GW domains 

themselves may affect its ability to bind LTA (Jonquières et al. 1999). This could provide 

insight into the difference in binding specificity between GW domains that leads to 

preferential binding to LTA in S. aureus, but only to peptidoglycan in L. monocytogenes. 

 In summary, InlB protein constructs with varied numbers of GW domains were shown 

to bind to strains lacking LTA suggesting this is not the receptor within the cell wall for these 

proteins. In addition purified AmiGW protein was shown to bind to mutant strains lacking LTA 

or WTA ruling out the role of secondary cell wall polymers as the binding target for GW 

domain proteins. This protein was able to bind to peptidoglycan isolated from the WTA 

negative strain 10403SΔtagO1-O2Supp, as well as peptidoglycan purified from the wildtype 

10403S strain both before and after HF treatment to remove WTA. These results collectively 

support a model whereby GW domain proteins bind directly to the peptidoglycan layer and 

are retained in this manner within the cell wall. 

 In addition to this work, the peptidoglycan isolated from the wildtype 10403S and 

WTA-deficient 10403SΔtagO1-O2Supp strains was digested with mutanolysin and analysed 

by HPLC. The results indicated that there was no significant difference in peptidoglycan 

crosslinking in contrast to WTA deficient strains from other bacteria. Based on previously 

published spectra the results however suggested a significant decrease in N-deacetylation of 

the glycan strands in the 10403SΔtagO1-O2Supp mutant, providing an insight into possible 

explanation behind the cell wall morphology defect in strains lacking WTA. 
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Chapter 9 
Final conclusions and perspectives  
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 LTA is a secondary cell wall polymer found in a range of Gram-positive bacteria 

belonging to the phylum Firmicutes. Several different LTA structures have been identified 

and grouped into types I-V, but types I and IV have been studied in the greatest detail by far 

(Percy & Gründling 2014; Schneewind & Missiakas 2014). Although its exact role is 

unknown, LTA is thought to be involved in cell division, and also in modulation of the 

immune system. In addition, LTA appears to be essential for survival in several bacteria 

making it a viable antibacterial and vaccine target. The backbone of type I LTA is modified 

with D-ala and in some cases with glycosyl residues. Although D-ala modification of the PGP 

backbone is known to confer protection against CAMPs, the function of the glycosyl 

modification is unknown and the genes involved in this process have not been identified. The 

aim of this thesis was to identify the genes involved in the glycosylation of type I LTA and 

determine a role for this modification. 

 This study first investigated whether LTA could be used to indicate virulence in 

clinical MRSA strains (chapter 3). A trend was identified indicating that strains causing 

invasive infections appeared to release more LTA from the cell surface into the supernatant. 

Conversely, colonising strains isolated from the nares or groin that were not causing an 

active infection, appeared to retain more LTA in association with the cell wall. In addition, it 

appeared that the LTA derived from isolates causing either bacteraemia or respiratory 

pathologies, exhibited an altered running pattern when detected by western blotting. A 

possible explanation for this result was indicated by the work described in chapter 5, where 

an α-LTA antibody was used to detect non-glycosylated LTA by western blotting. When 

detecting LTA in this manner, it was observed that non-glycosylated LTA exhibited an 

increased mobility on the blot compared to LTA containing glycosyl modifications derived 

from the wildtype strain. Based on this result, it is possible that the differences observed 

between clinical strains are representative of the presence or absence of glycosyl 

modifications to LTA. Recent studies indicate a role for LTA in activation of the lectin-

dependent complement pathway (Polotsky et al. 1996; Lynch et al. 2004; Schmidt et al. 

2011; Vassal-Stermann et al. 2014), and as lectins detect sugars, this pathway would likely 

be affected by glycosyl modifications. However, it is important to note that there is very 

limited evidence to suggest that LTA from S. aureus is glycosylated (Arakawa et al. 1981; 

Morath et al. 2001). Also, the variation in the mobility of LTA detected by western blot from 

clinical strains may be explained at least in part, by variation in GroP chain length. Future 

work should establish the presence or absence of glycosyl modifications on LTA from these 

clinical strains, and determine whether this plays a role in modulating the immune response. 
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 The main aim of this project was to investigate the glycosylation mechanism of type I 

LTA and identify the function of this modification. Based on the proposed model of LTA 

glycosylation (see chapter 1), the process involves a cytoplasmic glycosyltransferase that 

utilises nucleotide-activated sugars to generate a C55-P-linked sugar intermediate (Mancuso 

& Chiu 1982; Yokoyama et al. 1988). This lipid carrier is then transported across the 

membrane where an extracellular glycosyltransferase transfers the sugar from the lipid onto 

LTA (Yokoyama et al. 1988). During this study, the cytoplasmic glycosyltransferases 

involved in the glycosylation of LTA were identified in L. monocytogenes and B. subtilis. In 

addition, the extracellular glycosyltransferase from B. subtilis was also identified. 

Interestingly, although the protein sequence of the B. subtilis extracellular 

glycosyltransferase YfhO was used to identify Lmo1079 in L. monocytogenes, the 

10403SΔlmo1079 mutant still produced LTA with glycosyl modifications. The gene encoding 

Lmo1079 is found in a location of the chromosome that encodes a number of proteins 

involved in WTA biosynthesis, so it is possible that Lmo1079 plays a role in this process. 

In B. subtilis both the glycosyltransferases are known to be transcribed as an operon 

(Inoue et al. 2013), whereas the cytoplasmic glycosyltransferase from L. monocytogenes is 

annotated as existing in its own transcriptional unit. In addition, the gene encoding the 

predicted membrane transporter that would be required to transport the C55-P-sugar across 

the membrane was not found in an operon with these genes in either species. It is 

interesting that in contrast to the dlt operon, responsible for the D-alanylation of LTA, where 

all the genes encoded in this process are found in a single chromosome location, the genes 

involved in the glycosylation of LTA are apparently found separately on the chromosome. 

One possible explanation for this is that the proteins involved in glycosylation of LTA are also 

involved in another pathway, and must therefore be maintained separately. Further 

investigation should consider how the glycosylation of LTA may be linked to other cell 

processes, as this may provide further insight into the role for the glycosyl modification. 

  Unfortunately, no role for the glycosyl modification of LTA was identified during this 

study, in spite of previously published work indicating that the gene encoding the B. subtilis 

cytoplasmic glycosyltransferase CsbB, is under the control of two alternative sigma factors 

involved in the general stress response and cell wall modification (Akbar & Price 1996; 

Huang & Helmann 1998). Further investigation described a stress sensitivity phenotype for a 

B. subtilis csbB mutant, indicating that this mutant is sensitive to NaCl, H2O2 and ethanol 

stresses (Höper et al. 2005; Reder et al. 2012). Work undertaken with the B. subtilisΔcsbB 

mutant constructed as part of this thesis (chapter 4), demonstrated that the this strain did not 

display sensitivity to these stress stimuli, indicating that the glycosylation of LTA does not 

play a role in the stress response in B. subtilis (chapter 7). However as discussed in chapter 
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7, the disparity between this work and previously published studies may be at least in part 

explained by experimental inconsistencies, including differences between the methods used 

for strain construction. Further work showed that the L. monocytogenes strain producing 

non-glycosylated LTA also did not display sensitivity to these stresses. In support of these 

findings, despite several microarray studies examining the stress response in L. 

monocytogenes, Lmo0933 has not been identified as a protein that is involved in the stress 

response (Kazmierczak et al. 2003). Certain antibiotics such as β-lactams, target the cell 

wall and elicit a stress response mediated by alternative sigma factors (Cao & Helmann 

2004; Butcher & Helmann 2006; Eiamphungporn & Helmann 2008). As the glycosylation of 

cell surface structures is known to affect antibiotic susceptibility (Breazeale et al. 2005; 

Brown et al. 2012), the possibility that the glycosylation of LTA contributes to antibiotic 

resistance was examined in L. monocytogenes. However, the mutant producing non-

glycosylated LTA was not susceptible to any of the antibiotics tested (chapter 7), indicating 

that the glycosylation of LTA does not play a role in antibiotic susceptibility in this species. 

Regardless, it would be interesting to explore the sensitivity of the mutants producing non-

glycosylated LTA to other stress stimuli and different antibiotics, before ruling out a role for 

the glycosylation of LTA in the general stress response. 

 In L. monocytogenes, LTA had been implicated as the cell surface receptor 

responsible for anchoring GW domain containing proteins to the cell wall (Braun et al. 1997; 

Jonquières et al. 1999). Analysis of the LTA from L. monocytogenes (chapter 4) revealed 

that a high percentage of the PGP backbone was modified with either D-ala (60 %) or 

glycosyl (24 %) residues, and it was hypothesised that GW domain containing proteins might 

bind to these modifications. However, it was found that not only did GW domain containing 

proteins fail to bind to the LTA modifications, but they did not bind to the PGP backbone 

itself (chapter 8). This finding was in contrast to previously published data (Braun et al. 1997; 

Jonquières et al. 1999), though it is important to note that the previous studies did not have 

access to a strain lacking LTA (Jonquières et al. 1999). Further investigation as part of this 

thesis indicated that GW domain containing proteins bind directly to peptidoglycan (chapter 

8). This seems a plausible cell surface receptor for this family of proteins as the majority of 

proteins containing GW domains in L. monocytogenes are autolysins and thus binding 

directly to peptidoglycan would afford these enzymes greater access to the murein sacculus. 

Recent studies have indicated that although the GW domain containing autolysin Atl from 

Staphylococcus sp binds to peptidoglycan (Biswas et al. 2006), it may also preferentially 

bind LTA (Zoll et al. 2012). The study found that purified Atl GW domain protein did not bind 

to the S. aureus strain 4S5, which lacks LTA in its cell wall (Zoll et al. 2012). However, this 

strain also exhibits significantly altered peptidoglycan, which may affect the binding of GW 
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domain containing proteins. Alternatively, the sequence of the GW domain protein may 

affect its ability to bind to the target, an observation that has been made in L. 

monocytogenes (Marino et al. 2002). In this species it has been found that the GW domains 

from InlB are able to bind to the human protein gC1q-R, whereas the GW domains from the 

autolysin Ami are not (Marino et al. 2002; Banerjee et al. 2004). This variation in GW domain 

sequence may explain the proposed ability of GW domains in Staphylococcus sp. to bind to 

both peptidoglycan and LTA (Biswas et al. 2006; Zoll et al. 2012), compared to the lack of 

GW domain binding to LTA observed in L. monocytogenes during this study (chapter 8). The 

results presented in this thesis provide strong evidence for the role of peptidoglycan, and not 

LTA, as a cell wall anchor for GW domain containing proteins in L. monocytogenes. 

However, other proteins in S. aureus have also been shown to bind to LTA (Smith et al. 

2012), so the possibility that LTA in L. monocytogenes may act as a binding site for other 

proteins should not be ruled out. 

 As part of the investigation into the binding target of GW domain containing proteins, 

WTA was considered as the possible cell wall anchor for these proteins. A L. 

monocytogenes strain lacking both tagO genes, that encode enzymes essential for WTA 

synthesis, was available in the lab. However, because of the severe growth defect observed 

in this strain, a suppressor mutant with improved growth characteristics was used, although 

even this 10403SΔtagO1-O2Supp strain exhibited slow growth and lysed easily (chapter 8). 

To investigate whether this phenotype was the result of a cell wall defect, the peptidoglycan 

derived from this strain was analysed by HPLC. This analysis revealed that the 

peptidoglycan of the 10403SΔtagO1-O2Supp strain did not show any change in cross-linking, 

in contrast to peptidoglycan isolated from a WTA deficient S. aureus strain that exhibited 

significantly lower crosslinking, as compared to the peptidoglycan isolated from a wildtype 

strain. However, based on a comparison with previously published spectra, the 

peptidoglycan derived from the WTA deficient L. monocytogenes strain exhibited reduced N-

deacetylation, a reaction performed by the N-deacetylase PgdA. Interestingly, the L. 

monocytogenes cell wall autolysin Auto preferentially digests regions of peptidoglycan where 

N-acetylation is high (Bublitz et al. 2009). Furthermore, it was observed that peptidoglycan 

derived from the mutant had an apparent susceptibility to mutanolysin, a trait exhibited by 

the pgdA mutant where N-acetylated peptidoglycan is 100 %. Taken together these data 

appeared to indicate that the cell wall of the WTA deficient L. monocytogenes strain has an 

increased susceptibility to autolysins, and that this could at least in part explain the growth 

defect exhibited by this strain. However, the HPLC analysis of peptidoglycan derived from 

the wildtype and WTA deficient strains, also revealed several other differences in the ratio 

between comparable muropeptide peaks that were not explored during this study because 
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their identities were not determined (chapter 8). These unidentified peaks should be 

investigated further to provide a comprehensive reason for the cell wall weakness in the 

10403SΔtagO1-O2Supp WTA deficient strain. In addition, it is important to note that the 

mutant used was a suppressor, so future studies should also consider purifying the 

peptidoglycan from the original WTA deficient mutant. 

 Despite the construction of mutants producing non-glycosylated LTA (chapter 4), the 

role of LTA glycosylation was not determined during this project. Furthermore, attempts to 

reproduce previously published phenotypes (Höper et al. 2005; Reder et al. 2012) 

implicating a role for this modification in the cell wall stress response of B. subtilis were 

unsuccessful (chapter 7). Predicting a role for the glycosyl modifications on LTA is difficult as 

this modification is observed in both pathogenic bacteria such as L. monocytogenes (Hether 

& Jackson 1983; Uchikawa et al. 1986), and non pathogenic bacteria such as B. subtilis 

(Iwasaki et al. 1986; Iwasaki et al. 1989). Furthermore, some strains lack this modification 

altogether, indicating that the glycosylation of LTA does not perform an essential function for 

bacterial viability. Interestingly, the sugar used to decorate LTA varies between bacteria, 

even amongst bacteria belonging to the same species (Hether & Jackson 1983; Iwasaki et 

al. 1986; Uchikawa et al. 1986; Iwasaki et al. 1989). The reason for this is unknown, and it is 

possible that the type of sugar used to decorate the LTA backbone may affect the function of 

this modification. For example, the glycosylation of WTA in L. monocytogenes defines 

susceptibility of different serotypes to bacteriophage infection (Eugster et al. 2011), and the 

glycosylation of WTA in S. aureus with GlcNAc confers methicillin resistance, but only when 

the sugar is in the β- conformation (Brown et al. 2012). When considered in this way, it is 

possible that glycosylation modifications on LTA could perform a different function in each 

bacterium. For instance, a role for the glycosyl modification of LTA in a general cell wall 

process such as the stress response (see chapter 7) is plausible in B. subtilis, which 

employs several strategies to survive environmental stress (Dubnau 1991; Higgins & 

Dworkin 2012), and where genes encoding proteins involved in the glycosylation of LTA are 

apparently under the control of stress response sigma factors (Akbar & Price 1996; Huang et 

al. 1997). Alternatively, a possible function for the glycosylation of LTA in pathogenic 

bacteria may be to modulate an immune response to LTA. Antibodies against LTA are 

observed in mice challenged with Gram-positive bacteria or purified LTA (Knox & Wicken 

1973; Theilacker et al. 2006), and more recently LTA has been implicated in the stimulation 

of the immune system through the activation of the lectin-dependent complement pathway 

(Vassal-Stermann et al. 2014). 
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The work presented in chapter 4 details the construction of the first mutant strains 

producing non-glycosylated type I LTA, and these mutants can now be used to assess the 

role of LTA glycosylation. In particular, these mutants may be useful to examine the role of 

this modification in vivo, as the purity of commercial LTA preparations has limited studies 

into the relationship between LTA and the immune system. Furthermore, work presented in 

this thesis (chapter 5) has indicated that the glycosyl modification of LTA affects detection by 

an α-LTA specific antibody, so the glycosylation of LTA is worthy of further investigation, in 

light of current efforts to use LTA as a vaccine and therapeutic antibody candidate. 
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