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Abstract

Gram-positive organisms, including the pathogens Staphylococcus aureus, Streptococcus 
pneumoniae and Enterococcus faecalis, have dynamic cell envelopes that mediate interactions with 

the environment and serve as the first line of defense against toxic molecules. Major components 

of the cell envelope include peptidoglycan, which is a well-established target for antibiotics, 

teichoic acids, capsular polysaccharides, surface proteins, and phospholipids. These components 

can undergo modification to promote pathogenesis, decrease susceptibility to antibiotics and host 

immune defenses, and enhance survival in hostile environments. This chapter will cover the 

structure, biosynthesis and important functions of major cell envelope components in Gram-

positive bacteria. Possible targets for new antimicrobials will be noted.

1. Introduction

The cell envelope is a complex, dynamic, multilayered structure that serves to protect 

bacteria from their unpredictable and often hostile surroundings. The cell envelopes of most 

bacteria fall into one of two major groups. Gram-negative bacteria have an inner, 

cytoplasmic membrane surrounded by a thin layer of peptidoglycan (PG) and an outer 

membrane containing lipopolysaccharide. The outer membrane functions as a permeability 

barrier to control the influx and egress of ions, nutrients and environmental toxins, and it 

also contributes to osmoprotection. Gram-positive bacteria lack a protective outer membrane 

but the PG layers are many times thicker than those in Gram-negative organisms (Silhavy et 
al. 2010; Vollmer et al. 2008). Embedded in the inner membrane and attached to the PG 

layers are long anionic polymers called teichoic acids (TAs), which play multiple roles in 

cell envelope physiology as well as pathogenesis (Brown et al. 2013; Percy and Gründling 

2014; Schneewind and Missiakas 2014). Membrane-embedded and wall-associated proteins 

serve as environmental sensors, regulate passage of nutrients and ions across the cytoplasmic 

membrane, facilitate efflux of toxins and other molecules, modulate surface adhesion, and 

participate in enzymatic synthesis, degradation, and remodeling of the cell envelope during 

growth and division, and in response to environmental stress (Buist et al. 2008; Kovacs-

Simon et al. 2011; Navarre and Schneewind 1999; Stock et al. 2000; Zhen et al. 2009). 
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Other important cell envelope components in Gram-positive organisms include capsular 

polysaccharides (CPS), which are covalently attached to PG, and extracellular 

polysaccharides, which form an amorphous outer layer (Arciola et al. 2015; Yother 2011).

The importance of the cell envelope for bacterial survival makes it a target for antibiotics, 

and several classes of clinically used antibiotics inhibit biosynthesis of PG, resulting in 

osmotic rupture. Other antibiotics damage the membrane barrier (Walsh 2003). Because 

resistance to clinically used antibiotics has become widespread, there is a push to better 

understand cell envelope biogenesis and regulation, and to identify new cell envelope targets 

that can be exploited in the development of next generation antibiotics. In this chapter, we 

will focus on important cell envelope components of Gram-positive pathogens using 

Staphylococcus aureus as a focal point, except where other Gram-positive pathogens are 

better studied. Attention will also be given to the non-pathogenic Bacillus subtilis because 

its genetic tractability and other biological characteristics have led to its adoption as the 

principal Gram-positive model organism.

2. Cell membrane

Gram-positive organisms are surrounded by bilayer membranes that can vary substantially in 

composition but typically include large amounts of phosphatidylglycerol and cardiolipin. In 

Bacillus species, phosphatidylethanolamine is abundant as well (Clejan et al. 1986; Haque 

and Russell 2004; Minnikin and Abdolraimzadeh 1974). Many Gram-positive species 

express at least one type of aminoacylatedphosphatidylglycerol (Epand et al. 2007; Parsons 

and Rock 2014). For example, in S. aureus, lysyl-phosphatidylglycerol is found in 

significant amounts, particularly during logarithmic growth (Ernst et al. 2009). This 

phospholipid is synthesized by a polytopic membrane protein, MprF, which catalyzes the 

transfer of lysine from lysyl-tRNA to phosphatidylglycerol on the inner leaflet of the 

membrane and then translocates this species to the outer leaflet of the membrane (Ernst et al. 
2009; Kristian et al. 2003). Lysyl-phosphatidylglycerol reduces susceptibility to 

antimicrobial peptides produced during host infection (Peschel et al. 2001) and also provides 

protection against aminoglycosides, bacitracin, daptomycin, and some β-lactams (Nishi et 
al. 2004; Komatsuzawa et al. 2001). Daptomycin-resistant S. aureus clinical isolates 

frequently contain mutations that increase MprF expression or translocase activity 

(Friedman et al. 2006; Julian et al. 2007). Other species of Gram-positives have MprF 

homologs that have been implicated in similar functions (Ernst and Peschel 2011). It is 

thought that the positive charges of lysyl-phosphatidylglycerol serve to repel positively 

charged antibiotics or antibiotic-metal complexes (Ernst and Peschel 2011; Nishi et al. 
2004).

The composition of both the head groups and the fatty acyl chains in membrane 

phospholipids can change rapidly in response to environmental conditions, such as low pH, 

osmotic stress, or temperature extremes (Zhang and Rock 2008). For example, branched 

chain fatty acid content in membranes can vary substantially depending on growth 

conditions. Membrane lipid composition affects membrane viscosity, which modulates 

membrane permeability and can influence both solute transport and protein interactions. 

Rajagopal and Walker Page 2

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Membrane lipid homeostasis is thus a crucial process and interfering with it can compromise 

viability (de Mendoza 2014; Zhang and Rock 2008).

In addition to the lipid components, the cell membrane contains the lipid anchor component 

of lipoteichoic acid (LTA), and includes numerous transmembrane and lipoproteins with 

functions in cell envelope synthesis, transport of cell envelope precursors and nutrients, and 

export of toxic compounds (Fig. 1). Among these transmembrane proteins are the sensory 

components of several two component sensing systems that regulate the cell's response to 

external stimuli, including cell density and presence of damaging toxins. For instance, the 

amount of lysyl-phosphatidylglycerol in S. aureus is regulated by a complex of proteins that 

includes a two-component signalling system, GraRS, and a two-component ABC-

transporter-like system, VraFG. This complex, which senses and responds to a variety of 

stimuli, including the presence of antimicrobial peptides, also regulates D-alanylation of TAs 

(Falord et al. 2011; Li et al. 2007a; Li et al. 2007b; Yang et al. 2012). Modulating the 

negative charge density of the cell envelope through lysinylation of phosphatidylglycerol 

and D-alanylation of TAs decreases susceptibility of S. aureus to antimicrobial peptides 

produced during host infection and increases resistance to cationic antibiotics administered 

to treat infection (Ernst and Peschel 2011; Brown et al. 2013; Revilla-Guarinos et al. 2014; 

Bayer et al. 2013).

3. Peptidoglycan

Gram-positive bacteria are surrounded by many layers of peptidoglycan (PG), which form a 

protective shell that is 30–100 nm thick (Silhavy et al. 2010). The PG layers are covalently 

modified with carbohydrate polymers including wall teichoic acids (WTAs) or functionally 

related anionic glycopolymers as well as CPS. The PG layers also scaffold numerous 

proteins, some of which are bound non-covalently through interactions with PG-binding 

modules such as LysM domains (Buist et al. 2008) while others are covalently attached by 

sortases (Schneewind and Missiakas 2012). Some wall-associated proteins play important 

roles in cell envelope remodeling during growth and division, whereas others scavenge 

nutrients and metals from the environment or serve as adhesins that promote surface binding 

and colonization (Navarre and Schneewind 1999). PG has numerous important functions but 

perhaps the most important is that it stabilizes the cell membrane, enabling it to withstand 

high internal osmotic pressures. This function is critical for cell survival because the turgor 

pressure pushing against the cell membrane can reach 20 atmospheres in some Gram-

positive bacteria (Mitchell and Moyle 1956; Norris and Sweeney 1993). Since PG is 

essential for viability and the biosynthetic pathway is highly conserved in Gram-positive and 

Gram-negative organisms, PG biosynthesis is a target for many clinically used antibiotics, 

including β-lactams, which are the most successful class of antibiotics in history, and 

vancomycin, which is still widely used to treat serious Gram-positive infections, including 

methicillin-resistant Staphylococcus aureus (MRSA) infections.

3.1 Peptidogylcan structure

PG is composed of linear chains of repeating disaccharide units cross-linked via peptide side 

chains (Fig. 2). The disaccharide subunit is completely conserved and consists of N-
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acetylglucosamine (GlcNAc) coupled through a β-1,4-linkage to N-acetylmuramic acid 

(MurNAc) (Schleifer and Kandler 1972). The average chain length of the glycan strands can 

vary considerably across species. In S. aureus, the glycan strands are relatively short, 

averaging 6–18 disaccharide units (Boneca et al. 2000; Ward 1973) while in B. subtilis, the 

glycan chains are much longer. Early measurements of B. subtilis glycan strands indicated 

an average chain length of 54–96 disaccharide units, but more recent experiments using 

atomic force microscopy to probe size exclusion-purified glycan strands have suggested that 

glycan chains can reach 5000 disaccharide units in length (Hayhurst et al. 2008; Ward 1973). 

The longer glycan chains found in B. subtilis may be a result of the cylindrical shape, which 

results in a substantially greater stress imparted on the cylindrical walls compared with the 

poles (Hayhurst et al. 2008).

MurNAc, a sugar unique to bacteria, contains a C3 lactate group. In nascent (uncrosslinked) 

PG of Gram-positive organisms, this group is bonded to the N-terminus of a linear peptide 

consisting of five amino acids. The first, L-alanine, is typically followed by D-isoglutamine, 

and the terminal dipeptide is D-Ala-D-Ala. Position 3 of the pentapeptide chain is either L-

lysine or meso-diaminopimelic acid (m-DAP), with the former being found in S. aureus, 
Streptococcus pneumoniae, Enterococcus faecalis, and Enterococcus faecium, and the latter 

being found in B. subtilis (Schleifer and Kandler 1972). The ε-amino group of L-Lys is 

typically coupled to one or more additional amino acids. In S. aureus, for example, L-lysine 

is coupled to pentaglycine, although serine can also be incorporated in some strains (De 

Jonge et al. 1993; Schleifer and Kandler 1972). S. pneumoniae and E. faecalis contain 

dipeptide substituents consisting of L-Ala-L-Ser or L-Ala-L-Ala, respectively (De Jonge et al. 
1996; Schleifer and Kandler 1972; Severin and Tomasz 1996). S. pneumoniae PG is unusual 

in that it can be a mixture of either dipeptide-subtituted or un-subtituted stem peptides 

(Garcia-Bustos et al. 1987; Severin and Tomasz 1996). E. faecium contains a D-aspartate 

substituent (Patti et al. 2008; Vollmer et al. 2008). Canonical glycan strand crosslinking 

occurs via formation of an amide bond between the side chain or branching peptide on 

amino acid 3 of one stem peptide and the backbone carbonyl of amino acid 4 on another 

stem peptide, with the loss of the terminal D-ala (Schleifer and Kandler 1972). Crosslinks 

can also form to the carbonyl of amino acid 3 in some species of Gram-positive organisms 

(Lavollay et al. 2008; Lavollay et al. 2011; Mainardi et al. 2000; Schleifer and Kandler 

1972).

3.2 Peptidoglycan biosynthesis

PG biosynthesis takes place in distinct stages, the first of which involves assembly of a 

UDP-MurNAc pentapeptide in the cytoplasm. This stage is followed by coupling of the 

phospho-MurNAc pentapeptide to the undecaprenyl phosphate (Und-P) "carrier lipid" 

embedded in the membrane to form a lipid-linked monosaccharide known as Lipid I, which 

is glycosylated to form the disaccharide Lipid II. Additional amino acids, if any, are 

appended to the pentapeptide chain at this point and then Lipid II is translocated across the 

membrane. In the final stage of PG biosynthesis, Lipid II is polymerized and the resulting 

glycan strands are cross-linked to give mature PG. The lipid carrier released during glycan 

chain polymerization is recycled back into the cell to continue synthesis. Most of the 
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enzymatic steps for the majority of the biosynthetic pathway are well-conserved across both 

Gram-negative and Gram-positive bacteria (Fig. 3).

Assembly of Lipid II—The first committed step in PG synthesis involves the MurA-

catalyzed transfer of enolpyruvate from phosphoenolpyruvate to the C3 hydroxyl of UDP-

GlcNAc (Marquardt et al. 1992). Some low GC Gram-positive organisms, including S. 
aureus, S. pneumoniae and B. subtilis contain two murA alleles, which are differently 

regulated (Blake et al. 2009; Du et al. 2000; Kock et al. 2004). The secondary murA allele 

may allow for increased flux into the PG biosynthetic pathway in response to cell wall stress 

(Blake et al. 2009). MurB reduces the C3 enolate to the lactate, resulting in formation of 

UDP-MurNAc (Benson et al. 1993). The pentapeptide chain is then coupled in a stepwise 

manner, with MurC, MurD, MurE adding L-alanine, D-glutamic acid and L-lysine (or m-

DAP), respectively. Using D-Ala produced from L-Ala by D--alanine racemase (Alr), D-Ala-D-

Ala ligase (Ddl) makes the dipeptide, which is then added to the UDP-MurNAc-tripeptide 

by MurF. Since peptide bond formation is thermodynamically unfavorable, the ligases use 

ATP to activate the amino acids and provide a driving force for coupling (Bouhss et al. 1997; 

Patin et al. 2010; Walsh 1989).

The next stage of PG synthesis begins with the transfer of phospho-MurNAc pentapeptide to 

a lipid carrier in the bacterial membrane, typically Und-P, although Mycobacterium 
smegmatis uses decaprenylphosphate (Mahapatra et al. 2005). This step is catalyzed by 

MraY (Bouhss et al. 2004; Chung et al. 2013; Pless and Neuhaus 1973) and produces the 

first lipid-linked intermediate, Lipid I. Finally, MurG catalyzes the addition of GlcNAc to 

give Lipid II (Hu et al. 2003a; Mengin-Lecreulx et al. 1991). Amidation of the α-

carboxylate of iso-glutamic acid at position 2 of the peptide chain, which is observed in 

many organisms (Vollmer et al. 2008), most likely occurs intracellularly after lipid-linked 

PG precursors are formed. The enzymes involved in this modification were recently 

identified in S. aureus as MurT and GatD (Figueiredo et al. 2012, Münch et al. 2012).

When a peptide branch is present, the required amino acids are usually added to the 

completed Lipid II moiety. One exception is Lactobacillus viridescens where the first amino 

acid of the L-Ala-L-Ser bridge is added to the UDP-N-acetylmuramylpentapeptide (Rogers et 
al. 1980). In S. aureus, the pentaglycine is assembled by FemX, FemA and FemB, which 

sequentially add one, two and two glycines, respectively. These enzymes utilize glycyl-

tRNA donors (Henze et al. 1993; Maidhof et al. 1991; Rohrer et al. 1999; Schneider et al. 
2004). Serines rather than glycines are incorporated in a similar manner in other 

staphylococcal strains (Thumm and Götz 1997; Tschierske et al. 1997). This incorporation 

of serine contributes to resistance to lysostaphin, a glycylglycine endopeptidase (Thumm 

and Götz 1997). The corresponding enzymes in E. faecalis and S. pneumoniae have also 

been identified (Bouhss et al. 2002; Filipe et al. 2000). It is interesting that the Mur ligases 

use ATP-activated amino acids directly, but the enzymes that assemble the branching 

peptides use charged tRNAs. When tRNAs were found to be the aminoacyl donors for PG 

precursors in the 1960s, it caused some excitement because tRNAs were previously known 

only for their involvement in protein synthesis (Kresge et al. 2007). It is now known that 

phospholipids as well as PG precursors are aminoacylated by acyl-tRNAs (see above).
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The final step in the cytoplasmic phase of PG synthesis involves the translocation of Lipid II 

across the membrane. This is accomplished by a flippase called MurJ, which was identified 

only recently (Ruiz 2008; Ruiz 2009; Sham et al. 2014). In B. subtilis, there is also a 

secondary Lipid II flippase, Amj, that enables survival when MurJ (YtgP) is deleted 

(Meeske et al. 2015). The complete story of the discovery of the Lipid II flippase has been 

well-described in the chapter by Lam and coworkers in this volume.

Glycan polymerization and cross-linking—Once Lipid II is on the outside of the cell, 

it is polymerized and crosslinked. Glycan polymerization is accomplished by peptidoglycan 

glycosyltransferases (PGTs; also known as synthetic transglycosylases), while crosslinking 

is accomplished by transpeptidases. These activities are often found as domains in a single 

protein, but monofunctional variants of both enzyme classes exist. The nomenclature of PG 

biosynthetic enzymes is somewhat confusing as many are designated as penicillin-binding 

proteins, which highlights the fact that they covalently bind β-lactams (Blumberg and 

Strominger 1974), but obscures their catalytic function, which vary. There are two main 

categories of PBPs - high molecular mass PBPs that contain a second domain and low-

molecular mass PBPs. The high molecular mass PBPs are further divided into Class A and 

Class B PBPs, with the Class A PBPs distinguished by the presence of an N-terminal PGT 

domain and the Class B PBPs distinguished by the presence of an N-terminal domain of 

unknown function. The penicillin-binding domains found in both Class A and Class B PBPs 

function as transpeptidase domains, serving to crosslink glycan strands. The low molecular 

mass PBPs, sometimes called Class C PBPs, typically function as D,D-carboxypeptidases, 

serving to hydrolyze the terminal D-alanine of the stem peptide (Ghuysen 1991; Sauvage et 
al. 2008; Waxman and Strominger 1983). Some organisms including S. aureus contain low 

molecular mass PBPs that function as transpeptidases, rather than carboxypeptidases. 

Methicillin-sensitive S. aureus (MSSA) strains contain four PBPs. PBP1 and PBP3 are Class 

B PBPs (Pinho et al. 2000; Wada and Watanabe 1998), PBP2 is a Class A PBP (Pinho et al. 
2001a), and PBP4 is a low molecular weight PBP that acts as a transpeptidase to form 

additional crosslinks in PG (Kozarich and Strominger 1978; Qiao et al. 2014; Wyke et al. 
1981). MRSA strains contain an additional PBP, PBP2A, that is highly resistant to β-

lactams. PBP2A serves to crosslink PG when the other PBPs have been inactivated by β-

lactams (Hartman and Tomasz 1984; Lim and Strynadka 2002). In addition to these 

enzymes, S. aureus also contains two monofunctional transglycosylases, SgtA and MGT 

(Heaslet et al. 2009; Reed et al. 2011; Terrak and Nguyen-Distèche 2006). Under optimal 

laboratory growth conditions, only PBP1 and PBP2 are essential for viability (Pinho et al. 
2001b; Reed et al. 2015; Wada and Watanabe 1998). It is typical for bacteria to contain 

multiple PBPs and PGTs, with some essential and others important for survival under 

stressful conditions. In part, this redundancy reflects the central importance of PG for 

viability. Rod-shaped organisms such as B. subtilis typically have more PBPs than cocci 

such as S. aureus (Zapun et al. 2008). In B. subtilis, PG synthesis occurs both at the septum 

during cell division and along the cylindrical walls during cell elongation, and there is 

considerable evidence that different biosynthetic machines are involved in these different 

modes of PG synthesis (Claessen et al. 2008; Daniel et al. 2000; Spratt 1975; Zapun et al. 
2008). Deconvoluting the cellular functions of PBPs and other cell wall biosynthetic 
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enzymes has been a major challenge due to redundancy and possible interdependency (Reed 

et al. 2015; Scheffers and Pinho 2005).

Recycling of carrier lipid—The Und-P carrier lipid is present in limited amounts in 

bacterial membranes. In addition to serving as a carrier lipid for PG synthesis, Und-P is a 

carrier for WTA precursors as well as CPS precursors. To ensure an ongoing supply of all 

these cell wall precursors, the carrier lipid must be rapidly recycled. Hence, once Lipid II 

has reacted to form the glycan strands of PG, the undecaprenyl pyrophosphate released is 

converted to Und-P by UppP and other phosphatases (Bouhss et al. 2008; El Ghachi et al. 
2004; El Ghachi et al. 2005), and Und-P is flipped back inside the cell by an unknown 

mechanism to enable another round of precursor synthesis.

3.3 Tailoring modifications of peptidoglycan

Tailoring modifications of PG subunits modulate the properties of the cell envelope and may 

protect bacteria from antimicrobial peptides and proteins (Fig. 3). There are a number of 

tailoring modifications found in Gram-positive bacteria. These include N-deacetylation, the 

removal of C2-acetyl groups from GlcNAc and/or MurNAc sugars, and O-acetylation of the 

MurNAc C6 hydroxyl (Davis and Weiser 2011; Moynihan et al. 2014).

N-deacetylation has been shown to protect bacteria from lysozyme, a host muramidase that 

can cleave the glycosidic bond between GlcNAc and MurNAc residues (Ohno et al. 1982). 

Some Gram-positive organisms including S. pneumoniae, Bacillus anthracis, B. subtilis and 

other Bacillus species are naturally lysozyme resistant and contain a high proportion of N-

deacetylated sugars in their cell wall (Hayashi et al. 1973; Vollmer and Tomasz 2000; 

Zipperle et al. 1984). In S. pneumoniae, approximately 80% of the glucosamine residues and 

10% of the muramic acid residues are N-deacetylated (Vollmer and Tomasz 2000). This is 

comparable to the 88% and 34%, respectively, observed in B. anthracis (Zipperle et al. 
1984). The enzyme responsible for GlcNAc deacteylation, PgdA, was first identified in S. 
pneumoniae (Vollmer and Tomasz 2000). PdaA, a MurNAc deacetylase (Fukushima et al. 
2005), as well as a second MurNAc deacetylase, PdaC, which also has chitin deacetylase 

activity (Kobayashi et al. 2012), have been identified in B. subtilis. The pgdA mutant in S. 
pneumoniae was shown to have attenuated virulence (Vollmer and Tomasz 2002) and the 

pdaA mutant in B. subtilis is unable to germinate (Fukushima et al. 2002), indicating the 

possibility of other roles of N-deacetylation.

O-acetylation of the MurNAc moiety has been observed in several Gram-positive and Gram-

negative species in variable amounts. In some strains of S. aureus, for example, 60% of 

MurNAc residues are O-acetylated (Clarke and Dupont 1992). O-acetylation has been shown 

to be important for lysozyme resistance and the gene responsible was identified as oatA in S. 
aureus (Bera et al. 2005). Homologs of OatA have also been identified in other Gram-

positive organisms, including S. pneumoniae (Crisóstomo et al. 2006) and E. faecalis 
(Hebert et al. 2007). Interestingly, while most Gram-positive organisms use OatA homologs 

for O-acetylation, Gram-negative organisms use proteins of a different family called Pat. B. 
anthracis produces both kinds of acetyltransferases, and the Pat transferases have been 

implicated in acetylation of secondary cell wall polysaccharide (Laaberki et al. 2011; 
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Lunderberg et al. 2013). In addition to resistance to lysozyme, O-acetylation has been shown 

to play a role in β-lactam resistance in S. pneumoniae and Listeria monocytogenes (Aubry et 
al. 2011; Crisóstomo et al. 2006), and in pathogenesis and immune evasion in S. aureus 
(Bera et al. 2006; Shimada et al. 2010). O-acetylation is critical for infection by L. 
monocytogenes and is reported to decrease cytokine production during early stages of 

infection of mice (Aubry et al. 2011). GlcNAc residues in PG can also be O-acetylated but 

this is more unusual. In Lactobacillus plantarum, GlcNAc O-acetylation plays a role in 

inhibiting L. plantarum's major autolysin (Bernard et al. 2011).

In addition to these modifications, PG can be modified at the MurNAc C6 position with 

different glycopolymers including TAs, teichuronic acids and CPS. Proteins are also 

covalently attached to the pentaglycine branch of stem peptides of PG by sortases 

(Schneewind and Missiakas 2012). In S. aureus, sortase-mediated protein attachment is 

thought to occur on the outside of the cell before Lipid II is polymerized (Perry et al. 2002; 

Ruzin et al. 2002).

4 Teichoic Acids

The cell envelopes of Gram-positive bacteria are rich in teichoic acids (TAs). There are two 

major classes of TAs: lipoteichoic acids (LTAs), which are anchored to a lipid embedded in 

the cell membrane, and wall teichioic acids (WTAs), which are covalently attached to PG. 

LTAs are believed to be present in all Gram-positive bacteria with the exception of some 

Micrococcus strains (Powell et al. 1975); WTAs are found in many, including B. subtilis, S. 
aureus, Staphylococcus epidermidis, S. pneumoniae and enterococcal species. In organisms 

where canonical WTAs are not found, other anionic glycopolymers are attached to PG, and 

may play analogous roles (Neuhaus and Baddiley 2003). Under phosphate-limiting 

conditions, some B. subtilis strains produce teichuronic acids instead of WTAs. Teichuronic 

acids are described in greater detail in the chapter by Lam and coworkers. It is estimated that 

WTAs and other polyanionic polymers comprise up to 60% of the cell wall mass (Hancock 

1997). Along with LTAs, these polymers play central roles in numerous cellular processes. 

Some of these functions are covered in detail below.

4.1 Wall teichoic acid structure

WTAs typically consist of a disaccharide linkage unit that is connected at the reducing end 

to PG via a phosphodiester linkage and at the non-reducing end to a main chain polymer. 

The structure of the main chain can vary considerably across species but always contains 

phosphodiester linkages that impart anionic charges to the cell wall (Fig 3). In S. aureus and 

B. subtilis WTA main chains are composed of glycerol-phosphate or ribitol-phosphate 

repeats. The WTA main chains are coupled through a disaccharide linkage unit to PG 

(Armstrong et al. 1960; Brown et al., 2013; Kojima et al. 1985; Neuhaus and Baddiley 

2003).

In S. pneumoniae, the main chain repeat is composed of 2-acetamido-4-amino-2,4,6-

trideoxygalactose, glucose, ribitol-phosphate and two GalNAc moieties, each decorated with 

phosphorylcholine. The incorporation of phosphorylcholine in WTAs is extremely rare and 

appears to be exclusive to S. pneumoniae (Denapaite et al. 2012; Fischer et al. 1993). In E. 
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faecalis 12030, the repeating unit contains D-glucose, D-galactose, 2-acetamido-2-deoxy-D-

galactose, 2-acetamido-2-deoxy-D-glucose and ribitol-phosphate (Theilacker et al. 2012). In 

E. faecium U0317, the WTA polymer is simpler, consisting of repeating units of two 

residues of 2-acetamido-2-deoxy-D-galactose and glycerol-phosphate (Bychowska et al. 
2011).

4.2 Wall teichoic acid biosynthesis

The biosynthetic pathways for WTA assembly in B. subtilis and S. aureus have been well 

established (Brown et al. 2010; Brown et al. 2008; Lazarevic et al. 2002; Mauël et al. 1991), 

and are covered in the chapter by Lam and coworkers. The assembly begins in a similar 

manner to PG assembly. Briefly, phosphoGlcNAC is transferred from UDP-GlcNAC to the 

Und-P lipid carrier and then this "starter unit" is further elaborated by a series of 

intracellular enzymes to assemble the full polymeric precursor. While the structures of the 

main chains made in B. subtilis and S. aureus are similar, particularly in WTAs from B. 
subtilis W23 and S. aureus, there are substantial differences in the biosynthetic pathways 

that were not evident from bioinformatic analysis (Brown et al, 2010; Brown et al. 2008; 

Meredith et al. 2008; Pereira et al. 2008). It is not yet possible to predict the enzymatic 

functions of putative teichoic acid primases and polymerases accurately. Once the full chain 

is polymerized inside the cell, it is flipped by a two component ABC transporter to the 

surface of the bacterial membrane and ligated to the PG. The pathway in S. pneumoniae and 

other species has not been as well elucidated and most of the enzymes, apart from those 

responsible for choline uptake, have been deduced by bioinformatic analysis and remain to 

experimentally validated (Denapaite et al. 2012).

Unlike PG, WTAs are not essential for survival of S. aureus in vitro as the first two genes in 

the pathway can be deleted. However, the subsequent genes in the pathway were identified 

as essential (Chaudhuri et al. 2009; Kobayashi et al. 2003). This apparent paradox was 

resolved by studies showing that the downstream genes in the WTA pathway can be deleted 

as long as one of the first two genes has been disrupted (D’Elia et al. 2006). This finding 

implied that the essentiality of the downstream genes was conditional on flux into the 

pathway, and it was suggested that lethality due to a late block in WTA biosynthesis could 

arise from accumulation of a toxic metabolite or from sequestration of the Und-P carrier 

lipid in WTA intermediates, which would lead to inhibition of PG biosynthesis (D’Elia et al. 
2009). It was recently shown that inhibiting a late step in WTA biosynthesis results in rapid 

depletion of the PG precursor Lipid II, consistent with lethality arising from inhibition of PG 

biosynthesis (Qiao et al. 2014). Other cell envelope polymers such as CPS are synthesized 

on the Und-P carrier lipid, and the biosynthetic pathways for some of these also contain a 

mix of non-essential early genes and conditionally essential late genes (Xayarath and Yother 

2007). Conditional essentiality of the late genes depends on whether intermediates can be 

metabolized through an alternative pathway to release the carrier lipid.

The final step of the WTA pathway involves the ligation of WTAs onto PG. The LytR-CpsA-

Psr protein family was recently shown to be involved in this process (Kawai et al. 2011; 

Over et al. 2011, Dengler et al. 2012). B. subtilis, S. aureus, and S. pneumoniae strains have 

three LytR-CpsA-PsR homologs. In the case of S. aureus, one of these homologs has been 
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shown to be involved in ligation of CPS to PG (Chan et al. 2014). The other two appear to be 

involved in ligation of WTAs to PG (Chan et al. 2013), but their cellular functions have not 

been clearly delineated. No LytR-CpsA-Psr family member has yet been reconstituted in 
vitro. More details on the discovery of these proteins are provided in the chapter by Lam and 

coworkers.

4.3 Lipoteichoic acid structure

In most organisms, LTAs are synthesized by completely different biosynthetic pathways 

from WTAs, except in the case of S. pneumoniae where the repeating units are structurally 

identical and are thought to be assembled using the same enzymes (Denapaite et al. 2012; 

Fischer et al. 1993). The most common LTA structure comprises a polyglycerol-phosphate 

chain anchored to a glycolipid in the membrane. This type of LTA is found in S. aureus, B. 
subtilis, and L. monocytogenes. In other species of Gram-positive organisms, LTAs contain 

additional sugar moieties connecting the glycolipid anchor to the polyglycerol-phosphate 

polymer. The glycolipid anchor is usually diacylglycerol with two glucose moieties 

(Glc2DAG), as in S. aureus and B. subtilis, but it can also contain more than two glucose 

residues (Clostridium difficile) as well as other sugar moieties such as galactose (in L. 
monocytogenes) or GlcNAc (in Clostridium innocuum) (Fischer 1988; Percy and Gründling 

2014).

4.4 Lipoteichoic acid synthesis

LTA synthesis begins in the cytoplasm with the assembly of the glycolipid anchor. In S. 
aureus and B. subtilis, YpfP (also called UgtP) is responsible for attaching both glucose 

units to diacylglycerol (DAG) to give the glycolipid anchor, Glc2DAG (Jorasch et al. 1998; 

Kiriukhin et al. 2001), which is then flipped across the membrane by LtaA (Gründling and 

Schneewind 2007a). LtaS then builds the polymer chain by transferring glycerol-phosphate 

from phosphatidylglycerol to Glc2DAG (Gründling and Schneewind 2007b). Deleting ypfP 
or ltaA does not abolish the synthesis of LTA, but results in polymers with altered structure. 

Evidently, LTA can be synthesized on DAG, as well as Glc2DAG (Gründling and 

Schneewind 2007a). LtaS is a polytopic membrane protein with an extracellular domain. 

The crystal structure of the extracellular domain of LtaS (eLtaS) bound to glycerol-

phosphate has been reported and suggests a possible covalent mechanism for LtaS in which 

an active site threonine reacts with phosphotidylglycerol to form a covalent glycerol-

phospho-threonine intermediate. This intermediate is resolved by reaction with the hydroxyl 

group of the growing LTA chain (Lu et al. 2009; Schirner et al. 2009). Some organisms such 

as L. monocytogenes, contain a two-enzyme pathway to make LTA main chains (Webb et al. 
2009). One enzyme, LtaP, functions as a primase to add one unit of glycerol-phosphate to 

the glycolipid anchor. In the case of L. monocytogenes, this glycolipid anchor is Gal-Glc-

DAG. A polymerase, LtaS, then extends the chain. LtaP is not essential for LTA synthesis; 

however LTAs from a ltaP null mutant are longer than those from the wild type strain (Webb 

et al. 2009), as in a ltaA or ypfP deletion in S. aureus. The mechanistic basis for length 

differences between "primed" and "unprimed" glycolipid anchors is not understood. A 

recent crystal structure of LtaS from L. monocytoygenes reveals a glycerol-phosphate 

binding site that may accommodate part of the growing LTA chain (Campeotto et al. 2014). 

While glycerol-phosphate polymerization activity has not been reconstituted for any LtaS, 
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perhaps because some of the transmembrane helices form part of the active site for 

polymerization, eLtaS from S. aureus was shown to be sufficient for cleavage of the 

phosphodiester bond in phosphatidylglycerol (Karatsa-Dodgson et al. 2010). The 

diacylgylcerol product released in the LtaS reaction with phosphatidylglycerol is recycled 

back into the cell and the protein responsible for recycling has been identified as 

diacylglycerol kinase DgkB (Jerga et al. 2007).

While S. aureus contains only one LtaS and L. monocytogenes has LtaP and LtaS, B. 
subtilis, has four LtaS homologs (Gründling and Schneewind 2007b; Schirner et al. 2009). It 

has been reported that while three of these homologs - LtaS, YqgS, and YfnI - have LtaS-

like activity, one of them, YvgJ, functions as a primase (Wörmann et al. 2011). Unlike in L. 
monocytogenes, the B. subtilis primase is not required for normal LTA synthesis, suggesting 

that the LtaS enzymes are capable of initiating synthesis of LTA polymers efficiently. YfnI 

has been shown to make LTA polymers that are substantially longer than those produced by 

LtaS or YqgS (Wörmann et al. 2011). The observation that yfnI expression is regulated by 

the alternative sigma factor SigM, which responds to stress conditions (Jervis et al. 2007), 

suggests that certain stresses call for the production of elongated polymers in B. subtilis 
(Wörmann et al. 2011). Phenotypically, ltaS mutants show increased cell elongation and 

chain length, reduced cell diameter, cell bending, lysis and abnormally thick septa, whereas 

single deletions of the other three homologs do not have any obvious defects. The ltaS-yqgS 
double mutant has sporulation defects; all other double mutant combinations with ltaS can 

sporulate. These results implicate LtaS and YqgS in sporulation. The quadruple mutant is 

viable, although it has a more severe phenotype than the single ltaS mutant (Schirner et al. 
2009). Deletion of ltaS in S. aureus has also been accomplished, but viable mutants have 

suppressors that enable growth through a mechanism that involves increased levels of cyclic-

di-AMP, which may regulate cell membrane functions (Corrigan et al 2011; Corrigan et al. 
2013). Even with the suppressor, these mutants have severe cell division defects (Corrigan et 
al. 2011; Gründling and Schneewind 2007b; Oku et al. 2009). Hence, LTAs are critical even 

for in vitro growth of many Gram-positive organisms.

4.5 Tailoring modifications of teichoic acids

Both LTAs and WTAs are often modified with D-alanine esters to modulate the charges of 

the cell envelope. They can also be modified with sugar moieties. These tailoring 

modifications have been implicated in numerous functions in cell physiology and infection.

D-alanylation—The ribitol (in WTA) or glycerol (as in S. aureus LTA) groups in TAs are 

frequently decorated with D-alanine moieties, which introduce positive charges to neutralize 

the negatively charged phosphates in the polymer backbone. On ribitol groups, D-alanylation 

occurs at the C2 position (Neuhaus and Baddiley 2003). D-alanine moieties are added by 

four proteins, DltABCD, encoded by the dlt operon (Fig. 5). DltA activates D-alanine as the 

AMP ester and then transfers it to the sulfhydryl group on the phosphopantetheinyl arm of 

the carrier protein DltC (Heaton and Neuhaus 1992, Heaton and Neuhaus 1994; Perego et al. 
1995; Volkman et al. 2001). DltA is similar to carrier protein ligases found in non-ribosomal 

peptide synthetases (Brown et al. 2013; Percy and Gründling 2014; Yonus et al. 2008). The 

next steps are not understood. DltB is a polytopic membrane protein belonging to the 
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mBOAT family (for membrane-bound O-acetyl transferases), which is ubiquitous in all 

kingdoms of life (Hoffman 2000). DltD contains a single membrane spanning helix and an 

extracellular domain with predicted esterase/thioesterase activity (Brown et al. 2013; 

Reichmann et al. 2013). It has been proposed that DltC transfers D-alanine to Und-P to form 

an acyl-phosphate intermediate, which is then transferred through the membrane by DltB to 

modify LTAs with the assistance of DltD (Perego et al. 1995; Reichmann et al. 2013). There 

is no evidence for the proposed acyl-phosphate intermediate and the reaction to form it from 

the thioester is thermodynamically unfavorable, although it may conceivably be coupled to 

hydrolysis of the pyrophosphate released during D-alanine activation by DltA. Pulse-chase 

experiments have suggested that D-alanines installed on LTAs are subsequently transferred to 

WTAs (Haas et al. 1984; Koch et al. 1985), but the mechanistic details of the transfer are 

unclear. In particular, it is not known whether an enzyme is involved in the process.

Glycosylation—The majority of ribitol phosphate groups in WTAs in S. aureus are 

glycosylated with GlcNAc on the ribitol C4 position (Brown et al. 2013). Similarly, LTAs 

can also be glycosylated with GlcNAc or α-galactose in B. subtilis (Percy and Gründling 

2014). In S. pneumoniae, LTA can be glycosylated with GalNAc (Draing et al. 2006). In 

staphylococci, it has been shown that D-alanylation and glycosylation compete for the same 

position on LTAs. Approximately 70% of the glycerol-phosphates carry D-alanines while 

15% carry GlcNAc moieties (Schneewind and Missiakas 2014). WTA precursors are 

glycosylated intracellularly and the enzymes responsible for glycosylation have been 

identified in a number of organisms. In B. subtilis 168, TagE attaches α-glucosyl units to the 

polyglycerol-phosphate WTA chains (Allison et al. 2011); in B. subtilis W23, TarQ attaches 

β-glucosyl units to the polyribitol-phosphate WTA chains (Brown et al. 2012). In S. aureus, 

TarM attaches α-GlcNAc residues while TarS attaches β-GlcNAc residues (Shobanifar et al. 
2015; Xia et al. 2010; Brown et al. 2012). No enzymes responsible for LTA glycosylation, 

which occurs extracellularly, have yet been identified. It is likely that these enzymes use 

membrane-anchored sugar substrates that cannot diffuse away from the cell, and therefore 

do not resemble the nucleotide-diphosphate sugar transferases that gylcosylate WTA 

precursors inside the cell.

4.6 Roles of teichoic acids and their tailoring modifications in cell physiology and immune 
evasion

Roles in cell division and morphology—TAs perform several crucial functions for the 

cell. In B. subtilis, WTAs are required to maintain the rod-shaped morphology (Boylan et al. 
1972; Pollack and Neuhaus 1994; Schirner et al. 2015). In the quadruple mutant lacking all 

four LtaS homologs, there are severe cell division and septation defects that cause 

filamenting and clumping of cells and the mutant grows very slowly, indicating that LTAs 

are required for proper cell division (Schirner et al. 2009). Disruption of YpfP caused the 

rod-shaped cells to become bent and distended, and also disrupted the localization of the 

cytoskeletal protein MreB, important for the rod-shape in B. subtilis (Matsuoka et al. 2011). 

Interestingly, YpfP has also been implicated in a metabolic sensing role, localizing to the 

division site in a nutrient-dependent manner and inhibiting the assembly of FtsZ. It is 

important that the number of Z-rings to cell length is maintained at a constant ratio so cells 

do not initiate division before reaching the correct cell mass. Thus, YpfP could play a 
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significant role in cell cycle events (Weart et al. 2007). In S. aureus, both LTAs and WTAs 

have been implicated in cell division: mutants defective in either LTA or WTA biosynthesis 

have major septal defects, including placing new septa at angles non-orthogonal to previous 

septa and forming multiple septa almost simultaneously. These mutants are also impaired in 

separation after division (Campbell et al. 2011; Gründling and Schneewind 2007b; Oku et al. 
2009). In S. aureus, LTAs are more critical to the cell than WTAs in vitro as evidenced by 

the fact that the ltaS deletion strain is viable only in the presence of supressors (Corrigan et 
al. 2011), whereas tarO mutants grow fairly well. WTAs, however, become very important in 
vivo (Valentino et al. 2014; Wang et al. 2013; Weidenmaier et al. 2005). Simultaneous 

disruption of WTAs and LTAs is lethal in both S. aureus and B. subtilis (Oku et al. 2009; 

Santa Maria et al. 2014; Schirner et al. 2009). In S. aureus, cells lacking both polymers are 

unable to form the essential division ring (Z-ring) (Santa Maria et al. 2014). Interestingly, in 

the absence of WTAs, D-alanyl modifications on LTAs become essential. Both WTAs and D-

alanylation have been implicated in autolysin regulation, and when WTAs and D-alanines are 

both missing, cells lyse rapidly. The evidence suggests that LTAs and WTAs have 

overlapping but not fully redundant roles in cell division and autolysin regulation (Santa 

Maria et al. 2014).

Roles in ligand binding and scaffolding—TAs have been implicated in binding 

cations, and this correlates inversely with D-alanylation levels (Archibald et al. 1973; 

Neuhaus and Baddiley 2003). Cation homeostasis is thus an important function of TAs that 

can be regulated through D-alanylation. WTAs also serve as phage receptors in S. aureus 
(Brown et al. 2012; Chatterjee 1969; Xia et al. 2010; Young 1967). Phage binding is 

mediated by the GlcNAc modifications added on to WTAs (Brown et al. 2012; Xia et al. 
2010). A requirement for glucose in TAs for phage adsorption has been shown in B. subtilis 
168 as well (Young 1967, Allison et al. 2011). WTAs have also been implicated in other 

protein scaffolding roles. For instance, in S. aureus, FmtA, a protein that plays a role in 

methicillin-resistance in MRSA strains, was shown to bind to WTAs (Qamar and Golemi-

Kotra 2012). In S. pneumoniae, several proteins bind specifically to the choline moieties on 

TAs. These proteins, which include the highly studied virulence protein PspA, have been 

implicated in numerous functions from adhesion to virulence, and cell wall hydrolysis 

(Fischer 2000; Giudicelli and Tomasz 1984; Gosink et al. 2000; Hakenbeck et al. 2009; 

Rosenow et al. 1997). In L. monocytogenes, InlB, a protein that promotes entry into 

mammalian cells is shown to interact with LTAs (Jonquiѐres et al. 1999). The domain 

necessary for interaction with LTAs in this protein contains GW modules (conserved 

modules of ~80 amino acids which have the dipeptide Gly-Trp). These modules have also 

been identified in Ami, a L. monocytogenes autolysin and the S. aureus autolysin Atl 

(Cabanes et al. 2002). Autolysins are hydrolases that degrade PG and thus play an essential 

role in cell division and separation. In S. aureus, WTA plays a role in Atl localization. While 

Atl is usually localized to the cross-wall, it is mislocalized across the cell surface in WTA 

deficient strains. Mislocalization of autolysins could be one reason WTA-deficient mutants 

are prone to autolysis (Schlag et al. 2010). It has been suggested that D-alanylation is also 

involved in autolysin regulation (Peschel et al. 2000). Similarly, PBP4 in S. aureus is also 

mislocalized when WTAs are absent (Atilano et al. 2010), indicating a role for WTAs in the 

localization of PG biosynthetic machinery.
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Roles in antibiotic resistance and virulence—In MRSA, the lack of WTAs 

dramatically reduces the organism's resistance to β-lactams, indicating that WTAs play a 

major role in methicillin-resistance of S. aureus (Campbell et al. 2011). The influence of 

WTAs on resistance has been traced specifically to the β-GlcNAc modification on WTAs, 

which suggests that β-GlcNAcylated WTAs scaffold a factor required for β-lactam 

resistance (Brown et al., 2012). In S. aureus, WTAs also provide resistance to antimicrobial 

fatty acids on the skin during skin colonization (Kohler et al. 2009). D-alanylation plays an 

important role in modulating resistance to certain antibiotics. It is very important for 

repelling cationic antimicrobial peptides (CAMPs), a crucial part of host immune response 

(Collins et al. 2002; Kristian et al. 2005; Peschel et al. 1999). This has been observed in 

several Gram-positive species including S. aureus (Peschel et al. 1999), S. pneumoniae 
(Kovács et al. 2006) and E. faecalis (Fabretti et al. 2006). An increase in D-alanylation is also 

observed in mutants resistant to daptomycin, an antibiotic used to treat MRSA (Yang et al. 
2009). Antimicrobial resistance due to D-alanylation has been attributed to its functions in 

imparting positive charges to the cell surface and its contributions to changes in the 

biophysical aspects of the cell envelope (Mishra et al. 2014; Saar-Dover et al. 2012).

TAs in their D-alanylated form play a major role in biofilm formation, adhesion to the 

surface of cells and medical devices, colonization of host tissue, and virulence, likely due to 

surface charge effects (Brown et al. 2013; Gross et al. 2001; Jett et al. 1994; Neuhaus and 

Baddiley 2003; Percy and Gründling 2014). Biofilms, which consist of viable cells held 

together by an extracellular matrix of DNA and proteins from lysed cells as well as 

extracellular polysaccharides and other polymers, form on surfaces of medical instruments 

or in hosts, and enable the organism to evade both natural and synthetic antimicrobials (Hall-

Stoodley et al. 2004; Sutherland 2001; Abee et al. 2011). Thus, adhesion and biofilm 

formation are key tools in a pathogen's arsenal. The role of TAs in adhesion and effective 

host colonization has been well established in several Gram-positive organisms (Aly et al. 
1980; Baur et al. 2014; Fabretti et al. 2006; Weidenmaier et al. 2004). In S. aureus, WTA 

glycosylation has specifically been implicated in adhesion (Winstel et al. 2015). For all these 

reasons, TAs are potent virulence factors and mutants lacking TAs or D-alanylation have 

highly attenuated virulence (Abachin et al. 2002; Collins et al. 2002; Fittipaldi et al. 2008; 

Suzuki et al. 2011a; Weidenmaier et al. 2005; Xu et al. 2015). As mentioned above, several 

choline-binding proteins in S. pneumoniae have roles in virulence and mutants made to grow 

independent of choline have highly attenuated virulence (Kharat and Tomasz 2006).

LTAs contribute to the immune response generated during infection by Gram-positive 

bacteria (Ginsburg 2002). Although there was some controversy concerning whether the 

immunomodulation arises from LTAs or from lipoproteins that are often copurified 

(Hashimoto et al. 2006a; Hashimoto et al. 2006b), evidence suggests that LTAs likely affect 

the immune system response on their own as well (Bunk et al. 2010; Mohamadzadeh et al. 
2011; von Aulock et al. 2007). LTAs are reported to stimulate the production of cytokines 

(Bhakdi et al. 1991; Draing et al. 2008; Ray et al. 2013) and those from S. pneumoniae and 

S. aureus can activate immune cells via toll-like receptor 2, lipopolysaccharide binding 

protein and CD14 (Ryu et al. 2009; Schröder et al. 2003). They also activate the complement 

system of the immune response (Fiedel and Jackson 1978; Loos et al. 1986) and can affect 
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other macrophage parameters, including secretion of tumor necrosis factor α and nitrite 

(Keller et al. 1992). Antibodies have been identified that are directed towards non-D-

alanylated LTAs in E. faecalis (Theilacker et al. 2006). Due to this ability to modify host 

immunity, efforts are ongoing to develop LTA-conjugated vaccines against gram-positive 

bacteria (Percy and Gründling 2014). The choline-binding proteins anchored to TAs in S. 
pneumoniae could be used as vaccine candidates as well (Jedrzejas 2001; Rosenow et al. 
1997).

5 Capsular Polysaccharides

Capsular polysaccharides (CPS) are highly variable glycopolymers that are anchored to PG 

(Chan et al. 2014; Sorensen et al. 1990; Xayarath and Yother 2007; Yother 2011). They 

extend above the cell wall and have been implicated in phage resistance and immune evasion 

(O’Riordan and Lee 2004; Roberts 1996). Although not present in all Gram-positive 

organisms, encapsulation is observed in most highly-pathogenic strains. The synthesis of 

CPS is covered in the chapter by Lam and coworkers. Since CPS is best studied in S. 
pneumoniae, we will focus on the structural diversity in CPS in S. pneumoniae and their 

function in immune evasion.

5.1 Structural diversity of CPS

A phenomenal 93 different serotypes of pneumococcal capsule have been identified over the 

years and most of the serotypes can cause infection (Kalin 1998; Yother 2011). 

Recombinational exchanges at the CPS biosynthetic locus can result in a large amount of 

variation in capsular type (Coffey et al. 1998). Disruption and sequence changes in the genes 

of the CPS cluster occurring naturally can change the CPS serotype from one to another 

(Calix et al. 2014; Calix and Nahm 2010; van Selm et al. 2003) contributing to the diversity 

of pneumococcal capsules. These differences are usually observed in the gene responsible 

for modifying sugar moieties in CPS with O-acetyl groups. In fact, in vivo switching from 

one capsule type to another has been observed (Venkateswaran et al. 1983). This switch has 

been attributed to a change in the number of short tandem TA nucleotide repeats in the 

putative O-acetyltransferase gene, which could explain reversible switching between 

serotypes that might occur in vivo (van Selm et al. 2003).

CPS is made of long chains of repeating oligomeric units and the repeating units vary 

between serotypes. As an example, the repeat unit of S. pneumoniae serotype 2 is made of a 

backbone with glucose-rhamnose-rhamnose-rhamnose unit and a glucose-glucuronic acid 

side chain (Kenne et al. 1975). Recently, serotypes of S. pneunomiae that have CPS 

containing two different repeat units have been described (Oliver et al. 2013a; Oliver el al. 
2013b). There are multiple different serotypes in S. aureus as well. Out of the 11 serotypes 

described for S. aureus, serotpyes 5 and 8 are responsible for the majority of human 

infections (O’Riordan and Lee 2004).

5.2 CPS, host immunity and vaccine development

It has long been known that CPS reduces the ability of bacteriophage to interact with the cell 

surface (Wilkinson and Holmes 1979). CPS plays a major role in virulence of bacterial 
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pathogens and capsule mutants are avirulent. Capsule has been shown to facilitate abscess 

formation by activating T-cells in the host immune system (Tzianabos et al. 2001). The 

complement system is important in immune response activation and clearing an infection. 

Capsule is able to mask the binding of opsonic C3 fragments to the complement receptor, 

thus decreasing opsonization and phagocytosis by leukocytes (Cunnion et al. 2003; Peterson 

et al. 1978). This has also been demonstrated in E. faecalis, where capsule masks C3 

deposits and LTAs from detection by the host immune system, thereby decreasing tumor 

necrosis factor α production (Thurlow et al. 2009). In Group B Streptococcus, the terminal 

sialic acid groups on capsules have been shown to interact with Siglecs on human 

leukocytes. They are suggested to mimic the human cell surface glycans, reducing the 

activation of innate immune response (Carlin et al. 2007; Carlin et al. 2009).

Due to the high immunomodulatory ability of CPS, it has been explored for vaccine 

development. It has been known for a long time that immunization with polyvalent 

pneumococcal polysaccharide is effective as a vaccine (MacLeod et al. 1945; Shapiro et al. 
1991). It was later shown that conjugating the polysaccharides to a carrier protein resulted in 

a more effective vaccine (De Velasco et al. 1995). Today different variations on 

pneumococcal vaccines are available, incorporating up to 23 polysaccharide variants 

(PPSV23), or conjugate vaccines incorporating 7 (PCV7) or 13 (PCV13) CPS serotypes 

(Bogaert et al. 2004; Pilishvili and Bennett 2015; Steens et al. 2014). PCV13 is used for 

immunization of infants <2 years of age and has recently also been approved for immunizing 

adults 50 years or older in series with PPSV23. PPSV23, however, is not effective in infant 

immunization. This is because PPSV23 generates immune responses that are T-cell 

independent and therefore, poorly supported by the immature immune systems of children 

<2 years. In contrast, PCV13 generates immune responses that are mediated by T-cell 

dependent mechanisms effective in infants (Pilishvili and Bennett 2015). Efforts are being 

made in improving not only the polysaccharide composition of vaccines but also the carrier 

protein used to conjugate the polysaccharide. The immunogenic properties of the carrier 

protein could alter the immune response to the vaccine (Dagan et al. 2010; Pobre et al. 
2014). There is a concern that pneumococcal conjugate vaccines select for non-vaccine 

serotypes. Pelton et al. reported that immunization with PCV7 during 2000–2003 reduced 

vaccine serotypes from 22% to 2% but increased the incidence of non-vaccine serotypes 

from 7% to 16% (Pelton et al. 2004). With over 90 different serotypes of S. pneumoniae, this 

is an important concern, and studies are ongoing to resolve this issue (Jefferies et al. 2011; 

Nurhonen et al. 2014).

Capsular conjugate vaccines against serotypes 5 and 8 of S. aureus have also been explored 

(Creech et al. 2009; Fattom et al. 2004; Robbins et al. 2004). However, these vaccines have 

so far not passed clinical trials (Bagnoli et al. 2012; Cook et al. 2009), and evidence has 

emerged that this reduced efficacy could be due to interference from natural non-opsonic 

antibodies to PNAG, the S. aureus exopolysaccharide, present in human serum (Skurnik et 
al. 2012).
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6 Exopolysaccharides and biofilm formation

Apart from these major cell envelope structures, other glycopolymers called 

exopolysachharides are secreted by cells as well. These exopolysaccharides are long chains 

that associate with each other to form the biofilm matrix (Sutherland 2001; Otto 2008; 

Vlamakis et al. 2013). Polysaccharide intercellular adhesin (PIA) in S. epidermidis is a well-

studied component of biofilms (Mack et al. 1996; Itoh et al. 2005). It is a linear polymer of 

β-1,6-linked GlcNAc moieties, although some residues can be N-deacetylated. PIA/PNAG is 

suggested to be held to the cell surface by ionic interactions of the positively charged, un-

acetylated moieties of the polymer, so N-deacetylation is important for surface localization 

of PIA (Vuong et al. 2004). PIA is synthesized by the icaADBC operon in S. epidermidis, 

and homologs have been identified in other species including S. aureus (Gerke et al. 1998; 

Heilmann et al. 1996; Mack et al. 1996; Rohde et al. 2010). In S. aureus, this high molecular 

mass exopolysaccharide termed PNAG is produced by biofilm forming strains. Due to its 

role in modulating immune responses, vaccines using conjugated PNAG are also being 

explored (Maira-Litrán et al. 2012). Its role in biofilm formation has created interest in the 

study of the role of each enzyme in the icaADBC operon and how it is regulated (Arciola et 
al. 2015; O'Gara 2007). There are also ica-independent methods for biofilm formation which 

include roles by TAs and cell-surface associated proteins. The mechanism for biofilm 

formation in MRSA appears to be ica-independent; whereas it is ica-dependent in the 

sensitive strains (O’Gara 2007). Biofilm formation is thus a complex and highly regulated 

system.

7 Antibiotics targeting the cell envelope

Due to the crucial importance of the cell envelope to cell survival, many antibiotics that 

target cell envelope synthesis have been developed over the years (Fig. 3) (Walsh 2003). 

There are some antibiotics that target the intracellular steps of PG synthesis, including 

fosfomycin, which inhibits MurA, the first committed step of PG synthesis (Kahan et al. 
1974). However, the greatest clinical successes have been achieved by those antibiotics that 

target the extracellular steps of cell wall synthesis. These include the unusual substrate-

binding antibiotics, which form complexes with cell wall precursors instead of the enzymes 

that process them. Binding to these precursors prevents their use and results in inhibition of 

cell wall synthesis. Vancomycin, a glycopeptide antibiotic used to treat MRSA, belongs to 

the substrate-binding class of antibiotics. It binds to the D-Ala-D-Ala motif of the stem 

peptide in Lipid II and nascent PG, thereby interfering with both Lipid II polymerization to 

form PG strands and with subsequent crosslinking of the strands (Anderson et al. 1967; 

Perkins and Nieto 1974; Perkins 1969; Reynolds 1989). Binding to and sequestering Lipid II 

has been established as the mechanism of action of some other antibiotics including 

ramoplanin, a cyclic lipoglycodepsipeptide antibiotic (Lo et al. 2000; Hu et al. 2003b), nisin 

and other lantibiotics (Brötz et al. 2002, Hsu et al. 2004; Oman et al. 2011; Patton and van 

der Donk 2005), and the recently discovered teixobactin (Ling et al. 2015). All these 

compounds recognize the pyrophosphate-sugar moiety of Lipid II. Plectasin, a fungal 

defensin, also acts by binding to Lipid II (Schneider et al. 2010). Human defensins have also 

been shown to interact with Lipid II (Sass et al. 2010; De Leeuw et al. 2010). It is interesting 

that antimicrobial peptides produced by the host as part of the innate immune response use 
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Lipid II binding to counteract bacterial threats. The structural diversity of the compounds 

that bind Lipid II is truly astonishing and indicates that this cell wall precursor is an 

exceptional target.

Development of resistance to compounds which bind to essential substrates is particularly 

slow for several reasons. They typically act on the extracellular surface of the membrane and 

are not subject to efflux pump-mediated resistance mechanisms. Moreover, because they do 

not bind to a protein target, a single mutation in the gene encoding the target cannot confer 

high level resistance (Wright 2011). In the case of vancomycin, intermediate resistance can 

arise through multiple mutations that modify the envelope, but high level resistance only 

arises due to modification of the structure of the target substrate (Gardete and Tomasz 2014; 

Walsh and Howe 2002; Healy et al. 2000). The modification, which involves replacing D-

Ala-D-Ala with a dipeptide to which vancomycin cannot bind, requires several enzymes as 

well as a two component sensing system, and the genes encoding these enzymes are encoded 

on a cassette that is transferred between organisms (Arthur and Courvalin 1993; Palmer et al. 
2010). Glycopeptide resistance genes originated in a glycopeptide producer as a means of 

self-immunity, but have now spread widely, particularly in enterococcal strains (Marshall et 
al. 1998). D-Ala-D-Lac, synthesized by the vanA cassette, is the most common replacement 

for D-Ala-D-Ala in vancomycin resistant strains. Vancomycin has a thousand fold lower 

affinity for D-Ala-D-Lac because a crucial hydrogen bond between the drug and the target 

can no longer be formed (Arthur and Courvalin 1993; Handwerger et al. 1992; Bugg et al. 
1991). A change from D-Ala-D-Ala to D-Ala-D-Ser in Lipid II can also cause moderate 

resistance to vancomycin (Depardieu et al. 2007; Lebreton et al. 2011). Although high level 

vancomycin resistance is common in enterococci (VRE), it has not yet emerged as a major 

problem in S. aureus, likely due to reduced frequency of transfer of the resistance cassette 

between enterococci and staphylococci (Palmer et al. 2010; Périchon and Courvalin 2009). 

The several cases where vancomycin-resistant S. aureus (VRSA) have been identified have 

involved co-infection with VRE (Weigel et al. 2003; Zhu et al. 2008; Sievert et al. 2008; 

Chang et al. 2003; Whitener et al. 2004). The barriers that prevent facile transfer of vanA 
resistance into S. aureus are not well understood, and there is concern that these barriers may 

be overcome with continued evolution. While there is interest in substrate binders as a class, 

none of the ones that recognize the sugar pyrophosphate portion of Lipid II have been 

developed for clinical use, although ramoplanin is in clinical trials (Paknikar and Narayana 

2012). As with vancomycin, high level resistance to ramoplanin does not develop 

spontaneously. Moderate ramoplanin resistance develops after multiple passaging and 

involves cell envelope modifications that may impede access to the Lipid II target on the cell 

surface (Schimdt et al. 2010). If any Lipid II binders come to be used clinically, resistance 

genes from the producing organisms may eventually find their way into relevant pathogens, 

like in the case of vancomycin.

β-lactams, a remarkably successful class of antibiotics, are also among the extracellular PG 

synthesis inhibitors. β-lactams are proposed structural mimics of D-Ala-D-Ala and inhibit the 

transpeptidase activity of PBPs by acylating the active site, preventing the cross-linking of 

stem peptides (Yocum et al. 1980; Yocum et al. 1979). Widespread resistance to β-lactams 

first emerged in the form of β-lactamases, which degrade β-lactams (Gutkind et al. 2013). 

Combination antibiotics of β-lactams with β-lactamase inhibitors are used to treat many β-
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lactam resistant infections. One example is Augmentin, a combination of amoxicillin and 

clavulanic acid (Drawz et al. 2014; Reading and Cole 1977, White et al. 2004). While β-

lactamases continue to be a major concern in Gram-negative organisms such as Klebsiella 
pneumoniae and Pseudomonas aeruginosa (Hong et al. 2015; Pitout et al. 2015), some 

Gram-positive organisms have acquired a different mechanism of resistance. Methicillin-

resistant S. aureus (MRSA) expresses a penicillin-binding protein (PBP2A) that has reduced 

affinity for β-lactams (Hartman and Tomasz 1984; Lim and Strynadka 2002; Fuda et al. 
2004). When native PBPs are inhibited by β-lactams, PBP2A can continue to crosslink PG. 

Due to the growing concern about the spread of MRSA, a significant amount of time has 

been invested in designing next generation β-lactams that can target the resistant PBP, 

including ceftobiprole (Davies et al. 2007) and ceftaroline (Moisan et al. 2010). In addition, 

other classes of antibiotics have been developed to treat MRSA, including daptomycin, 

tedizolid, linezolid, and the glycopeptide analog oritavancin (Hall and Michaels 2015; 

Holmes and Howden 2014; Leach et al. 2011; McDaneld et al. 2013; Mitra et al. 2015).

8. The quest for novel antibiotic targets

Resistance to antibiotics of all classes is a serious concern for the future of human health, 

and efforts should be made to identify novel pathways that can be targeted by new 

antibiotics or whose inhibition can potentiate the effects of existing antibiotics in resistant 

strains. Efforts are ongoing to identify and target the multiple other steps involved in the PG 

biosynthetic pathway. For instance, inhibitors of the Lipid II flippase in S. aureus, DMPI and 

CDFI, have been identified (Huber et al. 2009). Targeting pathways that contribute to 

resistance to current antibiotics is also being explored as a viable option. Apart from the β-

lactamases described above, the potential for targeting such auxiliary proteins and pathways 

is immense, particularly in the case of MRSA, where many cellular factors contribute to β-

lactam resistance (Berger-bächi and Rohrer 2002). For instance, changes to the stem peptide 

and interpeptide bridge re-sensitize MRSA to β-lactams (Ludovice et al. 1998; De Jonge et 
al. 1993; Maidhof et al. 1991; Tschierske et al. 1997). This has also been observed in S. 
pneumoniae (Weber et al. 2000). In S. aureus, inactivation of one of the PBPs involved in 

cross-linking of stem peptides, PBP4, is shown to play a role in resistance to β-lactams 

(Memmi et al. 2008). This has also been shown for the inhibition of PG amidation 

(Figueirdo et al. 2012). Inactivation of tarO, encoding the first step in WTA biosynthesis, 

also sensitizes MRSA to β-lactams (Campbell et al. 2011). Finally, factors affecting 

methicillin-resistance also include proteins of hitherto unknown functions. FmtA is an 

example of one such protein factor (Komatsuzawa et al. 1997). Further understanding of the 

roles and identification of compounds that target these auxiliary factors could be useful in 

designing effective combination therapies with β-lactams to treat MRSA.

Since TAs and their modifications perform such important functions in cell survival, 

virulence, and β-lactam resistance, they are being investigated for their potential in 

combination therapies and as anti-virulence targets (Fig. 5). Tunicamycin, a well-known 

natural product inhibitor of the first step for WTA synthesis (Hancock et al. 1976), has been 

shown to restore β-lactam susceptibility in MRSA (Campbell et al. 2011). Although 

tunicamycin is toxic to eukaryotes, potent, non-toxic TarO inhibitors could have great 

potential (Farha et al. 2014). In addition, the conditionally essential nature of the WTA 
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pathway has been exploited in a pathway-specific screen to identify downstream inhibitors 

with antibiotic activity (Swoboda et al. 2009). Targocil and several other downstream 

inhibitors of the ABC transporter (TarGH) that exports WTA polymers have been reported 

(Lee et al. 2010; Campbell et al. 2012; Suzuki et al. 2011b; Wang et al. 2013). An inhibitor 

of LTA polymerization (compound 1771,[2-oxo-2-(5-phenyl-1,3,4-oxodiazol-2ylamino-

ethyl-2-naphtho[2,1-b]furan-1-ylacetate]) was also described recently (Richter et al. 2013). 

Finally, due to its numerous roles in adhesion, virulence, and biofilm formation, the D-

alanylation pathway is a potential candidate for anti-virulence therapy. A compound that 

inhibits the first enzyme in the pathway has been reported (May et al. 2005), but has not 

been shown to inhibit D-alanylation in cells. Agents that inhibit biofilm formation and 

adhesion mediated by other factors are being actively investigated as well (Chen et al. 2013). 

Inhibitors of TAs and their modifications are yet to make it to the clinic (Silver 2013), 

although late stage WTA inhibitors have shown some efficacy in combination with MRSA in 

animal models (Wang et al. 2013).
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Abbreviations

PG Peptidoglycan

MRSA Methcillin-resistant Staphylococcus aureus

GlcNAc N-acetylglucosamine

GalNAc N-acetylgalactosamine

MurNAc N-acetlymuramic acid

PBP Pencillin-binding protein

PGT Peptidoglycan glycosyltransferase

Und-P Undecaprenyl phosphate

TA Teichoic acid

WTA Wall teichoic acid

LTA Lipoteichoic acid

CPS Capsular polysaccharides

PIA Polysaccharide intercellular adhesin
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Fig 1. 
The Gram-positive cell envelope. The complex Gram-positive cell envelope is the first line 

of defense for the organism. Here, the S. aureus envelope is shown as an example. Major 

pathways involved in the synthesis of the cell envelope include capsule, PG and TA 

synthesis. TAs can be modified by D-alanlyation. D-alanylation and 

lysylphosphatidylglycerol synthesis are known factors for antibiotic resistance. Envelope 

stress response regulators modulate the organism's response to toxic molecules or conditions 

that perturb the cell envelope. Importers and exporters, ubiquitously present among bacteria, 
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serve the necessary role of channeling in nutrients and pumping out toxic molecules. Finally, 

surface protein display systems function to tether proteins to the cell membrane or cell wall, 

which perform important roles in adhesion and interaction with the environment.

Rajagopal and Walker Page 41

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 2. 
PG structure, and common variations. PG consists of chains of alternating GlcNAc and 

MurNAc residues. The MurNAc residues are functionalized with pentapeptide units which 

are cross-linked via the substituents on L-Lys to generate the mature PG. The linear glycan 

chain is highly conserved across both Gram-positives and Gram-negatives. The stem 

pentapeptide is well conserved across Gram-positives, aside from B. subtilis which contains 

meso-diaminopimmelic acid instead of L-Lysine at position 3 of the stem pentapeptide. 

There is considerable variation in the substituents on the L-Lys across Gram-positive species 

as indicated. PG can be modified by O-acetylation of MurNAc or N-deacetylation of 

GlcNAc moieties in response to challenge from antimicrobials such as lysozyme.
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Fig 3. 
Synthesis of PG and antibiotics that target PG synthesis. The enzymatic steps for PG 

synthesis are well conserved across species. Here, the biosynthesis of S. aureus PG is shown 

as an example. The synthesis begins with the assembly of the GlcNAc-MurNAc-

pentapeptide and its attachment to carrier lipid Und-P in the cell membrane. After this point, 

the L-Lysine at position 3 is substituted with additional amino acids and then flipped to the 

outside of the cell where it is cross-linked by PBPs. The same lipid carrier is also utilized for 

WTA (shown here) and capsule synthesis. The synthesis of PG is crucial to the cell and over 

time, several antibiotics have been discovered that target various steps in PG biosynthesis.
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Fig 4. 
WTA structure, and common variations. WTAs are anionic polymers with a sugar-phosphate 

backbone attached to the C6 position of MurNAc in PG. The structure of WTAs is highly 

variable across Gram-positive species. WTA polymer structures for specific strains are 

indicated here with the following abbreviations: Glycerol-phosphate (GroP), Ribitol 

Phosphate (RboP), N-acetylmannosamine (ManNAc), Galactose (Gal), Glucose (Gluc), N-

acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc), phosphorylcholine 

(choline-P).
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Fig 5. 
TA biosynthesis and modification pathways. LTA and WTA biosynthetic pathways in S. 
aureus are shown here. Although both are anionic sugar-phosphate backbones, they are 

assembled differently by separate biosynthetic pathways in S. aureus. TAs are further 

modified with D-alanine residues by the dlt pathway and with α- or β- GlcNAC residues 

installed by glycosyltransferases TarM and TarS, respectively. TAs perform several functions 

for the cell including playing roles in biofilm formation, adhesion, phage attachment, 

virulence and antibiotic resistance, most notably resistance to β-lactams. D-alanylation has 

been shown to play an important role in these functions as well. Specifically, the absence of 

D-alanine modifications sensitizes to cationic antimicrobial peptides, including host 

defensins. The only known roles for α- and β- GlcNAC modifications are in phage 

attachment, and for β-GlcNAcs, in β-lactam resistance. Due to its roles in adhesion, 

virulence and antibiotic resistance, attempts are being made to target TA biosynthesis and 

modification pathways. The known compounds targeting these pathways are shown here.
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