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Preface

This book provides an overview of the current knowledge on the envelope struc-
tures of Gram-positive bacteria, their biosynthesis and assembly, their functions as
well as their role as antibacterial targets and in biotechnology applications. This is a
concise volume containing eleven chapters, from renowned experts in the field,
reviewing recent findings and knowledge on very diverse arguments and at the
same time linked to each other. That is the uniqueness behind a book like this and
the added value towards a search in literature databases.

The cell envelope of these bacteria includes surface proteins, capsular
polysaccharides, peptidoglycan, teichoic acids, and phospholipids. These compo-
nents play key roles in cell viability, virulence and evasion of host defences. Many
virulence factors of pathogenic species reside on the bacterial surface. Surface
proteins have very diverse functions (e.g., adhesion, invasion, signalling, conju-
gation, interaction with the environment and immune-evasion). On the other hand,
polysaccharides often play a mechanical protective role for the bacterium and the
remarkable structural diversity in capsular polysaccharides favours immune eva-
sion. Peptidoglycan is a well-established target for antibiotics and can undergo
modification to decrease susceptibility to the drugs.

Both surface proteins and sugars, being the most exterior components, are also
accessible to antibodies and represent important vaccine targets. Certain proteins
assemble into complexes forming secretion apparatuses, such as the type VII
secretion system, pili (or fimbrae) and flagella. These macromolecular structures
have very diverse functions, which include secretion, conjugation, adhesion, bio-
film formation and motility. Obviously, different species have different envelope
structures and the knowledge on most important species (e.g., Actinomyces spp.,
Bacillus spp., Clostridium spp., Enterococcus spp., Streptococcus spp., and
Staphylococcus spp.) is rapidly increasing.

Given the complexity and breath of the literature behind this argument we
decided to write this book in the attempt to give an overview of the current
knowledge on the envelope structures of Gram-positive bacteria, their biosynthesis,
and functions. Secretion systems, spatial organization of cell wall-anchored proteins
and bioinformatic algorithms for predicting subcellular localization of proteins are

vii



viii Preface

explained in a simple but detailed fashion. Assembly mechanisms of structures such
as pili and sugar polymers are described along with the recently discovered
Type VII secretion system. The latter one has been described in low-GC
Gram-positive bacteria and they can show a very complex organization with up to
five chromosomal-encoded systems (ESX-1 to ESX-5) in mycobacteria to a much
simpler organization in Firmicutes.

Finally, relevant examples of applied science which exploit knowledge on
Gram-positive bacteria are also included. Possible targets for new antimicrobials are
noted. We highlighted the development of the Twin-arginine protein translocation
system (Tat) for the biotechnological secretion of fully folded and
co-factor-containing proteins and its potential use as an anti-microbial drug target.
The use of these bacteria in biotechnology for the production of heterologous
proteins and methodologies for analyzing surface and secreted proteins with a
particular emphasis to vaccine antigen discovery are also discussed.

In conclusion, this book is useful to any researcher, clinician or technician who
is involved with basic or applied science projects on Gram-positive bacteria.

Siena, Italy Fabio Bagnoli
Rino Rappuoli
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Envelope Structures of Gram-Positive
Bacteria

Mithila Rajagopal and Suzanne Walker

Abstract Gram-positive organisms, including the pathogens Staphylococcus aur-
eus, 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 (PG), which is a well-established target for antibiotics, teichoic acids
(TAs), capsular polysaccharides (CPS), surface proteins, and phospholipids. These
components can undergo modification to promote pathogenesis, decrease suscep-
tibility 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.
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WTA Wall teichoic acid
LTA Lipoteichoic acid

CPS Capsular polysaccharides

PIA Polysaccharide intercellular adhesin

Contents

I INEOAUCHION ..ttt aens 2

2 Cell MEMDIANE ......oouiiiiiiiiiiieiicete ettt 3

3 PePAOZIYCAN .....uiiiiiieteec ettt 5
3.1 Peptidoglycan Structure .. 6
3.2 Peptidoglycan BioSYNthesis ........cccccueiririniiiieiiiiirieiccteits e 7
3.3 Tailoring Modifications of Peptidoglycan...........ccceveivieriniiininieniiieniceieiceeeeen 10

4 Teichoic ACIdS ...coceveieieinieiirieiieccreeine . 12
4.1 Wall Teichoic Acid Structure ... 12
4.2 Wall Teichoic Acid Biosynthesis . .. 13
4.3 Lipoteichoic Acid SIIUCIUTE ......cc.ccviuiriiiiirieieieietteterteetee ettt 14
4.4 Lipoteichoic Acid SYNthESIS .....ccueieiriririeiiieieeei et 15
4.5 Tailoring Modifications of Teichoic ACIAS ........cccovevieviiiiiiiniiiniicicieeeceeee 16
4.6 Roles of Teichoic Acids and Their Tailoring Modifications in Cell Physiology

and Immune EVASION ....c..ccoociiiiiiiiiiiiiiiiicie et 18

5 Capsular PolySacCharides.........c.ooererieieiiiiiiieieietee et 21
5.1 Structural Diversity of CPS ........cccoiiiiiiiiiiiii et 21
5.2 CPS, Host Immunity, and Vaccine Development... 21

6 Exopolysaccharides and Biofilm FOrmation ...........cccocceceveviiiiiininineniiicincscnieeeeeeene 23

7 Antibiotics Targeting the Cell ENVElOpe.........coeriiieiiiiiniiiiieieeeeee e 23

8 The Quest for Novel Antibiotic Targets .. w25

REFETENCES ...ttt et 26

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 Griindling 2014;
Schneewind and Missiakas 2014). Membrane-embedded and wall-associated
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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). 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 wide-
spread, 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 nonpathogenic 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 sub-
stantially 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 aminoacylated phos-
phatidylglycerol (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 pro-
tection against aminoglycosides, bacitracin, daptomycin, and some [3-lactams (Nishi
et al. 2004; Komatsuzawa et al. 2001). Daptomycin-resistant S. aureus clinical iso-
lates frequently contain mutations that increase MprF expression or translocase
activity (Friedman et al. 2006; Julian et al. 2007; Jones et al. 2008; Yang et al. 2009b).
Other species of gram-positive bacteria have MprF homologs that have been impli-
cated in similar functions (Ernst and Peschel 2011). It is thought that the positive
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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. 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

Lysyl-

MprF | ) phosphatidylglycerol ~ WTA synthesis

- synthesis

0 ?éy Peptidoglycan

+&f?2 % Envelope synthesis (1
Stress

1aS- F._RGSponse Surface protein ,5 )
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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 syntheses. TAs can be
modified by p-alanylation. p-alanylation and lysyl-phosphatidylglycerol 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, serve the necessary role of channeling in nutrients and
pumping out the 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
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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 signaling 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 reg-
ulates p-alanylation of TAs (Falord et al. 2011; Li et al. 2007a, b; Yang et al. 2012).
Modulating the negative charge density of the cell envelope through lysinylation of
phosphatidylglycerol and p-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 B-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 S. aureus (MRSA) infections.



	Declaration of Interest
	Authorship

	Preface
	Contents
	5021 Envelope Structures of Gram-Positive Bacteria
	Abstract
	1 Introduction
	2 Cell Membrane
	3 Peptidoglycan
	3.1 Peptidoglycan Structure
	3.2 Peptidoglycan Biosynthesis
	3.3 Tailoring Modifications of Peptidoglycan

	4 Teichoic Acids
	4.1 Wall Teichoic Acid Structure
	4.2 Wall Teichoic Acid Biosynthesis
	4.3 Lipoteichoic Acid Structure
	4.4 Lipoteichoic Acid Synthesis
	4.5 Tailoring Modifications of Teichoic Acids
	4.6 Roles of Teichoic Acids and Their Tailoring Modifications in Cell Physiology and Immune Evasion

	5 Capsular Polysaccharides
	5.1 Structural Diversity of CPS
	5.2 CPS, Host Immunity, and Vaccine Development

	6 Exopolysaccharides and Biofilm Formation
	7 Antibiotics Targeting the Cell Envelope
	8 The Quest for Novel Antibiotic Targets
	Acknowledgements
	References

	9 The Canonical and Accessory Sec System of Gram-positive Bacteria
	Abstract
	1 Introduction
	1.1 Sec Pathway, the Major Route for Protein Secretion
	1.2 SecA, the Translocation Motor
	1.3 SecYEG, the Protein-Conducting Channel

	2 The Accessory Sec Translocase
	2.1 SecA2, the Specialized SecA Protein
	2.2 SecY2, the Accessory Membrane Channel

	3 The Accessory Sec System in Different Type of Gram-positive Bacteria
	3.1 Bacterial Species with SecA2-Only System
	3.1.1 Mycobacterium Species
	3.1.2 Listeria Species
	3.1.3 Clostridium difficile
	3.1.4 Bacillus Species

	3.2 Bacterial Species with SecA2/SecY2 System
	3.2.1 Streptococcus Species
	3.2.2 Staphylococcus Species

	3.3 Other Gram-positive Bacteria

	4 Conclusions
	Acknowledgements
	References

	7 Twin-Arginine Protein Translocation
	Abstract
	1 The Twin-Arginine Protein Translocation Pathway
	2 Tat-Dependent Cargo
	3 Tat Components and Processes
	3.1 TatA, TatA-like and TatC Proteins
	3.2 Translocation Process

	4 Cargo protein Processing and Quality Control
	5 Flexibility of the Tat System Between Different Organisms
	6 Monoderm Gram-Positive Bacterial Tat Systems
	6.1 Bacillus subtilis
	6.2 Streptomyces
	6.3 Staphylococcus
	6.4 Listeria monocytogenes
	6.5 Streptococcus

	7 Conclusion
	Acknowledgements
	References

	5014 Membrane Translocation and Assembly of Sugar Polymer Precursors
	Abstract
	1 Lipid Carrier Involved in Polysaccharide Biosynthesis
	2 Lipid II Translocation
	3 Capsular Polysaccharide Biosynthesis
	3.1 Initiating Glycosyltransferase
	3.2 Biosynthesis of S. pneumoniae Serotype 2 Capsule, Example of Downstream Genes
	3.3 Polysaccharide Transporter Proteins: Wzx and CpsJ
	3.4 Lipid-Linked Polymerase Proteins: Wzy and CpsH
	3.5 The Phosphoregulatory System
	3.6 Attachment of Sugar Polymers to the Cell Wall
	3.7 Synthase-Dependent Pathway

	4 Teichoic Acid Biosynthesis
	4.1 Wall Teichoic Acid Linkage Unit Initiation
	4.2 Glycerol-3-P Versus Ribitol-5-P Biosynthesis
	4.3 TagGH/TarGH is the ABC Transporter in Teichoic Acid Biosynthesis
	4.4 Teichoic Acid Biosynthesis in S. pneumoniae and Type IV Lipoteichoic Acid Biosynthesis

	5 Teichuronic Acid Biosynthesis
	6 Conclusion
	Acknowledgments
	References

	5006 Predicting Subcellular Localization of Proteins by Bioinformatic Algorithms
	Abstract
	1 Introduction
	2 Three Approaches to Prediction
	3 Algorithms for Prediction
	4 Performance of Prediction Methods
	5 Recognition of Signal Peptides
	6 Prediction of Non-classical Secretion
	7 Prediction of Transmembrane Topology
	8 Prediction of Cell Wall-Binding Motifs
	9 Multi-category Predictors
	10 Discussion
	References

	8 Anchoring of LPXTG-Like Proteins to the Gram-Positive Cell Wall Envelope
	Abstract
	1 Introduction
	2 The Cell Wall Sorting Signal
	3 Sortase SrtA and the Cell Wall Anchoring Pathway
	3.1 Identification of S. aureus SrtA
	3.2 Transpeptidase Activities of S. aureus SrtA
	3.3 The Cell Wall Anchoring Pathway Mediated by Sortase SrtA
	3.4 Modulation of Cell Wall Anchoring and Extracellular Release of LPXTG-Containing Proteins

	4 Essentiality of Sortase SrtA in Cell Wall Anchoring of Surface Proteins in Actinomyces oris
	5 Cell Wall Anchoring of Iron-Regulated Surface-Determinant (Isd) Proteins Catalyzed by Sortase SrtB
	6 Cell Wall Anchoring of Pilus Polymers by Non-polymerizing Sortase Enzymes
	7 Perspectives
	Acknowledgments
	References

	4 Spatial Organization of Cell Wall-Anchored Proteins at the Surface of Gram-Positive Bacteria
	Abstract
	1 Introduction
	2 Localization of CWA Proteins in Gram-Positive Cocci: The Staphylococcal and Streptococcal Paradigms
	2.1 Influence of Signal Peptides
	2.2 Influence of Secretion, Sorting and Cell Wall Synthesis Machineries

	3 Dynamics of CWA Protein Localization in the Rod-Shaped Bacterium Listeria monocytogenes
	3.1 The “Cylinder” Challenge
	3.2 Helix-Like Localization Patterns of CWA Proteins in Listeria monocytogenes
	3.3 Shifts to Polar Localization of L. monocytogenes CWA Proteins in Response to Environmental Changes
	3.4 Importance of Other Domains Than the C-terminal Sortase-Anchoring Motif

	4 Importance of Sortase Substrates Localization in the Infectious Process
	5 Conclusions
	Acknowledgments
	References

	5016 Pilus Assembly in Gram-Positive Bacteria
	Abstract
	1 Introduction
	2 Pili Are Encoded by Distinct Genetic Islands
	3 Sortases Assemble Pili of Gram-Positive Bacteria
	3.1 Classes of Sortases and Their Substrates
	3.2 Transpeptidation Mechanism

	4 Pili Are Composed of Subunits Linked by Intermolecular Isopeptide Bonds
	4.1 Pilus Assembly

	5 Intramolecular Isopeptide Bonds Stabilize Pili
	5.1 CnaA and B Domains Are Central Elements of Pilus Components

	6 Ancillary Proteins and Pilus Specialization—Examples for Pilus Composition and Architecture in Various Species
	6.1 Corynebacterium diphtheriae
	6.2 Bacillus cereus
	6.3 Streptococcus pneumoniae
	6.3.1 Pilus Islet-1
	6.3.2 Pilus Islet-2

	6.4 Streptococcus agalactiae
	6.5 Streptococcus pyogenes
	6.6 Lactobacillus rhamnosus

	7 Pilus Proteins Are Promising Vaccine Components
	7.1 Streptococcus agalactiae
	7.2 Streptococcus pneumoniae
	7.3 Enterococcus faecalis
	7.4 Streptococcus pyogenes
	7.5 Lactococcus lactis

	8 Conclusions
	Acknowledgments
	References

	5015 Type VII Secretion Systems in Gram-Positive Bacteria
	Abstract
	1 Introduction
	2 The Discovery of Type VII Secretion Systems
	3 Gene Clusters Encoding Type VII Secretion Systems
	3.1 The Mycobacterial ESX Loci
	3.2 Type VII-Like Gene Clusters in Actinobacteria and Firmicutes

	4 Type VII Secretion Machineries
	4.1 Mycobacterial ESX Secretion Machineries: The Paradigm of Type VII Secretion Systems
	4.2 ESX Substrates
	4.3 Regulation of ESX Secretion in Mycobacteria
	4.4 Type VII-like Secretion Machineries in Non-mycobacterial Species

	5 Type VII Secretion Systems in Bacterial Virulence and Pathogenicity
	5.1 The Mycobacterial ESX-1, ESX-3 and ESX-5 Secretion Systems
	5.2 Ess Secretion System in Virulence of S. Aureus
	5.3 The ESAT-like Secretion System in Virulence of Bacillus Anthracis

	6 Concluding Comments
	Acknowledgements
	References

	49 Protein Secretion in Gram-Positive Bacteria: From Multiple Pathways to Biotechnology
	Abstract
	1 Introduction
	2 Protein Secretion Pathways in Gram-Positive Bacteria
	2.1 General Secretion (Sec) System
	2.2 Twin-Arginine Transport Pathway (Tat)
	2.3 Type IV Secretion Systems (T4SSs)
	2.4 Type VII Secretion System (T7SS)
	2.5 Flagella Export Apparatus (FEA)
	2.6 Holins
	2.7 Non-classically Secreted Proteins

	3 Gram-Positive Bacteria as Hosts for Heterologous Protein Production
	3.1 Streptomyces
	3.2 Corynebacterium
	3.3 Bacillus
	3.4 Lactobacilli
	3.5 Clostridium and Bifidobacterium

	4 Bottlenecks in Protein Secretion and Possible Remediation
	4.1 Modulation of Components of the Protein Secretion Pathway
	4.1.1 Signal Peptide Adaptation
	4.1.2 Signal Peptidase Overexpression
	4.1.3 Overexpression of Chaperones and Foldases
	4.1.4 Sec Components
	4.1.5 Tat Translocon Overexpression

	4.2 Omics Approaches for Enhanced Protein Secretion
	4.2.1 Transcriptomics and Proteomics
	4.2.2 Metabolomics and Fluxomics


	5 Fermentation
	6 Conclusion
	Acknowledgments
	References

	50 Surface and Exoproteomes of Gram-Positive Pathogens for Vaccine Discovery

