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Terry passed away shortly after writing the foreword. The death of Terry is not only
a great loss for his family but also for his colleagues and the microbiological
community. We offer our condolences and retain him in memory.



Foreword

Prokaryote cells are uncomplicated cells possessing a simple design. All prokar-

yotes, whether they are archaea or bacteria, rely on their surfaces for multiple

functions, including being a barrier with their external environment; most do this

via a cell envelope of which the most important structure is the cell wall. There are

two fundamental structural varieties of walls, that is, the Gram-positive or Gram-

negative formats, and many bacteria also possess associated structural layers on top

of the wall, for example, capsules, sheaths, or S-layers. Since prokaryotes are the

most diverse and ubiquitous life forms on Earth, involved in almost all natural

cycles, including elemental cycling and many forms of disease, their surfaces are

the required primary interface between the cell and its surroundings, often mediat-

ing or catalyzing important interactions. This book provides an up-to-date knowl-

edge of the prokaryotic cell wall, including its structure, composition, synthesis,

assembly, and some surface interactions.

Because of the importance of cell walls, many researchers have spent their whole

lives attempting to enlighten the scientific community about a single aspect of a

bacterial surface. One such researcher is U.B. Sleytr of the Center for NanoBio-

technology, BOKU – University of Natural Resources and Applied Life Sciences in

Vienna, Austria. Throughout his career, Uwe has had one central focus; to deter-

mine the structure and function of bacterial S-layers. He began his S-layer studies in

the mid-1960s, working primarily on Bacillus stearothermophilus (now Geobacil-
lus), B. sphaericus, and several thermophilic clostridia. During this time, he con-

centrated on the detection and high-resolution structure of their constituent S

(surface)-layers using transmission electron microscopy, quickly becoming a

highly respected microscopist who excelled in the cryo-technique of freeze-etching.

In his hands, S-layers provided breathtaking images since they are composed of

regular arrays of rather large MW (glyco)proteins that could be readily viewed by

electron microscopy. Linear (p2), tetragonal (p4), and hexagonal (p3 and p6)
lattices were discovered, which proved to be built through self-assembly processes.

Uwe was quick to recognize that S-layers provided a natural nano-scale construc-

tion of regularly arranged proteins (and holes) that, under the correct conditions,
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could be assembled or disassembled. This was surely a system that could bemoulded

into many applications, and under the guidance of Uwe’s deft hands, became a

promising nanobiotechnological platform for a wide range of uses (e.g. biomimetic

membranes, diagnostics, biochips, supramolecular medicine, nanoglycobiology,

and bioprocess technology). He now heads the Center for NanoBiotechnology in

Vienna with three groups (i.e. Nanoengineered Biomaterials, Nanoglycobiology,

and Molecular Biotechnology and Biomimetic Membranes) dedicated to finding

applications for S-layers.

I have known Uwe since the early 1970s when we both worked on S-layers and

we have been friends ever since. We both remain dedicated “cell wallogists” and

share amultidisciplinary approach to our science. Uwe and several of his researchers

provide chapters in this book, which reflects their expertise (along with all other

authors) and their impact on the cell wall field. It is our great pleasure to dedicate this

book to our good friend Uwe Sletyr on the occasion of his 65th birthday.

Guelph, July 2007 Terry J. Beveridge{
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Preface

For the further evolution of single-celled organisms, the development of cell wall

structures was advantageous for the successful colonization of different moderate

and extreme habitats. Therefore, cell wall polymers are important cell compo-

nents of prokaryotic microbes. They are involved in different manifestations of

life. Cell walls play a role in shape maintenance, protection against harmful

agents, cell adhesion, and positive and negative biological activities against host

cells.

Studies since the 1950s revealed that quite different cell wall polymers could be

part of the cell wall profiles. The structure and functions of the main cell wall

polymers, such as peptidoglycan (murein, pseudomurein), outer membrane pro-

teins, lipopolysaccharides, teichoic acids, teichuronic acids, lipoteichoic acids,

S-layer subunit and cell-wall associated proteins, have been elucidated in the last

60 years.

The prokaryotes are divided into two domains, bacteria and archaea. Each of

these two domains possesses its own cell wall structures. Most bacteria are char-

acterized by peptidoglycan sacculi composed of murein, while this polymer is

lacking in the archaea. Some archaeal methanogens could possess pseudomurein

instead. The common cell wall compound of Archaea is a single layer of crystalline

protein subunits (S-layer) covering the cytoplasmic membrane directly. S-layers are

found in bacteria on the outside of the murein sacculi of Gram-positive cells or the

outer membrane in Gram-negative organisms. In addition, pseudomurein, hetero-

polysaccarides, lipoglycans, and glutaminylglucan are found in archaea, leading to

a positive Gram staining.

This book provides a comprehensive analysis of some selected current topics on

the recent advances made in the structures and biochemistry of cell wall polymers,

and caters to the needs of students and scientists of live sciences.

We want to thank all the authors for putting down their experiences on paper,

which facilitated this comprehensive survey on the different novel aspects

of microbial cell walls. Finally, we are grateful that under the responsibility of
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Dr. Dieter Czeschlik and Dr. Jutta Lindenborn, the Springer Life Sciences Editorial

realized this book on microbial cell wall structures; these structures are important

components for the interactions and stability of microbial cells in their environment.

Mainz, June 2009 Helmut König, Harald Claus, Ajit Varma
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Part I
Cell Wall Polymers and Structures

of Bacteria



Chapter 1

The Murein Sacculus

Silke Litzinger and Christoph Mayer

1.1 Introduction

The murein is a characteristic and unique macromolecular component of the cell

wall of almost all bacteria, missing in only a very few bacterial groups such as

mycoplasma (mollicutes) and planctomycetes. It is composed of glycan threads

interlinked by short peptides, and hence belongs to a class of polymers called

peptidoglycans. The murein constitutes a huge single molecule that encases the

entire cell and forms a closed bag-shaped structure, the murein sacculus. The

sacculus stabilizes the fragile cytoplasmic membrane and the cytoplasm within

and protects them from the adverse effects of the environment. It also determines

the cell’s characteristic shape and is essential to withstand the large internal osmotic

pressure (turgor). Some billion years ago, when the domain Bacteria arose from

prokaryotic progenitors, cells acquired this exoskeleton-like structural element,

allowing the accumulation of high intracellular concentrations of nutrients that

accompanies an increasing cell turgor. The assembly of the giant murein macro-

molecule external to the cell membrane and the preservation of its structural

integrity during cell growth and division is a difficult task. In fact, it is so complex

that up to now fundamental questions about the murein construction, its 3D

structure and its role in morphogenesis are still insufficiently understood, although

fundamental breakthroughs have been made in recent years in this area.

Further chapters within this publication will deal with topics related to murein.

Besides its stabilizing function, the murein sacculus serves as a scaffold for

anchoring cell wall components such as proteins (cell wall associated proteins) or

acidic polymers (e.g., teichoic acids). The murein and its biosynthesis pathway

serve as primary target for antibiotics, since the integrity of the sacculus is of

critical importance to cell viability and its structure and biosynthesis is restricted

C. Mayer (*)

Fachbereich Biologie, Universität Konstanz, Konstanz 78457, Germany

e-mail: ch.mayer@uni-konstanz.de

H. K€onig et al. (eds.), Prokaryotic Cell Wall Compounds,
DOI 10.1007/978-3-642-05062-6_1, # Springer-Verlag Berlin Heidelberg 2010
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to bacteria. Furthermore, the murein and its degradation products are important

pathogen-associated molecular patterns and their involvement in pathogenicity is

addressed later in this volume.

Necessarily, this chapter on murein can only give a general introduction and

many aspects can be just briefly touched. More detailed information on most

aspects covered in this chapter can be obtained from a comprehensive compilation

of reviews that was published very recently in FEMS Microbiology Reviews
(Barreteau et al. 2008; Bouhss et al. 2008; Coyette and van der Ende 2008;

Mainardi et al. 2008; Vollmer 2008; Vollmer et al. 2008a, b) and gives further

information related to murein/peptidoglycan (den Blaauwen et al. 2008; Dramsi

et al. 2008; Sauvage et al. 2008; Zapun et al. 2008a, b). We also refer to excellent

chapters on murein within book publications (Salton 1994; Park 1996; Foster and

Popham 2002; Seltmann and Holst 2002; Scheffers 2007; Vollmer 2007).

1.2 A Short History of the Discovery of the Murein Sacculus

1.2.1 The Exoskeleton-like Surface Layer

Along with the discovery and visualization of bacteria by Antonie van Leeuwenhoek

in 1675, it had been noticed that bacteria come in various shapes (cf. Porter 1976);

coccoid, rod, curved and spiral-shaped cells can be observed under the microscope.

The fact that most bacteria are not spheres instantly predicted that a rigid exoskele-

ton-like surface structure is responsible for the cell shape. However, it was not

until the introduction of electron microscopy techniques that bacterial cell walls

could be visualized (Mudd et al. 1941; Salton and Horne 1951; Salton 1952) and the

multilayered architecture of the Gram-negative cell envelope (see Sect. 1.2.2) was

discovered (Kellenberger and Ryter 1958; Weidel et al. 1960; Murray et al. 1965;

De Petris 1967). In addition, electron microscopy played an important role in

monitoring the homogeneity of cell fractionations and thus was a prerequisite for

the isolation of pure cell wall preparations (cf. Salton 1964; Weidel and Pelzer

1964; Salton 1994). In the early 1960s Wolfhard Weidel and coworkers from

Tübingen isolated thin cell envelopes of the same size and shape as the originating

Escherichia coli cells. They recognized the bag-shaped structure of this compound

and named it murein or murein sacculus (from “murus”, Latin “wall” and “saccu-

lus”, Latin “sack”) (Weidel et al. 1960; Weidel and Pelzer 1964).

1.2.2 Gram-Negative and -Positive Cell Walls

Whereas the murein sacculus of Gram-negative bacteria (e.g., E. coli), which
locates between an inner and outer membrane, is very thin and sometimes not

even visible in electron micrographs, Gram-positive bacteria are surrounded by

4 S. Litzinger and C. Mayer



a much thicker murein layer. These observations, together with analysis of differ-

ences in the chemical composition of the cell walls (see Sect. 1.2.3), laid the basis

for our current view of the fundamental differences in the cell wall structure of

Gram-negative and Gram-positive bacteria. The classification goes back to the

work of the Danish bacteriologist Hans Christian Gram. In 1884 he reported the

development of a staining technique (cf. Popescu and Doyle 1996), which is now

recognized as one of the most important taxonomic tools in microbiology and is still

used as a first test performed for the differentiation of bacteria. The Gram staining is

based on the ability of bacterial cell walls to retain the dyes crystal violet or

methylene blue. The dye is first fixed by addition of a mordant (Lugol’s iodine

solution) and then treated with an organic solvent (ethanol or isopropanol). The

microorganisms that retain the dye–iodine complex appear violet/purple and are

classified as Gram-positive. Others, in which the stain is washed out, are referred to

as Gram-negative. Some Gram-positive bacteria may lose the stain easily and there-

fore appear as a mixture of Gram-positive and Gram-negative bacteria (Gram-

variable). Other microorganisms do not respond to the Gram staining, such as

mycobacteria, rickettsia, and spirochetes, and require special stains to be visualized

(e.g., acid-fast staining). Gram did not know that the differential behavior of

bacteria in his staining approach is based on fundamental differences in the cell

wall composition and structure (Beveridge and Davies 1983; Popescu and Doyle

1996). We know now that Gram-positive bacteria retain the dyes much more

strongly than Gram-negative bacteria because their cell walls have a much thicker

murein layer and lack an outer membrane. In addition, Gram-positive murein

contains acidic polymers (see Chap. 6), to which the dye can bind.

1.2.3 Role of Lysozyme and Penicillin in the Discovery
of Murein

The discovery of the murein sacculus and the elucidation of its chemical structure

and biosynthetic pathway was closely linked to research on the function of

two antibiotic agents, lysozyme and penicillin, both discovered by Fleming

(1955) (cf. Geddes 2008 and reviews Jollès and Jollès 1984; Jollès 1996; Bennett

and Chung 2001 and refs therein). Lysozyme has a fascinating effect on bacteria, as

it completely “dissolves” bacterial cells, e.g., Micrococcus luteus (formerly named

M. lysodeicticus for this reason), within seconds of incubation and releases a

disaccharide product from the cell wall (Salton 1952). Addition of lysozyme to

bacterial cells that are stabilized in iso-osmotic media leads to the formation of

spheroplasts (Gram-negative) or protoplasts (Gram-positive). These are round

cells that have lost their specific shape, are osmotically labile, and burst in more

diluted media (Robinson et al. 1974; Yamato et al. 1975). Penicillin, the other

antibiotic agent, is produced by the fungus Penicillium notatum. It has a similar

morphological effect on bacteria and eventually also lyzes them (Hughes et al.

1949). Penicillin began its tremendous success as a chemotherapeutic antibiotic in

the 1940s (cf. Russell 2002; Chain et al. 2005).
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Since penicillin only affects actively growing cells, it can be applied to isolate

auxotrophic mutants of bacteria. The penicillin-isolation technique for nongrowing

mutants developed into an important strategy to identify metabolic pathways (Davis

1948, 1949; Lederberg and Zinder 1948). Penicillin was also a valuable tool for

studying bacterial cell wall biosynthesis. Park and Johnson observed that uridine

nucleotides accumulate in penicillin-treated Staphylococcus aureus cells (Park

and Johnson 1949). Later on, the isolation and characterization of the nucleotides

carrying amino sugars and D-amino acids unknown at that time, which become

known as Park’s nucleotides, led the way to the discovery of the biosynthetic path-

way of the unique cell wall polymer, murein (see Sect. 1.2.4) (Park 1952; Park and

Strominger 1957). Park and others also demonstrated that penicillin kills bacteria

by inhibiting their ability to synthesize the cell wall (Park and Strominger 1957;

Martin 1964; Tipper and Strominger 1965; Wise and Park 1965). Transpeptidases,

enzymes required for the crosslinking of the murein sacculus (see Sect. 1.4.3), so-

called penicillin-binding proteins, are specifically inhibited by penicillin, which

covalently binds to the active site of the enzymes (Tipper and Strominger 1968).

Unraveling the structure of small soluble fragments released from isolated cell

walls with murein-hydrolyzing enzymes, e.g., lysozyme, completed the elucidation

of the structure of the murein sacculus (Primosigh et al. 1961; Ghuysen 1968).

Accordingly, the murein is a heteropolymer arranged of building blocks (repeating

units) of disaccharide-peptides, also called muropeptides (Fig. 1.1), the very com-

pound(s) that are released from murein by the action of lysozyme.

1.2.4 Cell Wall Growth and Growth Models

The presence of a single macromolecule encasing the bacterial cell creates the

problem of safe and controlled enlargement and division without the risk of lysis of

the cell. Shortly after the recognition of the bag-shaped murein, Weidel and Pelzer

proposed the enzymatic balance model for the growth of the sacculus (Weidel and

Pelzer 1964; also see H€oltje 1998). Accordingly, lytic and synthetic enzymes

function in a delicately balanced interplay, with the former autolysins introducing

nicks into the murein structure and the latter murein synthases inserting new

material at these sites. Therefore, bacteriolysis following the inhibition of a step

of murein synthesis can be explained as being the consequence of an imbalance

between the synthetic and autolytic activities (e.g. Schwartz and Weidel 1965;

Sugai et al. 1997; Meisel et al. 2003). We know now that the cell wall is indeed a

highly dynamic compartment. Despite being a rigid, stabilizing molecule, the

murein undergoes permanent remodeling, degradation, and resynthesis during

growth. In E. coli about half of the murein is degraded within one generation and

the fragments are released during growth, a process called cell wall turnover. The

order of magnitude by which turnover occurs had long been underestimated, since

the degradation products are usually efficiently reutilized (cell wall recycling) (see

Sect. 1.6) (Goodell 1985; Goodell and Schwarz 1985). The reason for the massive
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Fig. 1.1 Structure of the disaccharide-pentapeptide (GlcNAc-MurNAc-L-Ala-iso-D-Glu-DAP-

D-Ala-D-Ala) building block of murein. The amino sugars are connected via b-1,4-glycosidic
linkages, generating long glycan chains. The peptides are connected via a D,L-amide bond to

the ether-linked D-lactate substituent of MurNAc. The D-Glu residue is linked via its g-carboxyl
group to the amino group of the L-center (“L”) of DAP (isopeptide bond). The mirror plane of the

meso-structure of DAP is indicated by a dotted line. The amino group of the D-center (“D”) of DAP

is required for crosslinking peptide chains either via D,D-peptide crosslinks, through attack of the

carbonyl at the fourth amino acid (D-Ala) of a neighboring peptide chain (generated by penicillin-

sensitive transpeptidases), or in some cases via L,D-peptide crosslinks, through attack of the

carbonyl of the L-center of DAP (generated by penicillin-insensitive transpeptidases). The L-cen-

ter of DAP is also the attachment side of Braun’s lipoprotein (see text). Only about half of the

peptides are present in crossslinks in E. coli and B. subtilis, a number that can vary significantly

within other species. Also the peptide composition significantly varies within bacteria; the

structure shown here holds for most Gram-negative and some Gram-positive bacteria (e.g.,

Bacillus subtilis, however about 99% of the D-carboxylate of DAP is amidated (CONH2) in this

organism, and up to 30% of the amino sugars are N-deacetylated, cf. Fig. 1.2)
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degradation of the endogenous murein during cell growth is not clear; however,

the process of murein synthesis is probably somehow intrinsically connected to

cell lysis.

Cell wall growth might occur by insertion of new peptidoglycan material at

specific points or randomly into the sacculus. Diffuse incorporation of murein along

the lateral wall was confirmed for E. coli and Bacillus sp. (de Chastellier et al.

1975a, b; Cooper and Hsieh 1988; de Jonge et al. 1989; Nanninga 1991). Further-

more, Burman and Park (1984) showed by labeling experiments that newly synthe-

sized strands of murein are initially inserted adjacent to old strands in E. coli. They
concluded that in each generation about 90 separate membrane-associated protein

complexes for murein synthesis would travel around the circumference of the cell,

generating two new strands at a time (Burman et al. 1983a, b; Burman and Park

1984). Later, diffuse intercalation of murein into the side wall as well as enhanced

synthesis at the division site was confirmed by D-cysteine labeling of murein (de

Pedro et al. 1997, 2001, 2003). Koch argued in his surface stress theory that the cell

wall expands by the force of turgor pressure (Koch et al. 1981, 1982; Koch 1985)

and proposed that new covalent bonds have to be formed prior to hydrolysis to

allow a safe enlargement of the stress-bearing murein layer, the so-called make-

before-break hypothesis (Koch and Doyle 1985; Koch 1988, 1995). The observa-

tion that in Gram-positive bacteria labeled murein precursors are incorporated close

to the membrane and are gradually displaced within the wall to the outside led Koch

and Doyle (1985) to propose the inside-to-outside model for growth (Koch and

Doyle 1985). Murein that becomes stretched upon moving to the outside would

become stress-bearing and, hence, more susceptible to the activity of autolysins. An

elegant growth model for Gram-negative bacteria, the three-for-one model, was

provided by Joachim-Volker H€oltje from Tübingen (H€oltje 1996a, 1998; H€oltje and
Heidrich 2001; Vollmer and H€oltje 2001). According to this model, three new

glycan strands are attached in a relaxed conformation from below to the mature cell

wall, which is under osmotic pressure, and are inserted simultaneously with

removal of the so-called “old” docking strand. A multienzyme complex (holoen-

zyme) was proposed that closely ties murein synthesis with autolysis. The model

explains the massive muropeptide release during growth, includes the make-before-

break postulate, and furthermore suggests that the existing cell wall would serve

as a template in order to maintain the cell’s shape during growth, which is an

intriguing feature of bacterial cells.

1.2.5 Cell Shape and Morphogenesis

Bacterial cells keep their characteristic shapes upon cell growth and division, a

complex process that is not so far understood. Obviously, the shape of bacterial

cells is fixed by the murein sacculus. However, is the shape of the sacculus an

intrinsic feature of its chemical composition or does a special morphogenetic

system exist which determines the shape of the sacculus? In 1971, Schwarz and
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Leutgeb addressed this question. They showed that significant variations in the

composition of murein were found in sacculi from cells grown in various media and

harvested at different stages of growth, whereas the general shape of the cells

remained unchanged. They concluded that this finding stands opposed to the

assumption of a strict correlation between chemistry and shape of the sacculus.

However, it is relatively easy to change the shape of the sacculus, e.g. by modifying

the hypothetical morphogenetic system, such as by converting rod-shaped cells into

spherical cells. Spheroplasts/protoplasts can reform a new spherical sacculus,

which is indistinguishable, in chemical composition, from the rod-shaped sacculus

(Schwarz and Leutgeb 1971). These findings were taken as evidence for the

existence of a hypothetical morphogenetic system whose activity is reflected by

the shape of the sacculus. In recent years the discovery of bacterial cytoskeleton

elements has revived the field of bacterial morphogenesis (see Sect. 1.5) and has

taken us a step towards understanding what determines cell shape, how shape is

inherited, and how murein is involved in these processes.

1.2.6 Spatial Orientation and Structural Arrangement
of the Murein

The topological organization of the murein is uncertain, since there is, so far, no

direct way to approach this question. X-ray diffraction studies have confirmed the

absence of semicrystalline structures in the murein of bacterial cell walls but do not

indicate a completely unordered structure; diffraction rings indicate a periodicity of

about 1 and 0.44 nm (Formanek and Rauscher 1979; Labischinski et al. 1979).

Verwer et al. investigated the selective partial hydrolysis of peptide bridges of

E. coli murein by an endopeptidase and discovered by electron microscopy that the

preferential orientation of the glycan strands is more or less perpendicular to the

long axis of the cell (Verwer et al. 1978). This supports a horizontal layer model of

the murein sacculus of E. coli consisting of glycan strands (of peptidyldisaccharides
of 1 nm periodicity) arranged parallel to the cell membrane that run along the short

axis (Weidel and Pelzer 1964; Vollmer and H€oltje 2001). Recently, the classical

conception of the spatial orientation of glycan stands of the murein oriented in

parallel to the cell membrane of bacteria has been challenged by computer-

simulation studies (Dmitriev et al. 1999, 2000, 2003, 2004, 2005). The authors

argued that a layer of murein would be unstable if constructed of short glycan

chains connected by only few peptide bridges. Instead, they proposed a structure

in which the glycan strands would protrude perpendicular from the cell membrane,

the scaffold model, and in which peptide bridges would solely account for the

stabilizing property of the sacculus. Vollmer and H€oltje, however, argued against

this model by careful consideration of experimental data, such as thickness,

elasticity, amount, and covered surface area of the murein layer, as well as glycan

chain length distribution and degree of crosslinking (Vollmer and H€oltje 2004).

They came to the conclusion that a scaffold model, at least for E. coli, is not
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consistent with experimental data. However, we are still far away from a clear

picture of the organization of the bacterial cell wall, and it is not even clear if the

arrangement of the murein needs to be similar for all bacteria (cf. (Young 2006)).

New analytical tools and approaches are highly desired to resolve the 3D structure

(s) of murein. Recently, the complete resonance assignment of purified murein from

E. coli was obtained by solid state NMR experiments and might in future provide

details of the macromolecular structure and spatial distribution (Kern et al. 2008).

Electron cryotomography (ECT) can in principle deliver structural information in

atomic resolution and might provide information about the murein structure in the

near future (Jensen and Briegel 2007). With another promising technique, atomic

force microscopy (AFM), the inner surface of the Bacillus cell walls has been

visualized very recently. Surprisingly, these studies revealed a regular macrostruc-

ture of thick, c. 50-nm-wide, peptidoglycan cables running basically across the

short axis of the cell, indicating a murein structure that is very different from our

current view of a layered murein (Hayhurst et al. 2008).

1.3 Analysis of the Chemical Structure and Composition

of the Murein

1.3.1 Chemical Structure of the Murein

The murein is absolute essential for bacteria to resist the high intracellular turgor,

which can reach pressures of 2–5 atmospheres in Gram-negative bacteria and up

to 50 atm in Gram-positive bacteria (Archibald et al. 1993; Seltmann and Holst

2002). The remarkable tensile strength of the cell wall, combined with elasticity, is

achieved by fairly inextensible glycan chains of variable length, held together by

small elastic peptide crosslinks, allowing the sacculus to expand or shrink depen-

dent on the cell’s turgor (Ghuysen 1968; H€oltje 1998). It has been estimated that

the surface area of the sacculus can reversibly increase about threefold without

rupture (Koch et al. 1987; Koch and Woeste 1992). The overall composition and

structure of the murein is generally similar in bacteria. The rigid glycan chains are

generated by alternating b-1,4-linked amino sugars N-acetylglucosamine (GlcNAc)

and its 3-O-lactyl ether derivative, N-acetylmuramic acid (MurNAc) (Fig. 1.1).

MurNAc is truly unique to bacteria and not even present in the second large group

of peptidoglycans, the pseudomureins of Archaea (cf. Chap. 10). The flexible

peptides of the murein are attached (via an D,L-amide bond) to the D-lactyl ether

substituent of MurNAc (Fig. 1.1, gray substructure) and contain (in contrast to

pseudomurein) noncodogenic D-amino acids (D-Glu, D-Ala), besides L-amino acids

(L-Ala) and di-basic amino acids. These amino acids generate alternating D,L- and

L,D-peptide/amide bonds. The D-L-D-L-D sequence in the peptides (beginning with the

D-lactyl group of MurNAc and including the L-center of meso-diaminopimelic acid

(DAP); Fig. 1.1) prevents the formation of a-helical structures, and thus gives the
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peptides much more flexibility. It also makes the murein insensitive to cleavage by

“normal” peptidases/proteinases, which are specific for L,L-peptide bonds.

The chemistry of the glycan strands shows only a few variations among different

bacteria, such as O-acetylation (mainly at C6 of MurNAc) and N-deacetylation (of

both GlcNAc and MurNAc to various degrees), whereas the peptide composition

can differ quite significantly (Schleifer and Kandler 1972; Quintela et al. 1995a;

Vollmer 2008; Vollmer et al. 2008a). The basic stem peptide structure of the murein

is L-Ala-D-Glu-DAP-D-Ala-(D-Ala) (Fig. 1.1). The di-basic amino acid DAP is

present in most Gram-negative species but is substituted with L-lysine (L-Lys) (in

most Gram-positives) or with L-ornithine (L-Orn) (in Spirochetes, Bifidobacterium
globosum and Thermus thermophilus) (Vollmer et al. 2008a). In T. thermophilus the
d-NH2 of L-Orn is modified by glycine–glycine and in about 23% of total muro-

peptides the N-terminal glycine is substituted by a residue of phenylacetic acid

(Quintela et al. 1995b). DAP is also used in some Gram-positive bacilli and in

mycobacteria; however, in these organisms it is frequently amidated. In B. subtilis
about 99% of the DAP is amidated at the D-carboxylate (Foster and Popham 2002).

Rare di-basic amino acids at the third position of the peptide stem include D-Lys,

L,L-DAP, meso-lanthonine, L-2,4-diaminobutyrate (L-Dab), L-homoserine (L-Hsr),

and others (Vollmer et al. 2008a). The amino acids at the other positions at the

peptide side chain are less frequently modified, but can be substituted by glycine,

L-serine (at position 1) or threo-3-hydroxyglutamate (Microbacterium lacticum) (at
position 2) (Vollmer et al. 2008a). A fifth amino acid in the peptide, usually a D-Ala,

is used to perform the transpeptidase reaction (see Sect. 1.4.3), by which crosslinks

are introduced in the peptide stems (Fig. 1.1). In some cases glycine, D-serine, or

D-lactate can substitute for the amino sugar at position 5. These modifications are

associated with the development of vancomycin resistance in enterococci (VRE),

which is a result of weaker binding of the antibiotic vancomycin to the modified

peptide (Boneca and Chiosis 2003).

1.3.2 Peptide Crosslinking

The peptide side chains can be interlinked by the amino group of a di-basic amino

acid (DAP or L-Lys, etc.) of one peptide chain and a carboxyl group of another

chain, thereby connecting the glycan strands within the murein (Fig. 1.1). Most

peptide crosslinks in E. coli are of the D,D-type, formed between the amino group of

the D-center of DAP (position 3) and the carboxyl group of D-Ala (position 4). The

formation of the D,D-peptide crosslinks is catalyzed by specific D,D-transpeptidases,

also called penicillin-binding proteins (see Sect. 1.4.3), which are inhibited in

the presence of penicillin and other b-lactam antibiotics (Sauvage et al. 2008;

Zapun et al. 2008a). However, in the murein of E. coli and other bacteria to some

extent L,D-crosslinks also occur, which connect the L- and the D-center of DAP

(Fig. 1.1). They are catalyzed by special penicillin-insensitive L,D-transpeptidases

(H€oltje 1998; Magnet et al. 2008). A large increase in L,D-crosslinks is generated by
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cultivating bacteria in media containing b-lactam antibiotics, hence selecting for

the formation of penicillin-insensitive crosslinks (Mainardi et al. 2002; Cremniter

et al. 2006). A L,D-transpeptidase homologous to L,D-transpeptidase of Enterococcus
faecium has been shown to be responsible for the attachment of the Braun’s lipopro-

tein (MlpA) to E. coli murein (see Fig. 1.1) (Magnet et al. 2007b), which indicates

that evolutionarily related domains have been tailored to use muropeptides or

proteins as acyl acceptors in the L,D-transpeptidation reaction (Magnet et al. 2007a).

According to Schleifer and Kandler, up to some 100 peptide-linkage types can

be differentiated (reviewed in their monomental work Schleifer and Kandler 1972).

They introduced a system to classify peptidoglycan types (three-digit numbering,

e.g., A1g; see Table 1.1 and Fig. 1.2) and used it as a taxonomic tool for bacteria.

However, it appeared that murein composition strongly depends on growth condi-

tions and age or growth phase, which leads to significant variations in the murein

composition within one species (Glauner et al. 1988; Glauner and H€oltje 1990;

Quintela et al. 1997). Furthermore, different linkage types might exist within one

species. An alternative classification of murein was introduced by Jean-Marie

Ghuysen (1968), which differentiates five di-basic amino acids (peptide types

A to E: DAP, L-Lys, L-Lys-Gly, Hsr, L-Orn; for definition of the abbreviations see

Table 1.1) and four types of crosslinks (types 1–4: direct crosslink; Gly, D-Asn or

L-amino acids; peptides; or D-amino acids).

Besides dimeric muropeptides, there is a small proportion of trimeric and

tetrameric structures in E. coli (see Fig. 1.2, red arrows) that contain three or four

crosslinked peptides (Glauner and H€oltje 1990). The majority of crosslinked mur-

opeptides in Bacillus sp. are dimers and higher crosslinkage oligomers are only

present in minute quantities (Severin et al. 2004). The number of crosslinkages

varies significantly in bacterial species and is dependent on culture conditions, but

usually Gram-negative bacteria are crosslinked to a lesser extent (up to 50% of

Table 1.1 Murein (peptidoglycan) classification, according to Schleifer and Kandler (1972)

Three

digit

identifier

(e.g., A1a)

A

Crosslinks between position 3 of the first and

position 4 of the second of two amino acid side chains

B

Crosslinks between

position 2 of the first and

position 4 of the second of

two amino acid side chains

1 2 3 4 1 2

Direct

crosslink

Polymerized

peptide unit

Monocarboxylic

L-amino acid

or Glycine

or both

Di-

Carboxylic-

amino acid

L-Di-

amino acid

D-Di-

amino acid

a L-Lys – L-Lys L-Lys L-Lys L-Orn

b L-Orn – L-Orn L-Orn L-Hsr L-Hsr

g m-DAP – m-DAP L,L-DAP L-Glu L-Dab

d – – – – L-Ala –

Variations at position 3 of the stem peptide include: L-lysine (L-Lys), L-ornithine (L-Orn), meso-

diaminopimelic acid (m-DAP), L-Hydroxy-serine (L-Hsr), L-glutamate (L-Glu), L-diaminobutyrate

(L-Dab), and L-alanine (L-Ala). Examples of peptide crosslinkages of selected bacteria are depicted

in Fig. 1.2
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Fig. 1.2 Crosslinkage-types of the murein of selected bacterial species according to Schleifer and

Kandler (1972). The glycan backbone is indicated, G stands for GlcNAc and M for MurNAc. The

amino acids involved in crosslinkage are shown as partial structures; see legend to Fig. 1.1 and

Table 1.1 for details and footnote to Table 1.1 for abbreviations used. Dimeric crosslinks are

predominant in the murein of most bacteria (black solid arrows), but trimeric and even tetrameric

crosslinks (grey solid arrows) have been identified
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peptides are involved in crosslinks) compared to Gram-positive bacteria (up to 90%

crosslinks). Sometimes confusing is the use of the term degree of crosslinkage,

which is defined as 100 � (1/2 dimers + 2/3 trimers + 3/4 tetramers)/all muropep-

tides. By this definition, the degree of crosslinkage is equal to the molar percentage

of peptides that act as donors in the crosslinking reaction. This is not the same

parameter as the molar percentage of crosslinked peptides, which is a much larger

value than the former. E. coli strains have a degree of crosslinkage of about 25%,

and almost 50% of the peptides chains are part of crosslinked structures (Vollmer

and H€oltje 2004).

1.3.3 Isolation of Murein and Murein Content

Structural and compositional elucidation of murein requires the isolation and

defined fragmentation of the macromolecule to yield muropeptides or linear,

uncrosslinked peptidoglycan chains, which can be separated and identified (see

Sect. 1.3.4). This, however, is not a trivial task. Preparation of pure murein is

hampered by additional components of the cell envelope that are covalently linked

to the murein; e.g., wall teichoic acids in Gram-positives (see Chap. 6) and lipo-

proteins in Gram-negatives (see Sect. 1.3.5) (Rosenthal and Dziarski 1994). Com-

plete fragmentation of the murein is also difficult to obtain, due to great variations

from the overall subunit structure (cf. Figs 1.1 and 1.2) and selective substrate

specificities of murolytic enzymes. Structural modifications of the murein, such as

O-acetylation, phosphorylation, amidation, etc., might interfere with fragmenta-

tion. In addition, some modifications (e.g., N-acetyl groups, phosphoryl groups)
might be removed throughout the purification process (Vollmer 2008). For Gram-

negative and Gram-positive bacteria, optimized murein isolation protocols are

applicable (H€oltje et al. 1975; Glauner et al. 1988; Harz et al. 1990; Rosenthal

and Dziarski 1994; Atrih et al. 1999). Recently, an adaptation of these protocols

was developed for the isolation of mycobacterial murein (Mahapatra et al. 2008).

In general, murein is extracted and purified by adding a bacterial cell suspension

drop by drop to a boiling 8% SDS solution. This will instantly remove the lipid

compounds of the cell envelope of Gram-negative bacteria, lyze the cells, and also

denature the cell’s own arsenal of murein hydrolases (autolysins), which might

interfere with isolation of intact murein (H€oltje et al. 1975; Glauner et al. 1988).

After removal of the SDS by extensive washing and (ultra)centrifugation of the

samples, the sediment is treated with nuclease, amylase and proteinase (e.g.,

pronase) to remove DNA, glycogen and proteins from the preparation. Isolation

of Gram-positive murein was achieved by similar approaches, but usually requires

an additional treatment with hydrofluoric acid to remove acid labile teichoic

acid contaminants (de Jonge et al. 1992; Atrih et al. 1999; Dhalluin et al. 2005).

Alternatively, disruption of cells with glass beads in a sonicator has been applied

(Cummins and Harris 1956; Kowalski et al. 1970; Rosenthal and Dziarski 1994).
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The amount of murein in the cell wall of bacteria can be deduced from quanti-

fication of specific cell wall components like DAP, either by direct measurement of

the DAP content of isolated sacculi or by steady-state incorporation of radioactively

labeled DAP over several generations (Braun et al. 1973; Wientjes et al. 1991).

Thereby, an value of 3.5 � 106 DAP molecules per sacculus in the cell wall of

E. coli was determined and the molecular mass of the macromolecule murein of

E. coli was estimated to be 3.5 � 109 Da, which is in the mass range of the other

large macromolecule of the bacterial cell, the chromosome. The data indicate

an average surface area per disaccharide of about 2.5 nm2, with a length of the

disaccharide unit of 1.1 nm and an average distance between glycan strands

calculated to be c. 2 nm. Combined with electron microscopic measurements of

the surface area of the cells, this suggests a basically monolayered murein structure

in E. coli (cf. Vollmer and H€oltje 2004) that amounts to only 1–3% of the cell mass

(or 3–10% of the cell’s dry weight) (Park 1996). In Gram-positive bacteria the

proportion of the dry weight of the murein varies considerably within species.

In most Gram-positive bacteria, the murein layer is up to 10 times thicker than

that of Gram-negatives (20–80 nm) and accounts for 20–60% of the dry weight of

the organism (e.g., Bacilli, Staphylococci) (Rogers et al. 1974; Shockman and

Barrett 1983; Archibald et al. 1993; Foster and Popham 2002).

1.3.4 Isolation of Muropeptides and Glycan Chains

Biochemical analysis of the murein composition generally requires digestion with

murein hydrolases (e.g., chalaropsis or human serum muramidase, mutanolysin,

cellosyl, L,D-amidase, D,D-endopeptidase, etc.) (Tipper et al. 1964; Verwer et al.

1978; Calandra and Cole 1980; Mollner and Braun 1984; Shockman et al. 1996;

Vollmer et al. 2008b), to release soluble murein fragments (muropeptides), which

can be separated by HPLC techniques (Glauner 1988; Glauner et al. 1988; Glauner

and H€oltje 1990; Harz et al. 1990; de Jonge et al. 1992; Atrih et al. 1999; Dhalluin

et al. 2005). More than 50 different muropeptides were identified in murein pre-

parations from E. coli (Glauner 1988; Glauner et al. 1988). Alternatively, a fluor-

ophore-assisted carbohydrate electrophoresis method was developed to separate

the major muropeptides (Li et al. 2004). A purely chemical method of releasing

murein building blocks (acid hydrolysis) was developed by Schleifer and Kandler

(Schleifer and Kandler 1967) and extensively used to extract the peptide portion

of the murein of various bacteria and determine their amino acid composition

(Schleifer and Kandler 1972). Under alkaline conditions the lactyl ether bond of

muropeptides is cleaved to yield lactyl-peptides, which can be analyzed by thin-

layer chromatography or modern LC-MS techniques (Arbeloa et al. 2004).

In order to obtain information about the length of glycan chains, endopeptidase

and/or amidase treatment is performed. Glycan strands of up to 30 disaccharide units

can be separated by a HPLC technique that has been developed to specifically address

the issue of glycan strand length (Harz et al. 1990). The average length of glycan

1 The Murein Sacculus 15



strands of 21 disaccharide units was determined for E. coli murein, given that long

glycan strands with more than 30 disaccharide units represent about 25–30% of the

total material. Alternatively the average degree of polymerization can be determined

by measuring the amount of 1,6-anhydroMurNAc. Glycan strands in E. coli and
other Gram-negative bacteria (usually to a much lesser extent in Gram-positive

bacteria) terminate at the reducing end with 1,6-anhydroMurNAc, an intramolecular

glycoside that is generated by the C6 hydroxyl group of MurNAc reacting with the

C1 hemiacetal upon murein cleavage by so-called lytic transglycosylases (see

Sect. 1.6). Three to six percent of 1,6-anhydroMurNAc-containing molecules were

determined in E. coli, from which value an average degree of oligomerization of

25–40 disaccharide units can be calculated (Glauner 1988). The glycan chains in the

murein of B. subtiliswere reported to range from 54 to 96 disaccharide units in length

(Ward 1973). Very recently, however, Hayhurst et al. (2008) isolated glycan strands

as long as 5 mm (equal to c. 5,000 disaccharide units) from B. subtilis and reported an
average length of 1.3 mm (1,300 disaccharide units). In contrast, S. aureus glycan
strands are much shorter at an average of 6–9 disaccharides (Tipper et al. 1967; Ward

1973; Boneca et al. 2000). Interestingly, the nonreducing end of the glycan chains of

S. aureuswere found to lack the GlcNAcmoiety, which usually terminates the glycan

strands in other bacteria (Boneca et al. 2000).

The glycan strands within the murein are not planar sheets of parallel or

antiparallel oriented glycan chains, as in related cell wall polysaccharides of plants

(cellulose) or arthropods (chitin). The glycan chains in the murein are helically

twisted, caused by rejections of the bulky ether substituents at C3. A right-handed

a-helical structure with four disaccharide-peptide subunits generating one turn

would lead to a glycan thread from which peptides would protrude in all four

directions in space. Such a structure was assumed in older literature and it fits well

with the view of glycan strands in which every second peptide undergoes a cross-

linking within plane (a maximum of 50% crosslinks can be generated), thereby

building hexagonal meshes like a honeycomb (so-called tessera; Demchick and

Koch 1996). However, a recent aqueous solution NMR structure of a short pepti-

doglycan fragment (tetrasaccharide di-pentapeptide) indicates that the right-handed

glycan helix more likely has threefold symmetry (Meroueh et al. 2006). Assuming

that the structure of the insoluble murein macromolecule can be deduced from the

structure of a small soluble fragment, a threefold symmetry would not allow a

planar arrangement of crosslinked glycans and it would be difficult to conform to

the horizontal layer model of the murein (see Sect. 1.6).

1.3.5 Modifications in the Gram-Negative Murein Structure

In Gram-negative bacteria, the murein is embedded in two membranes, the cell

membrane and the outer membrane. It is attached to the inner face of the outer

membrane via covalent bonds to Braun’s lipoprotein (MlpA/lpp) and noncovalent

association with outer membrane protein A (OmpA) and lipoprotein PAL, both
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carrying peptidoglycan-binding modules extending into the periplasm (Nikaido

2003). In E. coli some 105 MlpA molecules connect the murein to the outer

membrane (Braun 1975). Like other lipoproteins, MlpA is bound to the inner leaflet

of the outer membrane by modification of the SH side chain of the N-terminal

cysteine with diacylglycerol, whereas the a-amino group of the cysteine, which is

released by cleavage of the signal peptide, is N-acylated. The e-amino group of the

C-terminal Lys of MlpA forms an isopeptide bond with the L-center of DAP of the

murein peptide stem (cf. Fig. 1.1 and Sect. 1.3.2). In this way, the 56-amino-acid

lipoprotein MlpA connects the outer membrane and the murein sacculus (Braun and

Bosch 1972; H€oltje 1998). The role of PAL and OmpA interactions with the murein

are not clear to date, although a function in structural integrity, OM assembly, and

cell division has been proposed (Clavel et al. 1998; Nikaido 2003; Cascales and

Lloubes 2004; Gerding et al. 2007).

Glycan strands of the murein of Gram-negative bacteria usually terminate with

1,6-anhydro MurNAc, as mentioned above (Sect. 1.3.4), which is an intramolecular

glycoside modifying the reducing end of the glycan strands. In some Gram-negative

bacteria N-acetyl substitutions of glucosamine in the glycan strands are removed.

A lack of at least 70% of N-acetyl substitutions of glucosamine of the peptidoglycan

from the Gram-negative bacterium Rhodopseudomonas viridis has been reported,

which renders the murein of this organism resistant to lysozyme (Schmelzer et al.

1982).

Although cyanobacteria are related to Gram-negative bacteria, their cell wall

contains features of the Gram-positives. First of all, the murein layer is considerably

thicker than that of most Gram-negative bacteria; from about 10 nm thickness

in Synechococcus (Golecki 1974) reaching 700 nm in large cyanobacteria like

Oscillatoria princeps (Hoiczyk and Baumeister 1995). Moreover, the extent of

crosslinking (53–63%) is more similar to that reported for Gram-positive bacteria

and the cell wall contains secondary polysaccharides (Hoiczyk and Hansel 2000).

However, the cell wall lacks teichoic acid and contains the typical Gram-negative

DAP amino acid at position 3 of the peptide side chain.

1.3.6 Modifications in the Gram-Positive Murein Structure

The murein layer of Gram-positive bacteria is much thicker than that of Gram-

negatives. The existence of multiple layers of murein in Gram-positive cell walls,

as described in many textbooks, has not been demonstrated directly, and this

concept may be an oversimplification. The cell wall of Bacillus cells usually

appears as a relatively amorphous structure between 20 and 50 nm thick that is

tightly opposed to the underlying protoplast in electron micrographs of convention-

ally fixed preparations (Shockman and Barrett 1983; Archibald et al. 1993).

Cryo-electron-microscopy on frozen-hydrated bacteria has made it possible to

observe more structural details of the cell wall in a close-to-native state and

revealed the existence of a periplasmic space in B. subtilis as well as in S. aureus
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(Matias et al. 2003; Matias and Beveridge 2005, 2006, 2007. Earlier fractionation

studies had already provided evidence for the existence of a functional homolog of

a periplasmic space in B. subtilis that contains about 9.8% of the total protein

content (Merchante et al. 1995; Pooley et al. 1996).

In most Gram-positive bacteria the crosslinkage is not a direct connection of

peptide side chains by a D,D-peptide/amide bond but involves an interpeptide bridge

(Fig. 1.2). There exists a range of different interpeptide bridges ranging from one to

seven amino acids, e.g., a pentaglycine bridge in S. aureus and an L-Ala-L-Ala

dipeptide bridge in Streptococcus pneumoniae (cf. Table 1.1). Furthermore, Gram-

positive bacteria frequently have a much higher degree of crosslinks; e.g., up to

90% of the peptide side chains of the murein of Staphylococcus aureus are involved
in crosslinks (Gally and Archibald 1993).

Some Gram-positive pathogens, Bacillus sp. (B. cerus, B. anthracis, etc.) as well
S. aureus and Streptococcus sp. have a high intrinsic resistance to lysozyme (Araki

et al. 1972; Zipperle et al. 1984; Vollmer 2008). This has been attributed to either

O-acetylation of MurNAc residues or de-N-acetylation of GlcNAc and MurNAc

residues in the glycan backbone of the murein (Zipperle et al. 1984; Clarke and

Dupont 1992; Severin et al. 2004; Bera et al. 2005, 2006; Psylinakis et al. 2005;

Herbert et al. 2007). Although O-acetylation is more commonly observed in Gram-

positive bacteria, it has also been recognized in some Gram-negative pathogens

(Neisseria sp., Helicobacter pylori and Proteus mirabilis). Bacillus subtilis lacks
O-acetylation of murein, but contains de-N-acetylated amino sugars. Interestingly,

two B. subtilis laboratory strains (strains 168 and W23) significantly differ in

the degree of de-N-acetylation (Vollmer 2008). In B. subtilis W23 only GlcNAc

residues of the glycan backbone of murein are deacetylated (16%), whereas in

B. subtilis 168 GlcNAc and MurNAc, are particially N-deacetylated (19 and 33%,

respectively). Recently, peptidoglycan O-acetyltransferases and N-deacetylases
have been cloned and characterized from S. aureus, S. pneumoniae, B. subtilis
and B. cereus (Vollmer and Tomasz 2000; Fukushima et al. 2002; Bera et al. 2005,

2006; Psylinakis et al. 2005). O-acetyltransferases transfer the acetyl group to the

C6 hydroxyl of MurNAc (Vollmer 2008), whereas the peptidoglycan N-deacety-
lases differ in their substrate specificity and deacetylate either GlcNAc or MurNAc

residues or both.

PdaA of B. subtilis deacetylates GlcNAc, but not MurNAc residues (Fukushima

et al. 2002; Blair and van Aalten 2004). It is required for the formation of muramic

d-lactam during sporulation of B. subtilis (Fukushima et al. 2002). The peptidoglycan

of the outer, thick layer (cortex) of endospores has a characteristic structure. Every

second MurNAc residue in the cortex is a muramic acid d-lactam, which is

generated by the action of PdaA and the amidase CwlD that removes the peptidyl

side chain from de-N-acetylated MurNAc-peptides while forming an intramolecu-

lar d-lactam ring between the free 2-amino group and the C3-lactyl substituent

(Sekiguchi et al. 1995). In addition, approximately 23% of the stem peptides are

present as single L-Ala and 26% have a tetrapeptide chain. Moreover, only about

3% of the cortex is crosslinked (Foster and Popham 2002). These unique features of

the cortex murein are important for specific germination-specific lytic enzymes,
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which cleave the cortex but leave the underlying primordial cell wall, which

basically has the same structure as the vegetative cell wall, untouched (Popham

et al. 1996; Makino and Moriyama 2002).

The cell wall of Gram-positives contains additional components not found

within Gram-negatives. Most Gram-positive bacteria incorporate glycopolymers

(CWGs) in their cell wall (Weidenmeier and Peschel 2008). Acidic polysacchar-

ides, teichoic acids, or teichuronic acids are either membrane-anchored (lipotei-

choic acids, LTA) or covalently attached to the murein sacculus (wall teichoic

acids, WTA) through MurNAc-phosphodiester bonds and usually via a special

linkage unit (cf. Chap. 6).

1.3.7 Mycobacterial Murein

Mycobacterium spp. produce a unique cell envelope structure which contains

an outer membrane-like layer covering a complex mycolyl-arabinogalactan-

peptidoglycan cell wall (Brennan and Nikaido 1995). Although the peptido-

glycan within this complex is classified as the common type A1g (Schleifer and

Kandler 1972) (Fig. 1.2), it has some unique features, including the occurrence

of N-glycolylmuramic acid (MurNGly) (Adam et al. 1969; Azuma et al. 1970;

Wietzerbin-Falszpan et al. 1970). N-Glycolylation is a rare carbohydrate modifica-

tion seen only for muramic acid in actinobacteria and for neuraminic acids (sialic

acids) in eukaryotes. Only five other genera of bacteria – Rhodococcus, Tsukamur-
ella, Gordonia, Nocardia, and Micromonospora, all belonging to the class Actino-

mycetales, which are closely related to mycobacteria – have N-glycolylmuramic

acid in their peptidoglycan (Holt et al. 1994; Vollmer 2008). The glycoyl modifica-

tion is introduced in the soluble, cytoplasmic precursors of murein biosynthesis

(cf. Sect. 1.4). The namH gene encodes a UDP-MurNAc hydroxylase (monooxy-

genase), that oxidizes the acetamido group of the murein precursor in the presence

of molecular oxygen and NADPH (Raymond et al. 2005). A namH mutant

lacks N-glycolate modification and was rendered hypersensitive to lysozyme and

b-lactam antibiotics. It has been hypothesized that the glycolyl (additional hydroxyl

group) stabilizes the cell wall through hydrogen bonding (Brennan and Nikaido

1995). The peptidoglycan structure in the readily cultivable M. smegmatis and in

M. tuberculosis contains both, N-glycolylated and N-acetylated, muramic acid resi-

dues. Other modifications include: amidation at the free carboxylic acid of DAP and

D-Glu, direct crosslinkage between meso-diaminopimelic acid residues, and substitu-

tion of L-Ala by Gly in the peptide side chains (Petit et al. 1969; Azuma et al. 1970;

Wietzerbin-Falszpan et al. 1973; Wietzerbin et al. 1974; Salton 1994; Petit et al.

1975; Phiet et al. 1976). In contrast, the peptidoglycan from in vivo derived non-

cultivable Mycobacterium leprae has recently been shown to contain murein, which

is exclusively N-acetylated, but carries glycine residues instead of D-Ala in the

uncrosslinked peptide side chains (Draper et al. 1987; Mahapatra et al. 2008).
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1.3.8 Cell Wall-less Bacteria and L-Forms

Under certain environmental conditions (including iso-osmotic mileu) some bacterial

species, e.g. intracellular pathogens, can do without a murein layer. No b-lactamase

activity was found inMycoplasma pneumoniae, Chlamydia pneumoniae, and Planc-
tomycetes, which indicates the lack of murein (Claus et al. 2000). The Mollicutes

(Spiroplasma, Mycoplasma, and Acholeplasma) are eubacteria derived from Clostri-
dia by regressive evolution and genome reduction to produce the smallest and

simplest self-replicating cells. They are characterized by a complete lack of a cell

wall (Balish and Krause 2006; Trachtenberg 2006). A group of free-living bacteria

that are abundant in aquatic habitats, which lack murein, are the Planctomycetes.

They are morphologically different from other bacteria and very likely have second-

arily lost their murein during evolution. The existence of murein in Chlamydiae has

been debated for several years. The fact that Chlamydiae are susceptible to b-lactam
antibiotics (and other antibiotics acting on the cell wall), but no muramic acid or

murein could be detected is known in the literature as the chlamydial anomaly (Fox

et al. 1990; Moulder 1993; Ghuysen and Goffin 1999). Penicillin binding proteins

have been identified in Chlamydiae, all of which are monofunctional amidases but no

gene involved in glycosyl transfer was recognized (Claus et al. 2000; McCoy and

Maurelli 2005, 2006; Pavelka 2007). Recently, genome analyses revealed that a

nearly complete set of murein biosynthetic genes exists, most of which were shown

to be functional in vitro and expressed in Chlamydiae (Griffiths and Gupta 2002;

McCoy et al. 2003; Skipp et al. 2005). Hence, some kind of murein layer very likely

exists in Chlamydiae and it has been speculated that this layer might be solely

composed of crosslinked peptides, which would explain the absence of glycosyl

transferases in these organisms (Ghuysen and Goffin 1999).

Cell wall-less forms of bacteria, so-called L-forms, can be generated by treat-

ment with penicillin and propagation under osmoprotected conditions. were first

isolated in the 1930s by Emmy Klieneberger, and characterized as small, myco-

plasma-like, spherical, and osmosensitive cells that grew only on plates of hyper-

tonic complex medium. Unstable and stable forms can be distinguished by their

property to return (revert) to their original morphology. Recently evidence has been

provided that unstable, revertable L-forms might contain at least small amounts of

murein required for cell division (Casadesus 2007).

1.4 Murein Biosynthesis

Murein biosynthesis is almost identical in Gram-positive and Gram-negative bacteria

and occurs in three different cellular compartments: (1) the cytoplasm, where the

soluble nucleotide precursors (UDP-GlcNAc and UDP-MurNAc-peptides, also

known as “Park’s nucleotides”) are synthesized, (2) the cytoplasmic membrane,

where lipid-linked intermediates (lipid I, lipid II) are generated at the inner sur-

face of the cell membrane and translocated (lipid II) to the outer surface of the
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cell membrane, and (3) the extracellular or periplasmic compartment, where the

membrane-bound disaccharide-peptide units of lipid II are polymerized and cross-

linked by murein synthases. Here we provide a brief overview of murein biosyn-

thesis (see also Fig. 1.4). For more detailed information we refer to recent review

articles (Archibald et al. 1993; van Heijenoort 1994; H€oltje 1998; van Heijenoort

1998, 2001a, b, 2007; Barreteau et al. 2008; Bouhss et al. 2008; Sauvage et al. 2008;

Vollmer and Bertsche 2008).

1.4.1 Peptidoglycan Precursor Synthesis

In the cytoplasm and on the inner side of the cytoplasmic membrane the assembly

of the peptidoglycan precursors takes place in four stages of reactions:

1. Formation of UDP-GlcNAc (by GlmS; GlmM; GlmU)

2. Formation of UDP-MurNAc (by MurA (MurZ) and MurB)

3. Formation of UDP-MurNAc-peptides (by MurC to MurF)

4. Formation of lipid-linked murein precursors (by MraY (MurX), and MurG).

Formation of UDP-GlcNAc. UDP-GlcNAc is synthesized from fructose-

6-phosphate by four enzymes (van Heijenoort 2001b; Barreteau et al. 2008).

Glucosamine-6-phosphate synthase (GlmS), the first enzyme in the biosynthesis

of UDP-GlcNAc, catalyzes the conversion of D-fructose-6-phosphate to D-glucos-

amine-6-phosphate, using L-glutamine as the source of ammonia but not exogenous

ammonia (Badet et al. 1987). GlmS is a bifunctional enzyme that carries an

N-terminal aminotransferase (glutaminase) and a C-terminal isomerase domain.

Ammonia produced by glutamine hydrolysis is trapped by the first domain and

channeled to the isomerase domain, where it acts as a nucleophile in a Schiff base

reaction (Teplyakov et al. 1999, 2001, 2002; Mouilleron and Golinelli-Pimpaneau

2007; Mouilleron et al. 2008). We should mention here that the GlmS-catalyzed

reaction is the central, rate-determining step and branching point of amino sugar

metabolism in many organisms. Hence, it is tightly controlled and subject to

interesting regulatory features that include riboswitches (B. subtilis) and small

regulatory RNAs (E. coli) (Winkler et al. 2004; Kalamorz et al. 2007; Reichenbach

et al. 2008; Urban and Vogel 2008). Phosphoglucosamine mutase (GlmM), the

second enzyme, catalyzes the inter-conversion of glucosamine-6-phosphate and

glucosamine-1-phosphate (Mengin-Lecreulx and van Heijenoort 1996; Jolly et al.

1999). In some Gram-positive pathogens GlmM is known as FemD, since it

has been discovered as a Fem factor (“factor essential for methicillin resistance”)

(Berger-Bächi et al. 1992; Wu et al. 1996). GlmM is a typical hexose phosphate

mutase that is activated by phosphorylation on a serine residue by glucosamine

1,6-diphosphate, the intermediate of the catalytic process. The third enzyme, GlmU,

is a bifunctional enzyme that catalyzes acetyl and uridyl transfer. In a first step,

GlmU acts as glucosamine-1-phosphate acetyltransferase, catalyzing the transfer of

an acetyl group from acetyl-coenzyme A (AcCoA) to glucosamine-1-phosphate
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(GlcN-1-P) yielding GlcNAc-1-phosphate. In a second step, GlmU acts as

N-acetylglucosamine-1-phosphate uridyltransferase, catalyzing the transfer of

UMP from UTP onto GlcNAc-1-phosphate to yield UDP-GlcNAc (Hove-Jensen

1992; Mengin-Lecreulx and van Heijenoort 1993, 1994; Brown et al. 1999).

Formation of UDP-MurNAc. UDP-MurNAc is formed in a two-step, addition-

elimination mechanism by the enzymes MurA (formerly known as MurZ) and

MurB (van Heijenoort 2001b; Barreteau et al. 2008). Transferase MurA catalyzes

the transfer of enolpyruvate from phosphoenolpyruvate (PEP) to the 3-hydroxyl

group of GlcNAc yielding UDP-GlcNAc-enolpyruvate. Thereafter the reductase

MurB, a flavoprotein, converts the enolpyruvyl substituent to D-lactyl yielding

UDP-MurNAc as final product. In the first half reaction of MurB, FAD is reduced

to FADH2 by NADPH, and in the second half reaction the vinyl enol is reduced by

FADH2 (Barreteau et al. 2008). MurA and MurB are essential in E. coli and other

Gram-negative bacteria, while Gram-positive bacteria usually have two paralogs of

MurA (MurA1 and A2). MurA is inhibited by the epoxide fosfomycin, a structural

analog of PEP, which covalently traps the active site cysteine of MurA (Eschenburg

et al. 2005).

Formation of UDP-MurNAc-peptides. The peptide chain is attached to UDP-

MurNAc by an ATP-dependent stepwise addition of single amino acids catalyzed

by three Mur ligases (MurC,D,E) (van Heijenoort 2001b; Barreteau et al. 2008;

Vollmer and Bertsche 2008). The first amino acid (L-Ala) is added by ligase MurC

and the second amino acid (D-Glu) is transferred by MurD (D-amino acid amino

transferase). D-Glu is generated from L-Glu by glutamate racemase (MurI) in

E. coli, whereas B. subtilis and other Gram-positive bacteria possess two glutamate

racemases (RacE and RacE2/YrpC). The third amino acid, a di-amino acid (DAP in

Gram-negative bacteria and most bacilli, but L-Lys in most Gram-positive bacteria,

e.g., S. aureus), is added by ligase MurE. In some bacteria, like B. subtilis, the DAP
residues are amidated on their free carboxyl group, prior to the action of the Mur-

ligases, by an unknown mechanism (Mengin-Lecreulx and van Heijenoort 1994).

In a last step, a D-Ala-D-Ala dipeptide is added by ligase MurF (Healy et al. 2000),

generating positions 4 and 5 of the stem peptide, which are important for the

crosslinkage reaction by transpeptidases (cf. Fig. 1.1). The dipeptide D-Ala-D-Ala,

in turn, is generated by D,D-amino acid ligases (DdlA and B) (Zawadzke et al. 1991;

Ellsworth et al. 1996).

In some Gram-negative bacteria like E. coli there is a fifth, but nonessential

murein ligase, Mpl (Mengin-Lecreulx et al. 1996). Mpl is active in the murein

recycling pathway (see below) and adds the intact tripeptide L-Ala-iso-D-Glu-DAP,

which is released from cell wall turnover products, onto UDP-MurNAc (Park and

Uehara 2008).

Formation of lipid-linked murein precursors. The formation of the lipid-linked

intermediates begins with the transfer of the phospho-MurNAc-pentapeptide

moiety of the cytoplasmic UDP-MurNAc-penta-peptide to the membrane acceptor

undecaprenyl phosphate (C55 ~ P, also known as bactoprenol phosphate) to yield

undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide (lipid I) (Anderson et al.

1965; van Heijenoort 2007; Barreteau et al. 2008; Bouhss et al. 2008). This first
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membrane step is catalyzed by the transferase MraY (UDP-MurNAc-Ala-iso-

D-Glu-DAP/L-Lys-D-Ala-D-Ala: undecaprenyl phosphate phospho-N-acetyl-mura-

moyl-pentapeptide transferase; formerly named MurX) on the inner side of the

cytoplasmic membrane (Anderson et al. 1965; van Heijenoort 2001b; Barreteau

et al. 2008; Bouhss et al. 2008). Thereafter, the N-acetylglucosamine transferase

MurG catalyzes the addition of N-acetylglucosamine (GlcNAc) from UDP-GlcNAc

to lipid I yielding undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide-GlcNAc

(lipid II) (Anderson et al. 1965; van Heijenoort 2001b, 2007; Barreteau et al.

2008; Bouhss et al. 2008). MurG belongs to the glycosyltransferase superfamily

B (GT-B), and the crystal structure of the E. coli enzyme in complex with the donor

substrate UDP-GlcNAc has been solved (Hu et al. 2003).

In some Gram-positive bacteria, lipid II is further modified by glycine or

L-amino acids into the side chain, which is performed by a unique family of

nonribosomal, peptide bond-forming enzymes that use aminoacyl-tRNA as the

substrate (Fem and Bpp transferases in S. aureus and E. faecalis, respectively).
Fem factors (“factors essential for methicillin resistance”) had been identified

by transposon mutagenesis, and their inactivation reduces methicillin resistance

(Berger-Bächi et al. 1992; Stranden et al. 1997). In S. aureus five glycine residues
are added to the e-amino-group of the L-Lys residue at position 3 by the action of

three enzymes (Navarre and Schneewind 1999). FmhB specifically adds the first

glycine residues, FemA the second and third ones, and finally FemB the fourth and

fifth glycine residues of peptide cross-bridges (de Jonge et al. 1993; Henze et al.

1993; Ehlert et al. 1997; Navarre and Schneewind 1999; Rohrer et al. 1999; van

Heijenoort 2001b; Foster and Popham 2002).

1.4.2 Translocation of Lipid II Across the Cell Membrane

Lipid II is translocated across the hydrophobic environment of the cytoplasmic

membrane by a still unknown mechanism. It had been recognized that a protein is

involved in the lipid II translocation, a hypothetical flippase, and that this event is

coupled with murein synthesis (van Dam et al. 2007). RodA and FtsW were

proposed as possible candidates for flippase, since these membrane proteins, in

association with PBPs, were found to be essential for murein synthesis and/or result

in filamentation (Ishino et al. 1986; Ikeda et al. 1989; Ehlert and H€oltje 1996; Boyle
et al. 1997). However, very recently, MurJ (MviN) was identified as a lipid II

flippase of E. coli in a bioinformatic approach by searching for minimal neccessity

of membrane proteins (Ruiz 2008). MurJ is essential and required for murein

biosynthesis. Depletion of the corresponding gene causes accumulation of lipid

II and the cells show morphological defects and eventually burst. The flippase

was assigned to the multi-antimicrobial extrusion (MATE) superfamily to which

drug-proton symporters belong, as well as RfbX (Wzx), WzxE, and SpoVB, all

membrane proteins involved in the production of extracellular polysaccharides

(Inoue et al. 2008; Ruiz 2008).
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1.4.3 Peptidoglycan Polymerization by Murein Synthases

The last stage of peptidoglycan biosynthesis occurs at the outside of the cytoplas-

mic membrane and within the periplasmic space and/or cell wall compartment.

In Gram-negative bacteria, murein synthases are monofunctional glycosyl trans-

ferases (GT), bifunctional glycosyl transferase/transpeptidases (GT/TP), or mono-

functional transpeptidases (TP) (Park and Matsuhashi 1984; Di Berardino et al.

1996). MtgA, the monofunctional GT of E. coli, is capable of polymerizing glycan

strands but does not crosslink the peptides (Di Berardino et al. 1996; Vollmer and

Bertsche 2008). In B. subtilis monofunctional GT do not exist (Foster and Popham

2002). All murein synthases have a short N-terminal cytoplasmic part and are

anchored to the cytoplasmic membrane by a transmembrane region (Vollmer and

Bertsche 2008). In the literature GT often are erroneously called transglycosylases;

however, they catalyze a glycosyl transfer rather than a transglycosylation reaction.

GT transfer the growing, lipid-linked peptidoglycan strand, having the first MurNAc

activated at the reducing end (C1) by a pyrophosphate (donor), onto the C-4 carbon

of the N-acetylglucosamine residue of lipid II (acceptor) (Archibald et al. 1993).

Hence, the peptidoglycan chain grows at the reducing end, but protrudes to the cell

wall with its nonreducing end (cf. Fig. 1.3) (Lovering et al. 2007; Yuan et al. 2007).

Polymerization of lipid II molecules by GT yields linear glycan strands of variable

length, dependent on the enzyme’s preference (Yuan et al. 2007).

The b-1,4-heteroglycan strands that have been polymerized by GT are cross-

linked and incorporated into the preexisting cell wall by TP, which catalyze the

crosslinking between peptide subunits (Archibald et al. 1993; H€oltje 1998; Navarre
and Schneewind 1999; van Heijenoort 2001b; Foster and Popham 2002; Scheffers

and Pinho 2005). During this reaction, undecaprenyl-pyrophosphate is released

and then dephosphorylated yielding the lipid carrier bactoprenol and flipped back

to serve again as a lipid II carrier (El Ghachi et al. 2005; van Heijenoort 2007).

Transpeptidation is a two-step mechanism for crosslinking the glycan strands of the

murein through peptide bonds. In Gram-negative bacteria and bacilli, the peptides

can be crosslinked directly between the amino group of DAP at position 3 of one

peptide and the carboxy terminus of the D-Ala residue at position 4 of another

peptide. In most Gram-positive bacteria the peptides are crosslinked through cross-

bridge peptides such as pentaglycine in S. aureus and D-Ala-D-Ala in S. pyogenes
(cf. Fig. 1.2 and Sect. 1.3.2). In the first step, the bond between the dipeptide

D-Ala-D-Ala is cleaved with formation of an enzyme-substrate intermediate and

concomitant release of the terminal D-Ala. The second step involves the transfer

of the tetrapeptidyl group to the acceptor, which is the non-a amino group of the

di-basic amino acid in a second stem peptide in bacteria with direct crosslinking

(Gram-negative bacteria and bacilli) or the last amino acid of the cross-bridge

peptides in most Gram-positve bacteria. Enzymes with D,D-TP activity are known

as penicillin-binding proteins (PBPs), since they covalently bind penicillin

and other b-lactam antibiotics, which structurally resembling the substrate of the

D,D-TP, the D-Ala-D-Ala motif of the stem peptide.

24 S. Litzinger and C. Mayer



F
ig
.
1
.3

O
v
er
v
ie
w

o
f
m
u
re
in

b
io
sy
n
th
es
is
,
ca
ta
b
o
li
sm

,
an
d
tu
rn
o
v
er
/r
ec
y
cl
in
g
in

E
.
co
li
an
d
in
te
rp
la
y
o
f
th
e
p
at
h
w
ay
s.
S
ee

te
x
t
fo
r
m
o
re

in
fo
rm

at
io
n
o
n

sp
ec
ifi
c
en
zy
m
es

an
d
al
so

T
ab
le

1
.2

fo
r
d
et
ai
ls
o
n
th
e
sp
ec
ifi
ci
ty

an
d
fu
n
ct
io
n
o
f
h
ig
h
-m

o
le
cu
la
r-
w
ei
g
h
t
p
en
ic
il
li
n
-b
in
d
in
g
p
ro
te
in
s
(H

M
W
-P
B
P
s)
an
d
lo
w
-

m
o
le
cu
la
r-
w
ei
g
h
t
p
en
ic
il
li
n
-b
in
d
in
g
p
ro
te
in
s
(L
M
W
-P
B
P
)

1 The Murein Sacculus 25



L,D-TP, another class of peptidoglycan crosslinking enzymes, were previously

shown to bypass the D,D-TP activity of the classical penicillin-binding proteins

(PBPs) leading to high-level cross-resistance to glycopeptide and b-lactam anti-

biotics (cf. Fig. 1.1) (Mainardi et al. 2002; Biarrotte-Sorin et al. 2006; Cremniter

et al. 2006). L,D-TP homologues from B. subtilis, Enterococcus faecalis and

E. faecium crosslink their cognate disaccharide-peptide subunits containing DAP,

L-Lys-L-Ala-Ala, and L-Lys-D-iso-asparagine at the third position of the stem

peptide, respectively (Dramsi et al. 2008). L,D-TP differ in their capacity to hydro-

lyze the tetrapeptide (L,D-carboxypeptidase activity) and pentapeptide (L,D-endo-

peptidase activity) stems, in addition to the common crosslinking activity.

In contrast, sortases (see Chap. 9), which are enzymes that covalently bind proteins

to the murein, such as StrA of S. aureus cleave the Thr-Gly peptide bond of the

sorting signal and transfer the a-amino group of the pentaglycine to the carboxyl of

the Thr side chain (L,L-TP reaction, protein sorting).

PBPs can be divided into two classes: high-molecular-weight PBPs (HMW-

PBPs) and low-molecular-weight PBPs (LMW-PBPs) (Table 1.2) (Ghuysen 1991;

Goffin and Ghuysen 1998). HMW-PBPs consist of two domains located in the

periplasm. The C-terminal domain always has a penicillin-binding motif (penicillin-

binding domain), which catalyzes the crosslinking of the peptides. HMW-PBPs

can be further divided into class A and class B, depending on the activity of the

N-terminal domain (Goffin and Ghuysen 1998), (Anderson et al. 1965). Class A

PBPs are bifunctional enzymes and their N-terminal domain has GT activity.

Hence, class A PBPs allow polymerization of glycan strands as well as forma-

tion of crosslinks between peptides. In contrast, class B PBPs are monofunc-

tional TP with a noncatalytic periplasmic N-terminal domain whose function is

unknown; presumably it participates in protein–protein interactions (Anderson

et al. 1965; Terrak et al. 1999). In the murein sacculus of bacteria not all

peptides are crosslinked and LMW-PBPs exist, which act as carboxypeptidases.

D,D-Carboxypeptidases hydrolyze the peptide bonds between the terminal dipep-

tide D-Ala-D-Ala, thereby preventing crosslinking of that peptide.

The function of the PBPs has been investigated mainly in the model organisms

E. coli and B. subtilis as well as pathogens (e.g., S. aureus and S. pneumoniae)
through mutations in the different PBP coding genes (Table 1.2). PPB1A and PBP1B

of E. coli are the class A murein synthases with high activity. Since they can

complement each other, they are not essential for growth, but a deletion of both

genes is lethal. PBP1C of E. coli is of minor abundance and cannot substitute PBP1A

and PBP1B for cell growth. Time-course experiments of murein synthesized from

radioactive lipid II precursors revealed that PBP1A, unlike PBP1B, requires the

presence of polymerized glycan strands carrying monomeric peptides for crosslink-

ing activity. PBP1Awas capable of attaching nascent murein to nonlabeled sacculi by

transpeptidation reactions, in which monomeric tri- and tetrapeptides in the sacculi

were the acceptors (Bertsche et al. 2005; Born et al. 2006). In B. subtilis four class A
PBPs exist. Mutation of PBP1A and PBP1B of B. subtilis shows slow growth,

abnormal cell morphology, and formation of asymmetric sporulation septa (Scheffers

and Errington 2004). Additional mutations of PBP2c and PBP4 result in further

26 S. Litzinger and C. Mayer



T
a
b
le

1
.2

P
en
ic
il
li
n
-b
in
d
in
g
p
ro
te
in
s
(P
B
P
s)

o
f
se
le
ct
ed

b
ac
te
ri
a:

cl
as
si
fi
ca
ti
o
n
an
d
fu
n
ct
io
n

S
p
ec
ie
s

H
ig
h
-m

o
le
cu
la
r
w
ei
g
h
t
P
B
P
s

L
o
w
-m

o
le
cu
la
r
w
ei
g
h
t
P
B
P
s

C
la
ss

A

(t
ra
n
sf
er
as
e/

tr
an
sp
ep
ti
d
as
e)

C
la
ss

B
(t
ra
n
sp
ep
ti
d
as
es
)

E
lo
n
g
at
io
n

D
iv
is
io
n

S
p
o
ru
la
ti
o
n
o
r

u
n
k
n
o
w
n
fu
n
ct
io
n

C
ar
b
o
x
y
p
ep
ti
d
as
es

E
n
d
o
p
ep
ti
d
as
es

b-
L
ac
ta
m
as
eo
r

u
n
k
n
o
w
n
fu
n
ct
io
n

B
.
su
bt
il
is

P
B
P
1
(p
on

A
)

P
B
P
2
a
(p
bp

A
)

P
B
P
2
b
(p
bp

B
)

P
B
P
3
(p
bp

C
)

P
B
P
5
(d
ac
A
)

P
B
P
4
*
(p
bp

E
)

Y
b
b
E
(y
bb

E
)

P
B
P
2
c
(p
bp

F
)

P
b
p
H
(p
bp

H
)

P
B
P
4
b
(p
bp

I)
P
B
P
5
P
*
(d
ac
B
)

P
b
p
X
(p
bp

X
)

P
B
P
4
(p
bp

D
)

S
p
o
V
D
(s
po

V
D
)

P
B
P
4
a
(d
ac
C
)

P
B
P
2
d
(p
b
pG

)
D
ac
F
(d
ac
F
)

E
.
co
li

P
B
P
1
a
(p
on

A
)

P
B
P
2
(p
bp

A
)

P
B
P
3
/F
ts
I

(p
bp

B
)

P
B
P
5
(d
ac
A
)

P
B
P
4
(d
ac
B
)

A
m
p
C
(a
m
pC

)

P
B
P
1
b
(p
o
nB

)
P
B
P
6
(d
ac
C
)

P
B
P
7
(p
bp

G
)

A
m
p
H

(a
m
pH

)

P
B
P
1
c
(p
bp

C
)

P
B
P
6
b
(d
ac
D
)

M
ep
A
(m

ep
A
)

P
B
P
4
b
(y
fe
W
)

S.
au

re
u
s

P
B
P
2
(p
bp

B
/p
bp

2
)

P
B
P
3
(p
bp

C
)

P
B
P
1
(p
bp

A
)

P
B
P
2
a
(m

ec
A
)

P
B
P
4
(p
bp
D
)a

S.
p
ne
u
m
o
ni
ae

P
B
P
1
a
(p
bp

1a
)

P
B
P
2
b
(p
bp

2b
)

P
B
P
2
x
(p
bp

2x
)

P
B
P
3
(d
ac
A
)

P
B
P
1
b
(p
b
p1

b)
P
B
P
2
a
(p
bp

2a
)

a
tr
an
sp
ep
ti
d
as
e
ac
ti
v
it
y

1 The Murein Sacculus 27



reduction of the growth, while these mutations alone have no effect on growth

(Scheffers and Errington 2004). PBP2c and 2d, as well as 4b, have no obvious role

in vegetative murein synthesis but do play a role in spore cell wall synthesis

(McPherson et al. 2001; Wei et al. 2004). For an overview of the complete sets of

PBPs of selected bacteria and their classification and function, see Table 1.2.

Class B PBPs of E. coli, PBP2, and B. subtilis, PBP2a and PbpH, are involved in
maintenance of the cell shape during elongation, while PBP3 of E. coli and PBP2b

of B. subtilis are required for cell division (Spratt 1975; Spratt and Pardee 1975;

Yanouri et al. 1993; Wei et al. 2003). Interestingly, the monofunctional class B

transpeptidases of E. coli were also shown to differ in substrate specificity; PBP3

has a preference for tripeptide and PBP2 for pentapeptide side chains (Botta and

Park 1981; Pisabarro et al. 1985; Begg et al. 1990).

Recently, the structure of a bifunctional murein synthase (PBP2, the only

bifunctional PBP of Staphylococcus aureus) including its transpeptidase (TP)

and GT domains was solved in complex with the substrate analog moenomycin

(Lovering et al. 2007). The GT adopts a fold distinct from those of other transferase

classes and provides insights into the progessive catalytic mechanism and

key interactions required for enzyme inhibition (Fig. 1.4) (Lovering et al. 2007;

Yuan et al. 2007, 2008).

1.5 Localization of Murein Synthesis and Morphogenesis

The characteristic shape of bacteria has traditionally been attributed to the cell wall.

Undoubtedly, the exoskeleton-like murein is responsible for maintaining the char-

acteristic form of the cell. However, it has become evident in recent years that other

factors in turn direct the murein biosynthesis machinery during cell expansion and

division, thereby controlling the shape of the sacculus. Insertion of new murein into

the existing sacculus has to be precisely regulated in space and time during the

bacterial cell cycle to generate two new daughter cells of defined cell shape. In rod-

shaped bacteria, longitudinal growth, by which a regular cylindrical surface is

generated (elongation), needs to alternate with constrictive growth, by which a

transversal wall at the cell center is formed that further develops into new cell poles

(cell division).

There are many reports in the literature of mutant strains impaired in cell

morphology. Mostly, these changes affect conversion of a rod into a coccus

(there is no report of a morphological change the other way around), formation of

short rods or minicells, and the occurrence of unseparated filamentous cells or

chains of cells (Goodell and Schwarz 1975; Nanninga 1998; den Blaauwen et al.

2008; Zapun et al. 2008b). These findings indicated very early that cell elongation

and division are separate events, which are controlled by a range of delicately

balanced factors (cf. (H€oltje 1998; Nanninga 1998)). Mutations affecting cell shape

frequently locate in genes involved in cell wall synthesis; however, in addition,

morphogenes were identified which have no obvious connection to murein
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Fig. 1.4 Structure of the bifunctional GT/TP of Staphylococcus aureus (PBP2) and proposed

mechanism for lipid II polymerization by the GT domain. To simplify these diagrams, the peptide

substituents on lipid II have been omitted. (a) Schematic for lipid II polymerization. For clarity, R1

and R2 groups are used in place of theO-lactyl and NHAc groups, respectively. In this model, lipid

II is the acceptor (right side), and the growing glycan chain is the donor (left side); both are bound
via undecaprenyl (C55H89) pyrophosphate. Residue E114 acts to deprotonate the acceptor 4-OH

group, which concomitantly attacks C1 of the donor, in an SN2-like reaction that inverts the

a-linked precursors into a b-1,4-linked product. Residue E171 may assist this process by direct

protonation of the phosphate-sugar bond or by stabilizing the pyrophosphate group through

interaction with a divalent cation. (b) Spatial representation of the lipid II polymerization

model. The membrane interface (horizontal black line), transmembrane region (vertical blue
rectangle), and missing polypeptide in the structure (dotted blue line) are shown for effect. The

protein structure is unmodified from the moenomycin-bound complex, with the growing glycan-

chain donor (left side) modeled over the moenomycin structure and the lipid II acceptor (right side)
fitted manually between the glycan-chain donor and the E114 catalytic residue (shown with E171

in stick form). After polymerization, the product would be translocated in the direction denoted by

the yellow arrow. (c) Detail of active-site pockets and cleft. Residues E114 and E171 are shown in
space-filling form. The electrostatic potentials (red, negative; blue, positive) indicate a conserved
region of positive charge across the middle of the pocket. This region binds the phosphoric acid

diester group of the moenomycin structure and is located in a position to bind both pyrophosphates

in the substrate model. (d) Details of the hydrophobic platform of the GT fold presumably

interacting with the membrane. The view is approximately 90� from (c), with residues shown in

stick form. Green, hydrophobic platform; gray, E114 and E171. The picture was taken from

Lovering et al. (2007). Reprinted with permission from AAAS
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synthesis (Normark 1969; Matsuzawa et al. 1973; Lutkenhaus et al. 1980; Aldea

et al. 1988). Round phenotypes can be generated by inhibition of a range of

enzymes or mutations/deletions of the corresponding genes (rod mutants), e.g.,

rodA and mreD (rodB), mreC (and pbp2), or by overexpression (e.g., bolA) (Matsuzawa

et al. 1973; Spratt and Pardee 1975; Wachi et al. 1987, 1989; Aldea et al. 1988;

Varley and Stewart 1992; Henriques et al. 1998; de Pedro et al. 2001). These

proteins are involved in the organization of murein synthesis during elongation.

Moreover, “filamentation thermosensitive mutants” (fts mutants) were isolated that

exhibited normal cell morphology at low temperature, but grew as elongated cells

upon shift to 42�C (Pagès et al. 1975; Ishino et al. 1989). These proteins are

localized at midcell and are involved in cell division (den Blaauwen et al. 2008).

1.5.1 Bacteria Cytoskeletal Elements Direct Murein

In the late 1990s prokaryotic actin and tubulin homologs (Mbl, MreB, and FtsZ,

respectively) were discovered among bacterial morphogenes (Erickson 1995; L€owe
and Amos 1998; van den Ent et al. 2001a). High-resolution fluorescence microscopy

using GFP-fusion proteins allowed the identification of their cell cycle-dependent

distributionwithin living cells (see recent reviews: van den Ent et al. 2001b; Errington

2003; Young 2003; Cabeen and Jacobs-Wagner 2005; Scheffers and Pinho 2005;

Cabeen and Jacobs-Wagner 2007; Carballido-Lopez and Formstone 2007; Osborn

and Rothfield 2007; den Blaauwen et al. 2008; Zapun et al. 2008b).

The involvement of actin-like cytoskeletal elements (MreB and its paralogs Mbl

and MreBH) in cell shape determination and localization of the peptidoglycan

synthesis machinery were first recognized in B. subtilis and later in other bacteria

(Jones et al. 2001; Daniel and Errington 2003; Shih et al. 2003; Figge et al. 2004).

They form dynamic helical structures just beneath the cytoplasmic membrane

extending from pole to pole in rod-shaped cells as analyzed by fluorescence

microscopy using GFP-fusions (Jones et al. 2001; Daniel and Errington 2003;

Errington et al. 2003). Intriguingly, orthologs of MreB have not been found in

most genomes of coccoid bacteria (Zapun et al. 2008b). Thus, the absence of a

cylindrical sidewall in cocci may be caused by the absence of an actin-like

cytoskeleton that directs murein synthesis towards longitudinal growth. MreB

(Gram-negative rods) and Mbl (Gram-positive rods) are essential for murein syn-

thesis along the lateral wall, and hence for the rod shape of the cell. They colocalize

with further morphogenetic proteins and cell wall synthesizing enzymes (Cabeen

and Jacobs-Wagner 2005, 2007; Scheffers and Pinho 2005).

Widely distributed in bacteria, both in rod shaped and coccoid cells, is the

tubulin homolog FtsZ (Goehring and Beckwith 2005). FtsZ polymerizes in a

GTP-dependent fashion and builds a highly dynamic ring-like structure in the cell

center. The formation of the Z-ring is the first step towards cell division and is

required for the localization of other components, which assemble into the divisome

at the cell center (den Blaauwen et al. 2008).
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The murein insertion into the cell wall of growing Bacillus cells was visualized
by an elegant method using fluorescent derivatives of the peptidoglycan-binding

antibiotics such as vancomycin and ramoplanin, which label the externalized but

unincorporated murein precursor lipid II and nascent murein (Daniel and Errington

2003; Tiyanont et al. 2006). Helical staining patterns could be visualized along the

cylindrical wall of B. subtilis cells during elongation as well as at mid-cell during cell

division, under conditions minimizing the inhibitory effects of the antibiotics

(Fig. 1.5). No staining, however, was observed at the cell poles, which is consistent

with the observation that cell wall synthesis and turnover at the cell poles is absent or

very low (Mobley et al. 1984).Whether the helical pattern is directly influenced by the

Mbl/MreB cytoskeleton is at present controversial and the mechanisms controlling

when and where new peptidoglycan is deposited are far from being understood.

However, it is presumed that the murein synthesis complex is directed by the bacterial

cytoskeleton including Mbl/MreB, which forms helical cables within cells, and FtsZ,

which forms a contractile ring structure at mid-cell. The discovery of bacterial

cytoskeleton elements and the visualization of their distribution and colocalization

with murein synthases has revolutionized our view of morphogenesis of bacteria and

has opened an exciting new field of microbial cell biology.

1.5.2 Interaction with Murein Synthases and Assembly
of Elongase and Divisome Complexes

It is an appealing view that the external assembly of murein is directed by the

interactions of cytoskeleton elements functioning as scaffolds for the murein

synthesis machinery. The elongation of rod-shaped bacteria is dependent on a

multienzyme complex named elongase that inserts murein at discrete sites, while

using the actin cytoskeleton as a tracking device (den Blaauwen et al. 2008). Upon

initiation of cell division a switch from dispersed to localized murein synthesis

occurs at mid-cell. The accumulation of the tubulin homolog FtsZ at mid-cell

Fig. 1.5 Staining of B. subtilis cells with a fluorescent vancomycin derivative that binds nascent

murein (lipid II) reveals different growth modes. (a) Lines and arrowheads indicate tilted bands and
peripheral dots, respectively, that are characteristic of a helical mode staining. The arrow points to a

densely stained region representing a division site. The staining pattern suggest twomodes of cellwall

growth, lateral insertion along a helical pattern of the side wall and localized growth at mid-cell,

which is schematized in (b).Gray lines and ovals show the sites of nascent wall synthesis during cell

elongation and division. Light and dark gray provide perspective, with dark gray at the front of the
cell and light at the back. Arrows show the directions of cell elongation or division driven by the wall

synthesis. Reprinted from Daniel and Errington (2003) with permission of Elsevier
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initiates the assembly of a multienzyme complex of division, the divisome, and

forms a contractile ring structure that drives inward synthesis of murein and

invagination of the membrane, generating a septum that matures into new hemi-

spherical poles (den Blaauwen et al. 2008). In E. coli PBP1b and PBP3 are

associated with the divisome, whereas PBP1a and PBP2 are connected with the

elongase (Spratt 1975; Spratt and Pardee 1975). However, a clear assignment to

either of the complexes is not absolute and the proteins can substitute for each other.

Colocalization of the complete set of PBPs expressed during vegetative growth of

B. subtilis and the cytoskeletal elements was analyzed by fluorescence microscopy

using green fluorescent protein (GFP) fusions (Scheffers et al. 2004; Scheffers and

Pinho 2005; Scheffers 2007). PBP1 and PBP2b were found to localize specifically

to the septum indicating distinctive roles in division, whereas PBP2a, PbpH, PBP3,

and PBP4a localize specifically to the lateral wall (for the complete set of PBPs of

selected bacteria and their function see Table 1.2). The results further implicate

PBP5 and possibly PBP4 in lateral wall growth. Localization of PBPs to the septum

was found to be strictly dependent on FtsZ, but the GFP-PBP fluorescence patterns

were not detectably altered in the absence of MreB or Mbl (Scheffers et al. 2004).

Near the end of the cell cycle a septum is formed at the cell division plane. Two

new poles are generated that differ from the old poles of the previous round of cell

division. Old poles have been found to be more static than new poles with respect to

cell wall assembly and turnover (de Pedro et al. 1997). In rod-shaped bacteria such

as E. coli and B. subtilis there is not much turnover of the murein of the poles during

growth, hence the polar caps are basically inert. This is in sharp contrast to

Corynebacterium sp. and streptomycetes, which predominantly grow at the cell

pole or hyphal tip, respectively. New cell wall material is incorporated at the tip as

demonstrated by fluorescently labeled nascent murein (Schwedock et al. 1997;

Daniel and Errington 2003). It is assumed that murein is inserted in a flexible

form, gets stretched by the turgor pressure that is the driving force for growth, and

becomes more rigid further back from the tip (Flardh 2003).

In contrast to rod-shaped bacteria, cell wall synthesis in spherical cocci only

takes place at the division site. Ovoid cells, e.g. streptococci, synthesize the cell

wall at the septum and the so-called “equatorial ring” (Scheffers and Pinho 2005).

Interestingly, FtsZ is absent from members of the phyla Chlamydiae and Plancto-

mycetes (Pilhofer et al. 2008). Their last common ancestor likely possessed an

FtsZ-based cell division mechanism and the organisms may have shifted indepen-

dently to a non-FtsZ-based cell division mechanism (Pilhofer et al. 2008).

1.6 Murein Remodeling, Turnover, and Recycling

Despite being a rigid, stabilizing structure, the murein sacculus is a highly dynamic

compartment that is continuously remodeled, degraded, and resynthesized. Thereby

it responds to changes in the environment by modulating the protective function

of the cell wall. Surprisingly, cell growth and division is accompanied by a massive
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release of cell wall fragments (muropeptides). Lysis of the endogenous cell wall

involves a range of autolytic enzymes that target virtually every covalent link-

age that connects the building blocks within the murein structure (i.e., N-acetyl-
glucosaminidases, lysozyme-like N-acetylmuramidases, lytic transglycosylases,

L-Ala-muramoyl amidases, D,D- and L,D-endo- and carboxypeptidases). The clear

assignment of physiological function to most autolysins is a difficult task, since

these enzymes are highly redundant and hence difficult to assess with genetic

methods. Compared to the biosynthesis of the murein sacculus, its breakdown

(turnover) and the reutilization of the turnover products (recycling) are far less

understood. Here we will summarize the current knowledge of cell wall turnover

and recycling of E. coli. An overview of these pathways and the connection to cell

wall biosynthesis is given in Fig. 1.3. The autolytic system of Gram-positive

bacteria will be described in Chap. 16 of this volume. For further details we also

refer to an excellent recent review on cell wall recycling (Park and Uehara 2008).

1.7 Turnover

In 1985, Goodell reported the unexpected finding that E. coli breaks down half of its
murein in each generation and reutilizes the turnover products (Goodell 1985). The

reason why there is such a massive degradation of the endogenous cell wall during

growth of E. coli is still mysterious. Apparently, a delicately balanced system

of synthetic and lytic activities is required to maintain a functional sacculus

(cf. Sect. 1.2.4). The turnover of the murein sacculus might be an intrinsic conse-

quence of the mechanism of cell wall growth, involving a multienzyme complex

that links murein synthases and autolysins. Indeed, some interactions of lytic

enzymes (Slt70, MltA and MltB) and murein synthases (PBP1A, PBP1B, PBP2,

PBP3) have been demonstrated (Vollmer and Bertsche 2008).

The autolytic system of E. coli includes one soluble (Slt70) and five membrane-

anchored lytic transglycosylases MltA, B, C, D, E (EmtA), which are lipoproteins

and are located at the inner leaflet of the outer membrane. EmtA is an endo-specific

lytic transglycosylase, whereas Slt70, MltA, and MltB are exo-enzymes that act

from the reducing end, which carries a 1,6-anhydroMurNAc moiety (Vollmer and

Bertsche 2008). Lytic transglycosylases cleave the glycan strand of murein between

MurNAc and GlcNAc, like lysozyme, but do not catalyze a hydrolysis reaction.

Instead they catalyze an intramolecular transglycosylation reaction, in which the

6-OH group of the MurNAc residue attacks its own reducing end, generating a

glycan strand that terminates with 1,6-anhydroMurNAc (Fig. 1.6). Moreover, E. coli
contains five N-acetymuramoyl-L-Ala amidases, i.e., three periplasmic enzymes

(AmiA, B, C), one lipoprotein (AmiD), which is anchored to the inner face of the

outer membrane, and one cytoplasmic enzyme AmpD, which has a substrate prefer-

ence for 1,6-anhydroMurNAc-peptides. The three peptidoglycan-endopeptidases

of E. coli all contribute to formation of the septum and separation of the newly

formed daughter cells (PBP4, PBP7, and MepA). The penicillin-insensitive
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Fig. 1.6 Turnover/recycling pathways of the cell wall sugars 1,6-anhydroMurNAc and MurNAc,

which are generated by cleavage of the murein by lytic transglycosylases and lysozyme, respec-

tively. The sugars are phosphorylated at 6-OH by an anhydroMurNAc-specific kinase (AnmK) and

a MurNAc-specific phosphotransferase system (MurP). The lactyl ether substituent of the product,

MurNAc-6-phosphate, is hydrolyzed by MurNAc etherase (MurQ), which catalyzes an lyase-type

mechanism, yielding GlcNAc-6-phosphate and D-lactic acid and involving the formation of an

a,b-unsaturated sugar intermediate (Jaeger et al. 2005; Hadi et al. 2008; Jaeger and Mayer 2008a)
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MepA hydrolyzes both D,D,-and L,D-crosslinks (Vollmer and Bertsche 2008).

D,D-Carboxypeptidases (PBP5, 6, 6B) capable of removing C-terminal D-amino

acids are PBPs of so far unknown function (cf. Table 1.2). However, it can be

assumed that they antagonize D,D-transpeptidases, thereby controlling crosslinking.

Some of the last proteins to be recruited to the Z-ring in E. coli are the

peptidoglycan-hydrolyzing enzymes AmiC and EnvC (Bernhardt and de Boer

2003, 2004). These enzymes digest the PGN layers connecting two recently devel-

oped daughter cells. EnvC is a metallo-endopeptidase related to lysostaphin, an

enzyme that degrades staphylococcal murein by cleaving the interpeptide bridges

at Gly–Gly bonds (Bernhardt and de Boer 2004). Intriguingly, E. coli does not

carry glycine peptide bridges; however, muropeptides carrying glycine have been

detected in E. coli although their role and distribution within the murein is unknown

(H€oltje 1998).

1.7.1 Recycling

The massive turnover of about 50% of the endogenous cell wall was long over-

looked, because the turnover products, at least in E. coli, are not lost in the medium,

but are efficiently reutilized (cf. Fig. 1.3). The tripeptide (L-Ala-iso-D-Glu-DAP)

can be taken up by the general oligopeptide ABC-transporter Opp recruiting a

specific periplasmic binding protein MppA (Park 1993; Park et al. 1998). The intact

tripeptide is shuttled to the murein biosynthesis pathway but also might be degraded

to single amino acids, dependent on the metabolic requirement. The major recy-

cling pathway, however, involves the uptake of 1,6-anhydroMurNAc-containing

peptidyldisaccharides (muropeptides) by the secondary transporter AmpG (Jacobs

et al. 1994; Cheng and Park 2002). They are released from the murein by membrane

bound (Mlt) or soluble (Slt70) periplasmic lytic transglycosylases (Fig. 1.6) (H€oltje
1996b; Scheurwater et al. 2007). The muropeptides are further hydrolyzed in the

cytoplasm by NagZ, a b-N-acetylglucosaminidase (Cheng et al. 2000; V€otsch and

Templin 2000), AmpD, an anhydro-MurNAc-L-Ala amidase (H€oltje et al. 1994;

Jacobs et al. 1994, 1995), and LdcA, a L,D-carboxypeptidase (Templin et al. 1999),

yielding amino sugars and peptides/amino acids. In the recent years, the recycling

pathway of the amino sugars has been elucidated. This pathway involves the

phosphorylation of GlcNAc and 1,6-anhydroMurNAc by specific kinases (NagK,

AnmK) (Uehara and Park 2004; Uehara et al. 2005) and the conversion of MurNAc-

6-phosphate to GlcNAc-6-phosphate by an etherase that cleaves off the D-lactic

acid residue of MurNAc-6-phosphate (Jaeger et al. 2005; Uehara et al. 2006;

Jaeger and Mayer 2008a, b). The etherase of E. coli MurQ was shown to catalyze

a lyase-type mechanism that acts by syn-elimination of D-lactic acid yielding an

a,b-unsaturated aldehyde with E-stereochemistry and a syn-addition of water to

form the final product, GlcNAc-6-phosphate (cf. Fig. 1.6) (Jaeger et al. 2005; Hadi

et al. 2008). GlcNAc-6-phosphate is deacetylated by NagA and the product glucos-

amine-6-phosphate either enters glycolysis (upon deamination by NagB yielding
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fructose-6-phosphate) or the biosynthesis pathway upon isomerization via GlmM

and activation by GlmU, which generates UDP-GlcNAc, the precursor for murein

synthesis (Fig. 1.3) (Mayer and Boos 2005).

Recycling is not essential under laboratory conditions, and since murein repre-

sents only about 2% of the cell mass of Gram-negative bacteria, the benefit in terms

of energy recovery is rather limited. Therefore, keeping the enzymes of the recycling

pathwaymust provide some other advantages for the cell. It has long been speculated

that the murein turnover and recycling pathway and the muropeptides generated by

these processes might have crucial functions in the regulation of physiological

processes, e.g., the initiation of cytokinesis, stationary phase or dormant state

entry. Recently, evidence has been provided that muropeptides can be sensed by

the cell involving two-component regulatory systems and serine/threonine kinase

that carry putative murein binding, so-called PASTA domains (penicillin-binding

protein and serine/threonine kinase associated domains) (Yeats et al. 2002; Jones

and Dyson 2006; Palmer and Stoodley 2007; Fiuza et al. 2008). The demonstration

of a regulatory function of muropeptides was provided earlier by the elucidation of

the induction of a chromosomal b-lactamase (AmpC) in enterobacteria (Jacobs et al.

1997; Kraft et al. 1999; Uehara and Park 2002). Uptake and accumulation of a

“wrong” turnover product (anhydroMurNAc-pentapeptide instead of anhydroMur-

NAc-tripeptide), upon inactivation of PBPs by b-lactam antibiotics, resulted in the

AmpR-dependent activation of AmpC (Park and Uehara 2008). Hence, bacteria are

able to sense the state of their cell wall through recycling products (Park 1995).

Turnover has been reported in some Gram-positive bacteria. Bacillus sp. and

Lactobacillus sp. degrade their endogenous wall to an extent similar to that of E. coli
(Mauck andGlaser 1970; Chaloupka andKreckova 1971;Mauck et al. 1971; Boothby

et al. 1973; Daneo-Moore et al. 1975; Doyle et al. 1988). However, it is so far unclear

whether the turnover products are reutilized.Many enzymes dedicated to the process

of scavenging the murein turnover products have been conserved in bacteria (cf.

Table 1.2 and supplementary material of Park and Uehara 2008). However, some

differences occur, e.g., the utilization of MurNAc through an etherase is restricted

to only about half of the bacterial species (Jaeger and Mayer 2008a). However, we

have recognized the presence of orthologs of the MurNAc etherase of E. coli,
particularly in Gram-positives (Jaeger and Mayer 2008a). Hence, a recycling or

rescueing pathway for muropeptides very likely exists in these organisms.

1.8 Conclusions

A renewed interest in the structure and dynamics of the bacterial cell wall has

emerged from recent discoveries in cutting-edge fields of molecular microbiology.

The cell wall and especially its main stabilizing component, the murein or peptido-

glycan, is involved in a range of important features of prokaryotic cells, for

instance: (1) cell cycle control, cell division, and morphology – involving the

newly discovered components of the divisome and the bacterial cytoskeleton, (2)
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cellular heterogeneity, biofilm formation, and multicellular (social) behavior –

involving newly discovered signaling molecules and cascades that control cell

differentiation and motility, and (3) starvation response, dormant state entry,

and resuscitation – involving novel autolytic pathways and complex regulatory

circuits, which are close to being understood. Despite an array of new discoveries

within these fields, fundamental problems are still unanswered. The goal will be the

understanding, as a whole, of how the cell wall is modified and remodeled depen-

dent on the physiological state of the cell and the environmental conditions.

Moreover, murein and, in particular, small muropeptides derived from it are potent

biological effectors and major pathogen-associated molecular “patterns”. They are

recognized by the host innate immune system and are associated with a range of

stimulatory activities in man such as adjuvanticity, activation of macrophages,

cytotoxicity, induction of arthritis, or modulation of slow-wave sleep (recently

reviewed in Boneca 2005; Cloud-Hansen et al. 2006; Chaput and Boneca 2007). It

has been known for a long time that muramyl-dipeptide (MDP; MurNAc-L-Ala-iso-

D-Gln) is an important immuno-stimulatory compound present in Freund’s adjuvant.

More recently, human cytosolic receptors (NOD, nucleotide-binding oligomerization

domain proteins) were identified that function as sensors for muropeptides. NOD1

recognizes DAP-containing cell wall fragments (e.g., MurNAc-L-Ala-iso-D-Glu-

DAP) derived from Gram-negative bacteria with iso-D-Glu-DAP being the minimal

recognition structure. NOD2 is a sensor for MurNAc-dipeptide (MDP) derived from

Gram-positive bacteria (Girardin et al. 2003a, b, c). Depending on the bacterial

species considered, murein fragments are either released in the growth medium or

are efficiently reutilized for cell wall synthesis (i.e., recycling). In general, microbial

pathogens have developed sophisticated strategies to evade or modulate the host’s

defense system. Hence, they should also optimize or modify cell wall turnover/

recycling upon interaction with (and growth within) human cells, to minimize the

release of proinflammatory muropeptides.

Last but not least, the murein remains a primary target for antibiotics, and the

recent progress in elucidation of structures of murein synthases may led to the

discovery of novel classes of antibiotics that target so far unexplored reactions in

murein metabolism. Despite being known for 50 years now, the bacterial murein

sacculus remains an interesting research topic and will keep us excited for quite

some time.
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Ghuysen J-M, Nguyen-Distèche M (1999) The catalytic, glycosyl transferase and acyl trans-

ferase modules of the cell wall peptidoglycan-polymerizing penicillin-binding protein 1b of

Escherichia coli. Mol Microbiol 34:350–364

Tipper DJ, Strominger JL (1965) Mechanism of action of penicillins: a proposal based on their

structural similarity to acyl-D-alanyl-D-alanine. Proc Natl Acad Sci USA 54:1133–1141

Tipper DJ, Strominger JL (1968) Biosynthesis of the peptidoglycan of bacterial cell walls. XII.

Inhibition of cross-linking by penicillins and cephalosporins: studies in Staphylococcus aureus
in vivo. J Biol Chem 243:3169–3179

Tipper DJ, Strominger JL, Ghuysen JM (1964) Staphylolytic enzyme from Chalaropsis: mecha-

nism of action. Science 146:781–782

Tipper DJ, Strominger JL, Ensign JC (1967) Structure of the cell wall of Staphylococcus aureus,
strain Copenhagen. VII. Mode of action of the bacteriolytic peptidase fromMyxobacter and the

isolation of intact cell wall polysaccharides. Biochemistry 6:906–920

Tiyanont K, Doan T, Lazarus MB, Fang X, Rudner DZ, Walker S (2006) Imaging peptidoglycan

biosynthesis in Bacillus subtilis with fluorescent antibiotics. Proc Natl Acad Sci USA

103:11033–11038

Trachtenberg S (2006) The cytoskeleton of spiroplasma: a complex linear motor. J Mol Microbiol

Biotechnol 11:265–283

Uehara T, Park JT (2002) Role of the murein precursor UDP-N-acetylmuramyl-L-Ala-g-D-
Glu-meso-diaminopimelic acid-D-Ala-D-Ala in repression of b-lactamase induction in cell

division mutants. J Bacteriol 184:4233–4239

Uehara T, Park JT (2004) The N-acetyl-D-glucosamine kinase of Escherichia coli and its role in

murein recycling. J Bacteriol 186:7273–7279

Uehara T, Suefuji K, Valbuena N, Meehan B, Donegan M, Park JT (2005) Recycling of the

anhydro-N-acetylmuramic acid derived from cell wall murein involves a two-step conversion

to N-acetylglucosamine-phosphate. J Bacteriol 187:3643–3649

Uehara T, Suefuji K, Jaeger T, Mayer C, Park JT (2006) MurQ etherase is required by Escherichia
coli in order to metabolize anhydro-N-acetylmuramic acid obtained either from the environ-

ment or from its own cell wall. J Bacteriol 188:1660–1662

Urban JH, Vogel J (2008) Two seemingly homologous noncoding RNAs act hierarchically to

activate glmS mRNA translation. PLoS Biol 6:e64

van Dam V, Sijbrandi R, Kol M, Swiezewska E, de Kruijff B, Breukink E (2007) Transmembrane

transport of peptidoglycan precursors across model and bacterial membranes. Mol Microbiol

64:1105–1114

50 S. Litzinger and C. Mayer



van den Ent F, Amos L, Lowe J (2001a) Bacterial ancestry of actin and tubulin. Curr Opin

Microbiol 4:634–638

van den Ent F, Amos LA, L€owe J (2001b) Prokaryotic origin of the actin cytoskeleton. Nature

413:39–44

van Heijenoort J (1994) Biosynthesis of the bacterial peptidoglycan unit. In: Ghuysen J-M,

Hakenbeck R (eds) Bacterial cell wall. Elsevier, Amsterdam, pp 39–54

van Heijenoort J (1998) Assembly of the monomer unit of bacterial peptidoglycan. Cell Mol Life

Sci 54:300–304

van Heijenoort J (2001a) Formation of the glycan chains in the synthesis of bacterial peptidogly-

can. Glycobiology 11:25R–36R

van Heijenoort J (2001b) Recent advances in the formation of the bacterial peptidoglycan

monomer unit. Nat Prod Rep 18:503–519

van Heijenoort J (2007) Lipid intermediates in the biosynthesis of bacterial peptidoglycan.

Microbiol Mol Biol Rev 71:620–635

Varley AW, Stewart GC (1992) The divIVB region of the Bacillus subtilis chromosome encodes

homologs of Escherichia coli septum placement (minCD) and cell shape (mreBCD) deter-
minants. J Bacteriol 174:6729–6742

Verwer RW, Nanninga N, Keck W, Schwarz U (1978) Arrangement of glycan chains in the

sacculus of Escherichia coli. J Bacteriol 136:723–729
Vollmer W (2007) Structure and biosynthesis of the murein (Peptidoglycan) sacculus. In:

Ehrmann M (ed) The periplasm. ASM Press, Washington, DC, pp 198–213

Vollmer W (2008) Structural variation in the glycan strands of bacterial peptidoglycan. FEMS

Microbiol Rev 32:287–306

Vollmer W, Bertsche U (2008) Murein (peptidoglycan) structure, architecture and biosynthesis in

Escherichia coli. Biochim Biophys Acta 1778:1714–1734

Vollmer W, H€oltje JV (2001) Morphogenesis of Escherichia coli. Curr Opin Microbiol 4:

625–633

Vollmer W, H€oltje JV (2004) The architecture of the murein (peptidoglycan) in Gram-negative

bacteria: vertical scaffold or horizontal layer(s)? J Bacteriol 186:5978–5987

Vollmer W, Tomasz A (2000) The pgdA gene encodes for a peptidoglycan N-acetylglucosamine

deacetylase in Streptococcus pneumoniae. J Biol Chem 275:20496–20501

Vollmer W, Blanot D, de Pedro MA (2008a) Peptidoglycan structure and architecture. FEMS

Microbiol Rev 32:149–167

Vollmer W, Joris B, Charlier P, Foster S (2008b) Bacterial peptidoglycan (murein) hydrolases.

FEMS Microbiol Rev 32:259–286

V€otsch W, Templin MF (2000) Characterization of a b-N-acetylglucosaminidase of Escherichia
coli and elucidation of its role in muropeptide recycling and b-lactamase induction. J Biol

Chem 275:39032–39038

Wachi M, Doi M, Tamaki S, Park W, Nakajima-Iijima S, Matsuhashi M (1987) Mutant isolation

and molecular cloning ofmre genes, which determine cell shape, sensitivity to mecillinam, and

amount of penicillin-binding proteins in Escherichia coli. J Bacteriol 169:4935–4940
Wachi M, Doi M, Okada Y, Matsuhashi M (1989) Newmre genes mreC andmreD, responsible for

formation of the rod shape of Escherichia coli cells. J Bacteriol 171:6511–6516
Ward JB (1973) The chain length of the glycans in bacterial cell walls. Biochem J 133:395–398

Wei Y, Havasy T, McPherson DC, Popham DL (2003) Rod shape determination by the Bacillus
subtilis class B penicillin-binding proteins encoded by pbpA and pbpH. J Bacteriol 185:

4717–4726

Wei Y, McPherson DC, Popham DL (2004) A mother cell-specific class B penicillin-binding

protein, PBP4b, in Bacillus subtilis. J Bacteriol 186:258–261
Weidel W, Pelzer H (1964) Bagshaped macromolecules – a new outlook on bacterial cell walls.

Adv Enzymol 26:193–232

Weidel W, Frank H, Martin HH (1960) The rigid layer of the cell wall of Escherichia coli strain B.
J Gen Microbiol 22:158–166

1 The Murein Sacculus 51



Weidenmeier C, Peschel A (2008) Teichoic acids and releated cell-wall glycopolymers in

Gram-positive physiology and host interactions. Nat Microb Rev 6:276–287

Wientjes FB, Woldringh CL, Nanninga N (1991) Amount of peptidoglycan in cell walls of

Gram-negative bacteria. J Bacteriol 173:7684–7691

Wietzerbin J, Das BC, Petit JF, Lederer E, Leyh-Bouille M, Ghuysen JM (1974) Occurrence of

D-alanyl-(D)-meso-diaminopimelic acid and meso-diaminopimelyl-meso-diaminopimelic acid

interpeptide linkages in the peptidoglycan of Mycobacteria. Biochemistry 13:3471–3476

Wietzerbin-Falszpan J, Das BC, Azuma I, Adam A, Petit JF, Lederer E (1970) Isolation and mass

spectrometric identification of the peptide subunits of mycobacterial cell walls. Biochem

Biophys Res Commun 40:57–63

Wietzerbin-Falszpan J, Das BC, Gros C, Petit JF, Lederer E (1973) The amino acids of the cell

wall of Mycobacterium tuberculosis var. bovis, strain BCG. Presence of a poly(L-glutamic

acid). Eur J Biochem 32:525–532

Winkler WC, Nahvi A, Roth A, Collins JA, Breaker RR (2004) Control of gene expression by a

natural metabolite-responsive ribozyme. Nature 428:281–286

Wise EM Jr, Park JT (1965) Penicillin: its basic site of action as an inhibitor of a peptide cross-

linking reaction in cell wall mucopeptide synthesis. Proc Natl Acad Sci USA 54:75–81

Wu S, de Lencastre H, Sali A, Tomasz A (1996) A phosphoglucomutase-like gene essential for the

optimal expression of methicillin resistance in Staphylococcus aureus: molecular cloning and

DNA sequencing. Microb Drug Resist 2:277–286

Yamato I, Anraku Y, Hirosawa K (1975) Cytoplasmic membrane vesicles of Escherichia coli.
A simple method for preparing the cytoplasmic and outer membranes. J Biochem (Tokyo)

77:705–718

Yanouri A, Daniel RA, Errington J, Buchanan CE (1993) Cloning and sequencing of the

cell division gene pbpB, which encodes penicillin-binding protein 2B in Bacillus subtilis.
J Bacteriol 175:7604–7616

Yeats C, Finn RD, Bateman A (2002) The PASTA domain: a b-lactam-binding domain. Trends

Biochem Sci 27:438

Young KD (2003) Bacterial shape. Mol Microbiol 49:571–580

Young KD (2006) Too many strictures on structure. Trends Microbiol 14:155–156

Yuan Y, Barrett D, Zhang Y, Kahne D, Sliz P, Walker S (2007) Crystal structure of a peptidogly-

can glycosyltransferase suggests a model for processive glycan chain synthesis. Proc Natl Acad

Sci USA 104:5348–5353

Yuan Y, Fuse S, Ostash B, Sliz P, Kahne D, Walker S (2008) Structural analysis of the contacts

anchoring moenomycin to peptidoglycan glycosyltransferases and implications for antibiotic

design. ACS Chem Biol 3:429–436

Zapun A, Contreras-Martel C, Vernet T (2008a) Penicillin-binding proteins and b-lactam resis-

tance. FEMS Microbiol Rev 32:361–385

Zapun A, Vernet T, Pinho MG (2008b) The different shapes of cocci. FEMS Microbiol Rev

32:345–360

Zawadzke LE, Bugg TD, Walsh CT (1991) Existence of two D-alanine:D-alanine ligases in

Escherichia coli: cloning and sequencing of the ddlA gene and purification and characteriza-

tion of the DdlA and DdlB enzymes. Biochemistry 30:1673–1682

Zipperle GF Jr, Ezzell JW Jr, Doyle RJ (1984) Glucosamine substitution and muramidase

susceptibility in Bacillus anthracis. Can J Microbiol 30:553–559

52 S. Litzinger and C. Mayer



Chapter 2

Occurrence, Structure, Chemistry, Genetics,

Morphogenesis, and Functions of S-Layers

Paul Messner, Christina Schäffer, Eva-Maria Egelseer, and Uwe B. Sleytr

2.1 Introduction

S-layers, as probably the most abundant bacterial cellular proteins, are being

studied with regard to structure, synthesis, assembly, and function and provide

excellent models for studying a proteinaceous cell component and its evolutionary

relationships within the prokaryotic world. Recently, S-layers have also shown a

considerable application potential in biotechnology, biomimetics, biomedicine, and

molecular nanotechnology. In the past few years, several reports have been pub-

lished on these application aspects, demonstrating the change of perception that has

been taken place in this field of research (see Chaps. 16 and 17).

In this chapter, we give a general overview of occurrence, location, and structure

of S-layers and then focus particularly on those S-layer-carrying organisms that

have attracted special attention within the past decade because of their scientific,

medical, or public implications (e.g. Bacillus anthracis S-layer proteins EA1 and

Sap).

2.2 Occurrence, Location, and Structure

In the course of evolution, prokaryotic organisms have developed a considerable

diversity in their supramolecular architectures. Although not a universal feature,

many prokaryotic organisms possess a monomolecular array of proteinaceous

subunits as the outermost component of the cell envelope (Sleytr 1978; Sleytr

et al. 1988; Sleytr and Messner 2009). S-layers represent an almost universal
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feature of archaeal cell envelopes (see Chaps. 7–9) and have been detected in

hundreds of different species of nearly every phylogenetic group of bacteria (Sleytr

et al. 1996b, 2002; Åvall-Jääskeläinen and Palva 2005; Claus et al. 2005). Despite

the fact that considerable variations exist in the structure and chemistry of prokary-

otic envelopes (Fig. 2.1), S-layers have apparently coevolved with these diverse

structures. In most archaea, S-layers are attached or inserted to the plasma mem-

brane. In Gram-positive bacteria and Gram-positive archaea, the regular array

assembles on the surface of the rigid wall matrix which is mainly composed of

peptidoglycan or pseudomurein, respectively (e.g., see Chap. 1). In Gram-negative

bacteria, the S-layer is attached to the lipopolysaccharide (LPS) component of the

outer membrane. For some organisms, two superimposed S-layer lattices composed

of different S-layer proteins have been described. S-layer-like monomolecular

arrays of proteins have also been observed in bacterial sheaths (Beveridge and

Graham 1991), spore coats (Holt and Leadbetter 1969), and on the surface of the

cell wall of eukaryotic algae (Roberts et al. 1985).

The location and ultrastructure of S-layers of a great variety of organisms have

been investigated by electron microscopy (EM) (Sleytr and Messner 1983) and

atomic force microscopy (AFM) (Müller et al. 1996). The most suitable EM proce-

dure for identifying S-layers on intact cells is freeze-etching (Fig. 2.2) (Sleytr and

Glauert 1975; Sleytr 1978; Sleytr andMessner 1989). High resolution studies on the

mass distribution of the lattices were performed on negatively stained preparations

or unstained, ice-embedded samples. Two- and three-dimensional image analysis

involving computer-image reconstruction revealed structural information down

to approximately 1 nm (for reviews see Baumeister et al. 1989; Hovmöller 1993;

Fig. 2.1 Schematic illustration of major classes of prokaryotic cell envelopes containing crystal-

line cell surface layers (S-layer (glyco)proteins). (a) Cell-envelope structure of Gram-negative

archaea with S-layers as the only cell-wall component external to the cytoplasmic membrane. (b)

The cell envelope as observed in Gram-positive archaea and bacteria. In bacteria, the rigid wall

component is primarily composed of peptidoglycan. SCWPs are only present in bacteria. In

archaea, other wall polymers (e.g. pseudomurein or methanochondroitin) are found. (c) Cell-

envelope profile of Gram-negative bacteria, composed of a thin peptidoglycan layer and an outer

membrane. If present, the S-layer is closely associated with the lipopolysaccharide of the outer

membrane (modified from Sleytr and Beveridge 1999)
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Beveridge 1994; Sleytr et al. 1996a). More recently, high-resolution studies on the

mass distribution of S-layers were also obtained using AFM under aqueous condi-

tions (Müller et al. 1999; Sleytr et al. 1999) and tertiary structure prediction, based

on amino acid sequences (Horejs et al. 2008). A common feature of bacterial

S-layers is their smooth outer and more corrugated inner surface. Archaeal S-layers

frequently reveal pillar-like domains on the inner surface (see Chap. 9).

S-layer subunits can be aligned in lattices with oblique (p1, p2), square (p4), or

hexagonal (p3, p6) symmetry (Fig. 2.2). Hexagonal symmetry is predominant

among archaea (for compilation see Sleytr et al. 1996b, 2002). The morphological

units generally have center-to-center spacings of approximately 3–30 nm. In

S-layers, one or even more distinct classes of pores could be observed. Pore sizes

were determined to be in the range of approximately 2–8 nm and pores can occupy

30–70% of the surface area.

2.3 Isolation, Chemistry, and Domains

Because of the diversity in the supramolecular structure of prokaryotic cell enve-

lopes, different disruption and isolation procedures for S-layers have been deve-

loped. Usually, they are isolated from purified cell-wall fragments by the addition

of hydrogen-bond breaking agents (e.g. guanidine hydrochloride or urea) (for

review see Messner and Sleytr 1988; Schuster et al. 2005) or detergents or by

Fig. 2.2 Electron micrograph of freeze-etched preparations of intact cells of (a) Geobacillus
stearothermophilus NRS 2004/3a, (b) Desulfotomaculum nigrificans NCIB 8706, and (c) Thermo-
anaerobacter thermohydrosulfuricus L111-69, showing oblique (p2), square (p4), and hexagonal

(p6) lattice symmetry, respectively. The schematic illustration of the respective space groups

shows the unit cells that are the building blocks of the S-layer lattice. Bar, 100 nm (modified from

Sleytr and Messner 1983)
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cation substitution (e.g. Na+ or Li+ replacing Ca2+) (Koval and Murray 1984).

Extraction and disintegration experiments revealed that the inter-subunit bonds in

the S-layer are stronger than those binding the subunits to the supporting envelope

(Sleytr 1975). Special isolation procedures are required for S-layers in those

archaea where they are associated with the plasma membrane (see Chap. 9).

Chemical and genetic analyses on many S-layers revealed that they are generally

composed of a single protein or glycoprotein species with molecular masses

ranging from 40 to 170 kD (for reviews see Sleytr et al. 1993, 1999, 2001a, 2002;

Sumper and Wieland 1995; Messner and Schäffer 2003; Åvall-Jääskeläinen and

Palva 2005; Claus et al. 2005).

S-layers from bacteria are often weakly acidic proteins, typically containing

40–60% hydrophobic amino acids, and possess few or no sulphur-containing amino

acids. The pIs of these proteins range from 4 to 6 although the S-layer proteins from

lactobacilli and some archaea (e.g. Methanothermus fervidus) have pIs ranging

from 8 to 10.

Comparative studies on S-layer genes of organisms from different taxonomic

affiliations have shown that homologies between non-related organisms are low,

although their amino acid compositions show no significant difference. High

homologies are commonly explained by evolutionary relationships but other factors

such as growth conditions and environmental stress may also be responsible for

structural homologies of S-layer genes. For example, if present in Bacillaceae, high

sequence identities are found at the N-terminus. In some strains, S-layer homology

(SLH) motives (Lupas et al. 1994) are involved in the attachment of S-layer

proteins to polysaccharides (secondary cell wall polymers) that are linked to the

underlying peptidoglycan layer (Sára 2001; Mader et al. 2004; Huber et al. 2005).

Among the S-layer proteins of Geobacillus stearothermophilus strains investigated
so far, strain PV72/p2 possesses three N-terminal SLH domains that have been

shown to be involved in cell wall attachment of the S-layer protein (compare with

Sect. 2.6.4, Fig. 2.3a). In S-layer proteins without SLH domains, positively charged

amino acids contained at either the conserved N-terminal region (Fig. 2.3b) or at

the C-terminal region (Fig. 2.3c) interact with a peptidoglycan-associated secon-

dary cell wall polymer via direct electrostatic interactions or hydrogen bonds,

thereby mediating attachment to the cell wall (Sára 2001; Schäffer and Messner

2005; Egelseer et al. 2008; see also Sect. 2.6.4). As recently evaluated by surface

plasmon resonance studies for the S-layer protein SbsC of G. stearothermophilus
ATCC12980T, this interaction is highly specific (Ferner-Ortner et al. 2007; com-

pare with Sect. 2.6.4).

Traditionally, S-layers have been studied by TEM techniques and, as a

result, much is known about their ultrastructure. Little is known, however, about

S-layer protein structure–function relationships. In recent years, with the advent

of recombinant DNA technologies, valuable new clues to the structural organiza-

tion of S-layer proteins have been obtained. Methods such as deletion analysis,

cloning of domains, linker mutagenesis, and cysteine scanning mutagenesis have

been used (Mesnage et al. 1999; Howorka et al. 2000; Jarosch et al. 2001; Smit

et al. 2001).
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A few post-translational modifications are known to occur in S-layer proteins,

including protein phosphorylation and protein glycosylation. S-layer glycoproteins

are among the best studied examples of glycosylated prokaryotic proteins (Eichler

and Adams 2005; Logan 2006; Messner et al. 2008). They are widely distributed in

the major lineages of Archaea, as well as among Bacteria; in the latter lineage, they

have been demonstrated mainly within Gram-positive taxa (e.g., Aneurinibacillus,
Geobacillus, Clostridium, Desulfotomaculum, Paenibacillus, Thermoanaerobacter,
Thermoanaerobacterium, Lactobacillus) (Messner 1996; Messner and Schäffer

2000). Complete structural analyses of S-layer glycoprotein glycans from these

Gram-positive organisms have been elaborated exclusively by our group. Only

recently, glycosylated S-layer proteins have also been convincingly described in the

Gram-negative species Tannerella forsythia (Lee et al. 2006b). The glycan chains

and linkages of bacterial and archaeal glycoproteins are significantly different from

those of eukaryotes (Sleytr et al. 2002; Messner and Schäffer 2003; Schäffer and

Messner 2004). Most archaeal S-layer glycoprotein glycans consist of only short

heterosaccharides, usually not built of repeating units. The predominant linkage

types are N-glycosidic bonds. The opposite situation is found with bacteria where

up to now onlyO-glycosidic linkages have been found. From comparative chemical

and structural studies it appears that, at least in most bacteria, S-layers have little or

no taxonomic value and may merely be considered as strain-specific characteristics.

Moreover, individual strains revealed the capability to synthesize and assemble

more than one type of S-layer (glyco)protein array.

a

b

N C

C

C

N

N
c

Fig. 2.3 Schematic drawing of the principal organization of S-layer protein domains. (a) S-layer

protein without SLH domains and N-terminal cell wall anchoring (e.g., G. stearothermophilus
wild-type strains ATCC 12980 and NRS 2004/a); (b) S-layer protein with SLH domains at

the N-terminus and N-terminal cell wall anchoring (e.g., G. stearothermophilus PV72/p2

and Lysinibacillus sphaericus CCM 2177); (c) S-layer proteins without SLH domains and

C-terminal cell wall anchoring (e.g., Aneurinibacillus thermoaerophilus L420-91 and Lactoba-
cillus acidophilus ATCC 4356). On the proteins, the signal peptide (closed square), the S-layer

cell wall binding domain (open rectangle) and the crystallization domain (closed rectangle) are
indicated. Domains as indicated are not to scale in relation to the S-layer protein. N, N-terminus;

C, C-terminus
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2.4 Genetics, Biosynthesis, and Assembly

If present, S-layer proteins are among the most abundant cellular proteins, with a

total protein biosynthesis effort of up to 20% being devoted to S-layer protein

biosynthesis. The high amount of S-layer protein subunits is required for a complete

coverage with a closed S-layer lattice during all stages of the bacterial growth cycle.

This is ensured at the molecular level by a combination of strong S-layer gene

promoters and high mRNA stability. More recently, the increased knowledge on

diverse glycan structures of bacterial S-layer glycoproteins has led to detailed

studies of the biosynthesis of these prokaryotic glycoproteins (see Sect. 2.6.4;

Eichler and Adams 2005; Messner et al. 2008).

In the context of gene regulation of S-layer biosynthesis, it was interesting to

observe that some bacteria can express different S-layer proteins. For example, in

the pathogen Campylobacter fetus, synthesis of different S-layers enables the

organism to circumvent the host’s immune response (for a summary see Blaser

1998). S-layer variation might have evolved as important strategy of the respective

bacteria to respond to changing environmental conditions. S-layer variation leads to

the synthesis of alternate S-layer proteins, either by the expression of different

S-layer genes or by recombination of partial coding sequences, and has been

described in both pathogens and non-pathogens (Sára et al. 1996; Dworkin and

Blaser 1997; Scholz et al. 2001; Jakava-Viljanen et al. 2002).

S-layers represent a fascinating system for studying the dynamic process of self-

assembly of a supramolecular biological structure (Sleytr et al. 2001b, 2005).

Detailed studies on selected S-layers from bacteria have shown that isolated subunits

assemble spontaneously into regular arrays after removal of the disrupting agent used

for their isolation (see Chap. 16). Studies on the in vivo morphogenesis of S-layers

demonstrated that at high growth rates approximately 500 subunits per second must

be synthesized, translocated to the cell surface, and incorporated into the pre-existing

S-layer lattice. Differences in the net surface charge and specific (e.g. lectin-type)

interactions between the inner and outer surface of the S-layer proteins to the

supporting layer have been shown to be essential for proper orientation (Sleytr

et al. 2002). Ultrastructural data indicate that during growth S-layer subunits (proto-

mers) must have the ability to recrystallize on the supporting envelope layer, assum-

ing a low free energy arrangement (Sleytr and Plohberger 1980; Sleytr and Messner

1989) with the intrinsic tendency to assume a continuously regular lattice during cell

growth (Sleytr 1975, 1981; Sleytr and Glauert 1975).

2.5 Function

Considering that S-layer-carrying organisms are ubiquitous in the biosphere, the

supramolecular concept of a closed, isoporous, protein meshwork has the potential

to fulfil a broad spectrum of functions. When bacteria are no longer exposed to
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natural environmental selection pressures, S-layers can be lost, indicating that the

considerable biosynthesis effort is only required in natural habitats. In functional

terms, S-layers are generally part of complex envelope structures (Fig. 2.1) and

consequently should not be considered as isolated layers. Many of the functions

assigned to S-layers are still hypothetical and not based on firm experimental data

(for compilation see Table 2.1) (for reviews see Sleytr 1997; Sleytr and Beveridge

1999; Sára and Sleytr 2000; Sleytr et al. 2002; Engelhardt 2007).

2.6 Specific S-Layer-Carrying Organisms

Since the last comprehensive review on S-layer proteins in 1996 (Sleytr et al.

1996b), a large number of reports have appeared in the literature, documenting

the universal occurrence of S-layers in the prokaryotic world. These informations

are summarized in Table 2.2 including a complete coverage of GenBank accession

numbers of S-layer structural genes and presently known data on surface layer

glycosylation (slg) gene clusters.

Table 2.1 Functions of S-layers (modified after Sleytr et al. 2002)

General functions Specific functions

Cell shape determination

and maintenance

Determination of cell shape and cell division in archaea that

possess S-layers as exclusive wall component

Isoporous membrane

structure

Molecular sieve in the ultrafiltration range

Delineating a compartment (periplasm) in Gram-positive bacteria

Prevention of non-specific adsorption of macromolecules

Hindrance of molecules to reach the cell wall proper (e.g. lytic

enzymes)

Protective coat Prevention of predation of Gram-negative bacteria by bacterial

viruses (Bdellovibrio bacteriovorous)
Surface recognition and cell

adhesion to substrates

Physicochemically and morphologically well-defined matrices

Masking of net-negative charges of peptidoglycan-containing

layer in Bacillaceae

Adhesion zone for

exoenzymes

High-molecular-weight amylase of Geobacillus
stearothermophilus wild-type strains

Pullulanase and glycosyl hydrolases of Thermoanaerobacter
thermosulfurigenes

Pathogenicity and cell

adhesion

Virulence factor of pathogenic organisms

Important role in invasion and survival within the host

Specific binding of host molecules

Protective coat against complement killing

Ability to associate with macrophages and to resist the effect of

proteases

Production of immunologically non-crossreactive S-layers

(S-layer variation)

Template for fine grain

mineralization

Induction of precipitation of gypsum and calcite in

Synechococcus strains and shedding of mineralized S-layers
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ü
ll
er

et
al
.

(1
9
9
6
)

D
ei
n
oc
oc
cu
s
ra
d
io
d
ur
a
ns
,
st
ra
in

R
1

H
/9
9
/–

–
/3
7
/–

hp
i/
D
R
2
5
0
8
,

N
C
_
0
0
1
2
6
3

sl
pA

/D
R
1
1
8
5

+
W
h
it
e
et

al
.
(1
9
9
9
);
R
o
th
fu
ss

et
al
.

(2
0
0
6
)

(c
on

ti
nu

ed
)

2 Functions of S-Layers 63



T
a
b
le

2
.2

(c
o
n
ti
n
u
ed
)

O
rg
an
is
m

a
S
-l
ay
er

la
tt
ic
e
ty
p
eb
/

m
o
le
cu
la
r
m
as
s
(k
D
a)
/

d
im

en
si
o
n
s
(n
m
)

S
-l
ay
er

g
en
e/
G
en
B
an
k

ac
ce
ss
io
n
n
o
.

G
ly
co
sy
la
ti
o
n
/

G
en
B
an
k

ac
ce
ss
io
n
n
o
.

R
ef
er
en
ce

D
es
u
lf
o
to
m
a
cu
lu
m

al
ka
li
ph

il
u
m

D
S
M

1
2
2
5
7
T

S
/–
/–

–
/–

–
P
ik
u
ta

et
al
.
(2
0
0
0
b
)

D
es
u
lf
o
to
m
a
cu
lu
m

au
ri
p
ig
m
en
tu
m

A
T
C
C

7
0
0
2
0
5

H
/–
/–

–
/–

–
N
ew

m
an

et
al
.
(1
9
9
7
)

D
es
ul
fo
to
m
ac
u
lu
m

h
al
op

hi
lu
m
D
S
M

1
1
5
5
9
T

–
/–
/–

–
/–

–
T
ar
d
y
-J
ac
q
u
en
o
d
et

al
.
(1
9
9
8
)

D
es
ul
fu
ro
ba

ct
er
iu
m

th
er
m
ol
it
ho

tr
o
ph

ic
um

D
S
M

1
1
6
9
9
T

O
/–
/1
1
.3

&
6
.3

–
/–

–
L
’H

ar
id
o
n
et

al
.
(1
9
9
8
)

F
la
vo
b
ac
te
ri
um

de
n
it
ri
fic
an

s
D
S
M

1
5
9
3
6
T

–
/–
/–

–
/–

–
H
o
rn

et
al
.
2
0
0
5

G
eo
ba

ci
ll
u
s
st
ea
ro
th
er
m
op

hi
lu
s
(B
ac
il
lu
s

st
ea
ro
th
er
m
op

h
il
us
),
st
ra
in

P
V
7
2
/p
6

H
/1
3
0
/2
2
.5

sb
sA

/X
7
1
0
9
2

–
K
u
en

et
al
.
(1
9
9
4
);

K
u
en

et
al
.
(1
9
9
5
)

G
.
st
ea
ro
th
er
m
o
ph

il
u
s,
st
ra
in

P
V
7
2
/p
2

O
/9
8
/–

sb
sB

/X
9
8
0
9
5

–
K
u
en

et
al
.
(1
9
9
7
)

G
.
st
ea
ro
th
er
m
o
ph

il
u
s
A
T
C
C
1
2
9
8
0
T

O
/1
2
2
/9
.5

&
5
.2

sb
sC

/A
F
0
5
5
5
7
8

d
T
D
P
-L
-R
h
a

o
p
er
o
n
/

A
Y
2
7
8
5
1
9

Ja
ro
sc
h
et

al
.
(2
0
0
0
);

N
o
v
o
tn
y
et

al
.
(2
0
0
4
b
)

G
.
st
ea
ro
th
er
m
op

h
il
us

A
T
C
C
1
2
9
8
0
v
ar
ia
n
t

O
/9
2
c
-1
7
5
/–

sb
sD

/A
F
2
2
8
3
3
8

+
E
g
el
se
er

et
al
.
(2
0
0
1
)

G
.
st
ea
ro
th
er
m
op

h
il
us
,
st
ra
in

N
R
S
2
0
0
4
/3
a

O
/9
3
c
-1
7
0
/1
1
.6

&
9
.4

sg
sE

/A
F
3
2
8
8
6
2

O
-g
ly
ca
n
,
sl
g

cl
u
st
er
/

A
F
3
2
8
8
6
2

S
ch
äf
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In the following subsections, information has been summarized on those organ-

isms that were the prime research targets within the last 5–6 years.

2.6.1 Bacillus anthracis

B. anthracis, a Gram-positive, spore-forming bacterium is the etiological agent of

anthrax, a disease involving toxemia and septicemia. In 2001, its potential use in

biological warfare was demonstrated in the US postal system.

In addition to virulence factors (Mock and Fouet 2001), B. anthracis synthesizes
two S-layer proteins, termed Sap and EA1 (Etienne-Toumelin et al. 1995; Mesnage

et al. 1997). Both proteins have the same modular organization, an N-terminal

cell wall anchoring domain consisting of three S-layer homology (SLH) motifs

followed by a putative crystallization domain (Mesnage et al. 1999). Electron

microscopy and genetic analyses of Sap using a bacterial two-hybrid system

confirmed that the region comprising 604 C-terminal amino acids represents the

crystallization domain (Candela et al. 2005).

During the exponential growth phase, B. anthracis cells are surrounded by the

Sap S-layer protein, which is replaced by the EA1 S-layer protein when the cells

enter the stationary phase (Mignot et al. 2002). By using mutant strains for electron

microscopical studies and image processing, the S-layer structural organization was

elucidated (Couture-Tosi et al. 2002). The projection map of EA1 revealed that the

protein consists of one very large domain forming the central body around which

the three smaller domains are surrounded. EA1 subunits crystallize into a lattice

with p1 symmetry. For the Sap S-layer protein, six or seven domains that repeat

themselves along the two axes of the crystal were identified. The Sap protein

is homogeneously distributed on the cell surface, whereas the EA1 protein dis-

plays a crazy-paving aspect (Couture-Tosi et al. 2002). For both S-layer proteins,

a previously unrecognized ability to function as murein hydrolases has been

demonstrated (Ahn et al. 2006).

The S-layer components are encoded by the contiguous chromosomal S-layer

genes sap and eag, and the S-layer switch is controlled at the transcriptional level,

with sap being transcribed during the exponential growth phase, and eag being only
transcribed during the stationary phase. Transcription of both genes is ensured by

distinct sigma factors and the phase-specific expression of eag is strictly dependent
on Sap, because this protein can act as a direct repressor of eag (Mignot et al. 2002).

Mignot et al. (2003, 2004) provided evidence that expression of the chromosomally

located S-layer genes is also influenced by two genes located on the virulence

plasmid pXO1 encoding the two transcriptional regulators PagR and AtxA (Mignot

et al. 2003, 2004). The latter was found to be a master regulator that also controls

the transcription of S-layer genes by controlling the synthesis of PagR.

In vitro translation of selected open reading frames (ORFs) on the virulence

plasmid pXO1, followed by analysis of the reactivity of the ORF products with

hyperimmune anti-B. anthracis antisera, led to the identification of two S-layer
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proteins, both carrying three SLH-motifs (Ariel et al. 2002). Immunoreactivity

studies using a truncated S-layer protein form devoid of the SLH moiety indicated

that the C-terminal segment contributes significantly to S-layer immunogenicity

(Ariel et al. 2002).

Cloning and sequencing of the DNA region upstream of the S-layer gene sap
led to the identification of the genes csaA and csaB (cell surface anchoring), that

are organized as an operon. CsaA revealed similarity to oligosaccharide trans-

porters of Gram-negative bacteria, whereas CsaB was identified as pyruvyl

transferase, which is supposed to be involved in pyruvylation of the peptidogly-

can-associated cell wall polymer (Mesnage et al. 2000). Recently, Choudhury and

coworkers (2006) described the structure of the polysaccharide released from B.
anthracis vegetative cell walls by hydrogen fluoride (HF). It consists of Gal,

ManNAc, and GlcNAc in a molar ratio of 3:1:2. Since it was speculated that the

ability of neutrophils to kill vegetative B. anthracis cells depends on the binding

of a-defensins to this carbohydrate by a lectin-like binding, the major cell wall

polysaccharide could be considered as a target for development of specific

antimicrobials against anthrax.

Chitlaru and coworkers identified a group of B. anthracis membrane proteins

which could be useful for eliciting protective immune responses and serve as

potential candidates for the development of an improved anthrax vaccine (Chitlaru

et al. 2004, 2007). Among these, the S-layer proteins Sap and EA1 were found to

represent more than 75% of the B. anthracis membrane fraction and undergo post-

translational modifications. It was postulated that subpopulations of differently

glycosylated Sap and EA1 may exist (Chitlaru et al. 2004). A comparative proteo-

mic approach was employed to elucidate the differences among the extracellular

proteomes (secretomes) of three isogenic strains under host-simulated conditions

(Lamonica et al. 2005). In the fully virulent strain (pXO1+ pXO2+), while the par-

tially cured derivative (pXO1+ pXO2�), the two chromosomally encoded S-layer

proteins Sap and EA1 were found to be up-regulated whereas the pXO1-encoded

S-layer protein A represented a unique protein in the derivative strain devoid of

plasmid pXO2 (Chitlaru et al. 2004).

Proteome analysis was used to define the exact protein composition of the

current UK anthrax vaccine (Whiting et al. 2004). In addition to the protective

antigen PA, the key immunogen of the vaccine, the presence of the two other toxin

components, as well as the S-layer proteins, EA1 and SAP, could be established.

The S-layer proteins turned out to be also immunogenic in man but their presence

did not adversely affect the protective immune response induced by PA (Baillie

et al. 2003). Specific identification of B. anthracis is vital for the accurate treatment

of afflicted personnel during biological warfare situations and civilian terrorist

attacks. Unfortunately, this pathogenic Bacillus species shares so much genetic

material with B. cereus and B. thuringiensis that its discrimination from the other

species can be problematic. However, unique genomic differences could be identi-

fied and the S-layer gene sequence was found to be among these B. anthracis-
specific “DNA signatures” which are capable of quickly detecting all six genetically
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distinct groups of B. anthracis with any rapid DNA-based detection platform

(Radnedge et al. 2003).

It was demonstrated that EA1, the abundant, highly antigenic S-layer protein of

vegetative B. anthracis cells, is not a spore component as previously stated but a

persistent contaminant in spore preparations. Thus, EA1 is not a suitable marker for

spore detection and could result in failure to detect highly purified spores or to

accurately estimate spore number, which would have catastrophic consequences

(Redmond et al. 2004; Williams and Turnbough 2004). On the other hand, affinity

purification of antigenic protein and tandem mass spectrometry revealed that EA1

represents a highly specific biomarker that enables simultaneous identification and

verification of vegetative B. anthracis cells (Krishnamurthy et al. 2006).

2.6.2 Clostridium difficile

Clostridium difficile is a Gram-positive, spore-forming anaerobic bacterium, which

is recognized as the etiological agent of antibiotic-associated diarrhea and pseudo-

membraneous colitis in humans and which can cause significant morbidity in

hospitalized patients (Kelly and LaMont 1998). Its pathogenicity is mediated by

two toxins, A and B, both of which damage the human colonic mucosa and are

potent tissue-damaging enzymes (Borriello et al. 1990).

S-layer proteins are the most abundant extracellular C. difficile proteins found

during both high and low toxin production (Mukherjee et al. 2002). This organism

is unusual in expressing two S-layer proteins which associate to form the S-layer,

one of high molecular weight (HMW) and the other of low molecular weight

(LMW). Both subunits are encoded by the slpA gene and are produced from post-

translational cleavage of a single precursor (Calabi et al. 2001; Karjalainen et al.

2001). The HMW peptide, derived from the C-terminal portion of the precursor,

is highly conserved between strains, while the LMW peptide derived from the

N-terminal portion of the precursor demonstrates considerable sequence diversity

and appears to be the main serotyping antigen (Calabi and Fairweather 2002;

Karjalainen et al. 2002). The HMW peptide has sequence similarity to the

N-acetylmuramoyl-L-alanine amidase from Bacillus subtilis, and was shown to

possess amidase activity (Calabi et al. 2001). By investigating the pattern of

sequence conservation among different C. difficile isolates, a number of other

genes encoding putative amidases, known as slpA paralogs, were found in the

vicinity of slpA (Calabi and Fairweather 2002).

The slpA gene was identified in a genetic locus carrying 17 ORFs, 11 of which

encode putative surface-anchored proteins with adhesive properties (Calabi et al.

2001; Karjalainen et al. 2001). Transcriptional analysis of this putative virulence

cluster revealed that the slpA gene is strongly transcribed during the entire growth

phase as a bicistronic transcript (Savariau-Lacomme et al. 2003). The isolation

and investigation of this cluster is an important step in the characterization of the

process of colonization by C. difficile.
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McCoubrey and coworkers used a novel phenotypic typing method to determine

the level of Clostridium difficile colonization and disease in a population of elderly

patients (McCoubrey et al. 2003). This so-called “S-typing” is a simple method

which utilizes the high degree in variation of the molecular masses of the two

C. difficile S-layer proteins to compare the strains in the patients and in the ward

environment. With the aid of this typing technique, the endemic nature of

C. difficile in a geriatric population and the degree to which their environment is

contaminated could be demonstrated (McCoubrey et al. 2003).

Karjalainen and coworkers found that the sequence of the variable regions of

slpA were strictly identical in a given serogroup of C. difficile but divergent

between serogroups (Karjalainen et al. 2002). Based on the strong correlation to

serogroup designation, slpA sequence typing could constitute a reproducible and

reliable alternative to C. difficile serotyping and seems to be especially useful

when specimens contain only small numbers of C. difficile cells or are inappropri-
ate for culturing (Kato et al. 2005). Sequence and phylogenetic analysis of the

complete slpA gene sequence from 14 PCR-ribotypes of C. difficile also confirmed

that the slpA sequence is strongly related to serogroup designation whereas PCR

ribotyping that is based on the polymorphism of the intergenic rRNA region

represents a more discriminatory typing method (Nı́ Eidhin et al. 2006). The

results of a recent study suggest that the combination of PCR-ribotyping with

PCR-RFLP analysis of slpA could be more suitable for studying C. difficile
epidemiology (Poilane et al. 2007).

C. difficile S-layer proteins were shown to be involved in the mechanism of gut

colonization and in the process of adhesion to the intestinal mucosa (Calabi et al.

2002; Cerquetti et al. 2002). It has been proposed that S-layer proteins could

mediate the binding to both the intestinal epithelial cells and some components of

their extracellular matrix fibers, contributing to further tissue damage (Calabi et al.

2002; Cerquetti et al. 2002). Microscopic and biochemical approaches provided

evidence that the HMW peptide functions as an adhesin which mediates adherence

of C. difficile to host cells (Calabi et al. 2002).

In a recent study, the ability of C. difficile S-layer proteins to modulate the

function of human monocytes and dendritic cells (DC) and to induce inflammatory

and regulatory cytokines was demonstrated (Ausiello et al. 2006). S-layer proteins

may thus fine-tune the equilibrium of Th1/Th2 response and affect antibody

responses. The fact that S-layer proteins are a target of antibody response in

patients with C. difficile-associated diarrhea has already been demonstrated

(Drudy et al. 2004). Host antibody response plays an important role in protection,

in particular IgM anti S-layer proteins have been associated with a reduced risk

of recurrent C. difficile-associated diarrhea in humans. In this context, a protective

effect of anti-S-layer protein serum has also been observed in a lethal hamster

challenge model (O’Brien et al. 2005). The potential mechanism of action of the

antiserum was shown to be through enhancement of C. difficile phagocytosis.

Taken together, these data are of interest in the light of the possible use of

S-layer proteins in a multicomponent vaccine against C. difficile infections for

high-risk patients.
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2.6.3 Lactobacillus sp.

The lactobacilli are one of the industrially most important group of bacteria; this is

reflected by the accumulation of genomic data on these bacteria (for review see

Pfeiler and Klaenhammer 2007). Due to their GRAS (generally regarded as safe)

status, these organisms are used in a variety of ways, including food production,

health improvement, and production of macromolecules, enzymes, and metabolites.

Lactobacilli are Gram-positive, non-sporulating rod-shaped bacteria, with many of

them being confined by an S-layer. Several strains colonize important ecological

niches, such as the oral cavity or the intestine of humans and higher animals. The

application potential of lactobacilli is based on a profound characterization of these

organisms; in particular, a detailed understanding of the properties linked to their

S-layer proteins is necessary to improve the knowledge of the interactions between

the bacterial cells and the surrounding environments. This is reflected by the fact

that, besides a few surface enzymes, the S-layer proteins are the most frequently

described components of the otherwise rather poorly understood cell wall of the

lactobacilli. While the past five to six years have seen only a few reports on new

lactobacterial isolates that possess an S-layer or on reclassifications, research has

been focusing on the development of improved methods for identification: e.g.,

real-time PCR in combination with nested reverse transcription PCR for monitoring

of the viable cell number of L. helveticus in human feces (Saito et al. 2004) and a

simple and rapid antibody-based method for detection of L. kefir in fermented milk

(Garrote et al. 2005), and for analysis of S-layer proteins, on functional aspects of

S-layers, as well as on the application potential of Lactobacillus S-layers.
Lactobacilli with a confirmed S-layer include L. acidophilus, L. crispatus,

L. casei, L. plantarum, L. brevis, L. buchneri, L. fermentum, L. bulgaricus,
L. amylovorus, L. gallinarum (Sleytr et al. 1996b), and L. helveticus, which has

been reclassified as L. suntoryeus (Cachat and Priest 2005; Naser et al. 2006a), as

well as several strains of enteric lactobacilli (Reniero et al. 1990). Recently, S-layer

encoding genes of 21 L. helveticus strains were characterized; phylogenetic ana-

lyses based on the identified S-layer genes revealed two main clusters, one of which

includes a sequence similar to the slpH1 gene of L. helveticus CNRZ 892 and a

second cluster including genes with similarity to prtY (Gatti et al. 2005). Within

L. helveticus species, there is a high degree of variability in relation to the presence
of plasmid molecules, possibly representing different evolutionary lineages (Ricci

et al. 2006). Among recent S-layer-carrying isolates of lactobacilli are L. kefir
and L. parakefir (Garrote et al. 2004), the 1,2-propanediol-degrading bacterium

L. diolivorans sp. nov. (Krooneman et al. 2002) and L. kefiranofaciens, which is a

later synonym for L. kefirgranum (Vancanneyt et al. 2004), as well as L. amylo-
trophicus sp. nov. (formerly L. amylophilus) (Naser et al. 2006b). On L. johnsonii
and L. gasseri cells, the presence of two surface proteins with compositional

characteristics similar to S-layer proteins and functioning as aggregation promoting

factors have been visualized by transmission electron microscopy (TEM) and SDS-

PAGE (Ventura et al. 2002). Another S-layer-related protein according to in silico
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analyses is the cell division protein CdpA from L. acidophilus NCFM; however,

due to the low amount of this protein it is unlikely that it is involved in S-layer

formation (Altermann et al. 2004).

So far, S-layer structural genes of many lactobacilli have been sequenced (see

Table 2.2). The primary structure of the encoded S-layers predict proteins of

25–71 kDa with basic isoelectric points (pI > 9) due essentially to lysine-rich

terminal regions that confer a positive charge to various S-layer proteins with

rather conserved C-terminal amino acid sequences but otherwise limited amino

acid sequence similarity. With regard to gene regulatory aspects, L. acidophilus
ATCC 4356 is best investigated. To account for the high number of S-layer protein

subunits that are required to ensure a complete coverage of the bacterial cell with a

closed S-layer lattice during all stages of the growth cycle, the S-layer gene slpA
was shown to be transcribed from a very strong promoter (with twice the strength

of the lactate dehydrogenase promoter, which is considered one of the strongest

bacterial promoters) (Pouwels et al. 1997). Additionally, the 50-untranslated leader

sequence (UTLS) of the slpA gene contributes to mRNA stabilization by producing

a 50 stem and loop structure (Narita et al. 2006). L. acidophilus ATCC 4356, which

possesses two spontaneously interchangeable S-layer genes, slpA and slpB, was
also one of the first organisms to study S-layer protein variation at the molecular

level (Boot et al. 1996). Change of S-layer expression in response to environmental

conditions has been found in L. brevis ATCC 14869 (Jakava-Vilijanen et al. 2002).

For that organism, three slp genes (slpB, slpC, and slpD) were identified, whose

differential expression could be linked to a reversible alteration of colony morphol-

ogy under different growth conditions. Under aerobic conditions, R-colony type

cells produce both SlpB and SlpD proteins, whereas under anaerobic conditions,

S-colony-type cells synthesize essentially only SlpB. Northern blot analysis

demonstrated that slpB and slpD form a monocistronic transcription unit and are

effectively expressed, but slpD expression is induced under aerated conditions;

slpC was silent under the tested conditions. Promoter analysis suggests that the

variation of S-layer protein content involves activation of transcription by a soluble

factor rather than DNA rearrangements, which are typical for most of the known S-

layer phase variation mechanisms. The presence of silent S-layer genes, termed

lgsA and lgsB, respectively, was also reported for different isolates of Lactobacillus
gallinarum cultured from the crops of broiler chickens. In these organisms, only a

second, strain-specific, S-layer gene is expressed both in vivo and in vitro (Hagen

et al. 2005). It is hypothesized that gene duplication and S-layer sequence variation

is a means for coexistence of the bacteria in the same habitat. It is important to note

that in lactobacilli which contain more than one S-layer gene, the construction of

S-layer knockout mutants has so far been unsuccessful. On the other hand, S-layer

gene variability is not necessarily present in lactobacilli. The molecular background

of strong Lactobacillus S-layer gene expression constituted the basis for the

development of a high-level protein expression system in lactic acid bacteria by

combining the UTLS of the slpA gene form L. acidophilus with the core promoter

sequence of the heterologous protein to be produced (Narita et al. 2006). Another

line of development utilized a cryptic plasmid pKC5b from L. fermentum for the
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construction of a Lactobacillus – E. coli shuttle vector that was shown to be suitable
for slpA gene expression in a heterologous Lactobacillus strain, which additionally

demonstrated surface-bound expression of the S-layer protein (Pavlova et al. 2002).

Lindholm and coworkers (2004) used the signal sequence of the L. brevis S-layer
protein for heterologous protein secretion in Lactococcus lactis, which was shown

to yield a significantly higher secretion rate than the signal peptide of L. lactis
Usp45.

S-layer self-assembly is a key characteristic of Lactobacillus S-layer proteins

that is also pivotal to many of the applications envisaged. Interestingly, all lacto-

bacillar S-layer arrays that have been analyzed for their lattice properties exhibit a

morphologically similar, oblique (p2) lattice structure (see Table 2.2). Based on

the knowledge of the primary sequence, detailed structure–function analyses of

Lactobacillus S-layer proteins have been performed. Sequence comparison of the

43 kDa SlpA protein of L. acidophilus ATCC 4356 with S-layer proteins from

L. helveticus, L. crispatus, and the S-layer proteins encoded by silent genes sug-

gested the presence of two domains, one comprising the N-terminal two-thirds

(SAN), and another making up the C-terminal one-third (SAC) of the protein.

While the N-terminal sequence is variable, the C-terminal domain is highly con-

served in the S-layer proteins of these organisms and contains a tandem repeat

(Smit et al. 2001). Analysis of the SAN domain by insertion and deletion mutagen-

esis in combination with proteolytic treatment identified this protein region as a

crystallization domain, consisting of a ~12 kDa and a ~18 kDa C-terminal sub-

domain linked by a surface-exposed loop. Mutant SlpA protein synthesized in

E. coli with 7–13 amino acid insertions of the c-myc epitope indicated that inser-

tions in conserved regions or in regions with predicted secondary structure elements

(positions 30, 67, 88 and 156) destroy the crystallization capacity (Smit et al. 2002).

Thus, it is proposed that the regions of higher conservation are responsible for either

intra- or intermolecular subunit interaction and, hence, are important for domain

structure–function. SAC was identified as the cell wall binding domain of SlpA,

with an acid-labile peptidoglycan-associated compound serving as a mediator for

binding (Smit and Pouwels 2002). It consists of a tandemly repeated ~65 amino

acid sequence with a conserved tyrosine doublet. The two repeats (the N-terminal

repeat SAC1 and the C-terminal repeat SAC2) share 26% identical amino acids,

most of which are basic and aromatic. SAC shows homology to carbohydrate-

binding regions of Clostridium difficile toxins and cell wall-associated proteinases

of lactic acid bacteria. Although the SAC repeats and SLH domains have similar

sizes, they do not show amino acid sequence similarity. In addition, secondary

structure determinations predict a b-stranded structure for SAC1 and SAC2 but a

helix–loop–helix structure for SLH. Interestingly, it was shown that SAC2 can be

deleted without compromising the cell wall binding capacity or proteolytic clea-

vage. This indicates that SAC1 is both a structural and a functional unit, whereas

SAC might provide strength to the cell wall interaction of SAC without possessing

direct binding capacity. The second functionally characterized Lactobacillus
S-layer protein is the 410-amino-acid protein CbsA from Lactobacillis crispatus
(Antikainen et al. 2002). Stepwise truncation of this S-layer protein from both
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termini revealed that the region comprising amino acids 32–271 carries the infor-

mation for self-assembly of CbsA into a periodic structure. Short deletions or

substitutions in the border regions 30–34 and 269–274, which are conserved in

valine-rich short sequences, affect the morphology of self-assembly products,

which vary from sheet-like to tubular appearance. This observation is interpreted

by increasing destabilization of the formed self-assembly structure through loss of

intermolecular interactions. The basic C-terminal part of CbsA binds to lipoteichoic

acid and teichoic acids and functions to anchor the S-layer to the lactobacillar cell

wall. Summarizing, these studies confirmed that Lactobacillus S-layer proteins can
be seen as composite molecules with two structurally and functionally independent

domains (see Fig. 2.3c), whose additional adhesive properties are located in the

N-terminal region. Recently, single molecule atomic force microscopy (AFM) was

used to gain insight into the molecular forces driving the folding and assembly of

the S-layer protein CbsA (Verbelen et al. 2007). To address the N-terminal and

C-terminal regions of the protein, genetically engineered His-tagged entire mature

CbsA as well as several peptides were coupled onto AFM tips, supports were

modified with mixed self-assembled monolayers, and the surface morphology of

the modified surfaces was characterized. This study revealed that secondary struc-

tures of the entire CbsA protein and of its N-terminal region can be unfolded

using relatively small forces, suggesting that they consist of a-helices rather than
b-sheets. By contrast, the C-terminal region cannot be unfolded but shows large,

single adhesion events attributed to electrostatic intermolecular bridges involving

cationic lysine residues.

The probiotic properties of lactobacilli have stimulated various types of research

on the possible roles of S-layer proteins in adherence to specific host tissues. In this

context, the specific surface properties mediated through the S-layer proteins are of

major importance. A variety of strains from the genus Lactobacillus was investi-
gated with respect to structure, softness, and interactions of their S-layers in order to

construct structure–property relations (Schär-Zammaretti and Ubbink 2003). In this

context it is important to note that for L. acidophilus it was demonstrated that

its physicochemical surface properties are influenced by the composition of the

fermentation medium (Schär-Zammaretti et al. 2005). In particular, in the absence

of peptones, the expression of the S-layer protein is strongly enhanced, which sug-

gests that the S-layer protein is preferentially expressed under conditions which are

not optimal for bacterial growth; this is in line with a postulated protective effect

whereby the S-layer is expressed in response to a stress factor. Many efforts were

put into the improvement of microscopic and biophysical techniques for probing

cell surface hydrophobicity and bacterial interactions with a host or a material

surface (Ubbink and Schär-Zammaretti 2005). In particular, the flexibility of AFM

in probing various types of physical interactions provides prospects for the eluci-

dation of adhesion maps and their relationship to biological and structural data.

Imaging of different Lactobacillus strains with AFM revealed major differences in

the surface topography depending on the presence or absence of an S-layer. Force

volume images calculated into elasticity and adhesion force maps showed that
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L. crispatus and L. helveticus have a surface with a homogeneous stiffness without

adhesion events, most likely caused by the S-layer. In contrast, for the S-layer-

deficient strains L. johnsonii DSM 20533 and ATCC 33200 high adhesion forces

were observed, which can be related to a surface rich in polysaccharides (Schär-

Zammaretti and Ubbink 2003). While the S-layer has been known to convey

hydrophobicity to the lactobacillar cell surface (van der Mei et al. 2003), it was

interesting to find by AFM studies that S-layer-carrying strains do not necessarily

adhere better to hydrophobic substrates than strains without an S-layer (Vadillo-

Rodrı́guez et al. 2004, 2005). Moreover the tested strains exhibited a dynamic

cell surface hydrophobicity in dependent on the ionic strength of the medium.

Lactobacillus strains with an S-layer (e.g. L. acidophilus ATCC 4356) were

found to be hydrophobic in 10 mmol/L KCl solution and became more hydrophilic

in 100 mmol/L, while it was the opposite case for strains without an S-layer (e.g.

L. crispatus). This observation suggests that cell surfaces of lactobacilli may adapt

their hydrophobicity in response to environmental changes, like ionic strength or

pH. The ability to adhere is thought to be important to lactobacilli in establishing or

maintaining selective colonization. In general, S-layers have been shown to func-

tion as adhesins mediating the adherence of Lactobacillus cells to host epithelial

cells and/or matrix proteins (Lorca et al. 2002; Åvall-Jääskeläinen and Palva 2005;

Buck et al. 2005). In particular, the involvement of the S-layer in adhesion to

erythrocytes has been demonstrated for many Lactobacillus species (Toba et al.

1995; Boris et al. 1997). The S-layer of an L. acidophilus isolate has been reported

to act as an afimbrial adhesin in vitro, as it is involved in the interaction with avian

epithelial cells (Schneitz et al. 1993; Edelman et al. 2002). The S-layer SlpA of

L. brevis ATCC 8287 was identified as an adhesion with affinity for human

epithelial cells and fibronectin. Using a flagellum display model of SlpA fragments

on E. coli cells, the receptor-binding region was located within a fragment of 81

amino acids in the N-terminal part of the S-layer (Hynönen et al. 2002). Binding

characteristics of this S-layer protein to extracellular matrix proteins were refined

through surface plasmon resonance studies. SlpA was found to interact with high

affinity with fibronectin and laminin with respective binding constants of 90 mM

and 27 mM, while the interaction with collagen and fibrinogen was much lower

with respective binding constants of 32 mM and 26 mM (de Leeuw et al. 2006). For

L. acidophilus M92, which manifests a high degree of hydrophobicity, the

45 kDa S-layer protein was shown to be responsible for autoaggregation and

adhesion to mouse ileal epithelial cells (Kos et al. 2003; Frece et al. 2005). Very

recent studies have given further insight into the probiotic properties of S-layer-

carrying lactobacilli against pathogens. For coaggregating L. kefir strains, it was

demonstrated that the S-layer protein antagonizes the interaction of Salmonella
enterica serovar Enteritidis with epithelial cells (Golowczyc et al. 2007). Similarly,

the S-layer protein of L. crispatus ZJ001 is involved in the adhesion and competi-

tive exclusion of pathogenic Salmonella typhimurium and E. coli O157:H7 to HeLa
cells (Chen et al. 2007; Johnson-Henry et al. 2007). Decrease of pathogen

adherence after pre-treatment of host epithelial cells with S-layer protein extracts
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indicates that a non-viable constituent from a probiotic strain may prove effective in

interrupting the infectious process of a pathogen. A similar effect has already been

described for L. crispatus JCM 5810, which inhibited adhesion of diarrheagenic

E. coli strains to reconstituted basement membrane preparations (Horie et al. 2002).

In addition to the functions mentioned that are clearly attributable to the respective

S-layer proteins, there were several reports on newly identified surface proteins that

may or may not be associated with the S-layer. Among them is an aggregation-

promoting factor for maintenance of cell shape in L. gasseri 4B2 (Jankovic et al.

2003), a surface protein Cpf of L. coryniformis DSM 20001T mediating coaggrega-

tion with and aggregation among pathogens (Schachtsiek et al. 2004), and a surface

protein from L. fermentum 104R that binds to porcine small intestinal mucus and

gastric mucin (Rojas et al. 2002). Furthermore, a cell envelope protease was

extracted from S-layer-carrying L. helveticus Zuc2 (Scolari et al. 2006).

The utilization of lactobacilli as in vivo delivery vectors for biologically active

molecules has become increasingly attractive due to their non-pathogenicity and

their ability to survive the gastrointestinal tract. In particular, strategies for obtain-

ing periodic cell surface display of epitopes are being intensively investigated. It

has already been demonstrated that S-layer protein subunits can be modified to

carry foreign epitopes as a uniform recombinant S-layer on the Lactobacillus cell
surface. The capacity of the SlpA S-layer protein of L. acidophilus ATCC 4356 to

present epitopes, up to 19 amino acids residues in length, upon recrystallization of

recombinant S-layer fusion protein on the surface of Lactobacillus cells that have
been stripped off from their S-layer upon chemical treatment, makes this system

suitable in principle as an oral vaccine vector (Smit et al. 2002). In vivo surface

display of foreign epitopes was for the first time obtained via the L. brevis S-layer
protein subunits and exemplified with the human 11-amino-acid c-myc proto-

oncogene. For this purpose, a gene replacement system was optimized for replace-

ment of the wild-type slpA gene with the slpA-c-myc construct (Åvall-Jääskeläinen
et al. 2002). According to TEM evidence, a uniform S-layer was obtained display-

ing on its surface the desired antigen in all of the S-layer subunits. Based on the

theoretically calculated presence of approximately 5�105 S-layer subunits on a

L. brevis cell, with this cell surface display system it is possible to present at least

such a large number of antigen epitope molecules on each cell. Surface display of

vaccines as part of an S-layer would thus be a very effective way to present antigens

to the mucosa-associated lymphoreticular tissue. In the context of vaccine develop-

ment based on lactobacillar S-layer, in a recent study porcine-specific S-layer-

carrying strains were analyzed for later use as vaccine vectors and/or probiotics

(Jakava-Viljanen and Palva 2007). However, the amount of such organisms was

rather low, and their adhesion affinities to various host tissues differed consider-

ably. As a previous stage to the development of a vaccine vehicle for oral adminis-

tration, positively charged liposomes were coated with the S-layer proteins from

L. brevis and L. kefir (Hollmann et al. 2007). As already demonstrated with other

S-layer proteins (Mader et al. 1999), the lactobacillar S-layers increased the stabi-

lity of the liposomes when resuspended in bile salts and pancreatic extract and

under thermal shock.
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2.6.4 Geobacillus stearothermophilus strains

The genus Geobacillus stearothermophilus comprises Gram-positive, strictly aero-

bic species of endospore-forming bacteria. Many of them are covered with crystal-

line S-layers of different lattice geometry (Sleytr 1978; Messner et al. 1984; Sleytr

et al. 2002). Among them are also strains with a glycosylated S-layer protein. Since

prokaryotic protein glycosylation in general is now a rapidly expanding field and

the most frequently observed modification of S-layer proteins (for reviews see

Messner and Sleytr 1991, 1992; Sumper and Wieland 1995; Eichler and Adams

2005; Szymanski and Wren 2005; Messner et al. 2008), we have focused consider-

able efforts on the elucidation of this important post-translational protein modifica-

tion. Currently, the best investigated bacterial S-layer glycoprotein is that of the

Gram-positive, moderately thermophilic organism G. stearothermophilus NRS

2004/3a (Sleytr and Plohberger 1980; Küpcü et al. 1984; Messner et al. 1984;

Messner et al. 1986b; Schäffer et al. 2002; Novotny et al. 2004a, b; Steiner et al.

2006, 2007; Bindila et al. 2007; Messner et al. 2008). The surface of this strain is

covered by an oblique S-layer lattice composed of identical glycoprotein subunits.

The S-layer glycan chains protrude from the cell surface and may create a hydro-

philic coat around the bacterial cell comparable to LPS O-antigens of Gram-

negative bacteria (Messner et al. 1986b; Raetz and Whitfield 2002; see also

Chap. 4). After isolation and purification of the glycosylated S-layer protein SgsE

of G. stearothermophilus NRS 2004/3a, the glycan chain structure was determined

by straightforward one-and two-dimensional 1H and 13C nuclear magnetic reso-

nance spectroscopy. To the S-layer protein subunits are attached elongated glycan

chains that are composed of, on average, 15 trisaccharide repeats with the structure

[!2)-a-L-Rhap-(1!3)-b-L-Rhap-(1!2)-a-L-Rhap-(1!3]n and a 2-O-methyl

modification of the terminal repeat at the non-reducing end of the glycan chain

(Christian et al. 1986; Schäffer et al. 2002). The glycan chains are bound via core

saccharides of, on average, two a1,3-linked a-L-Rhap residues to carbon-3 of b-D-
galactose residues. The entire 903-amino-acid-residues-long S-layer glycans are

then attached via O-glycosidic linkages to different serine and threonine residues of
the S-layer protein subunits (Schäffer et al. 2002). On SDS-PA gels four bands

appear, three of which represent glycosylated S-layer proteins. Due to the lack of

adequate analytical techniques, a conclusive interpretation of the multiple banding

pattern of this S-layer glycoprotein as observed by SDS-PAGE has been hampered

in the past. Recently, straightforward mass spectrometry methods have allowed the

accurate determination of the average masses of the three inherently heterogenic

glycoprotein species of SgsE to be 101.66 kDa, 108.68 kDa, and 115.73 kDa,

corresponding to SgsE with different numbers of attached glycan chains (Steiner

et al. 2006). Each of the glycoforms revealed nanoheterogeneity with variation

between 12 and 18 trisaccharide repeats and the possibility of extension of the

already known di-rhamnose core region by one additional rhamnose residue (Stei-

ner et al. 2006). On the 93-kDa SgsE S-layer protein, three glycosylation sites could

be unequivocally identified, namely at positions threonine-590, threonine-620, and
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serine-794. These data led to the logical interpretation that in the 101.66-kDa

glycoform only one glycosylation site is occupied, in the 108.68-kDa glycoform

two glycosylation sites are occupied, and in the 115.73-kDa glycoform all three

glycosylation sites are occupied (Steiner et al. 2006). However, it is not yet known

which of the sites are actually occupied and how long the attached glycans are in the

in vivo situation. This task could only be approached by single molecule analysis of

SgsE subunits, which is far beyond the resolution power of today’s analytical

techniques.

Recently, the structural gene sgsE encoding the S-layer protein of G. stearother-
mophilus NRS 2004/3a was identified by polymerase chain reaction-based techni-

ques (Schäffer et al. 2002). The ORF codes for a protein of 903 amino acids,

including a leader sequence of 30 amino acids. The mature S-layer protein has a

calculated molecular mass of 93,684 Da and a pI of 6.1. In addition to sgsE, the
structural genes coding for S-layer proteins of four other strains of G. stearothermo-
philus strains, termed sbsA – sbsD, have now been characterized (Egelseer et al.

2001; Schäffer et al. 2002; Novotny et al. 2004b). Comparison of the amino acid

sequences of the G. stearothermophilus S-layer proteins SbsA–D (protein identifica-

tion CAA50409, CAA66724, AAC12757, AAF34763, respectively) with SgsE

(protein identification AAL46630) showed that they share similarities with respect

to the following features: (1) they are synthesized with a typical N-terminal signal

sequence consisting of 30 (SbsA, SbsC, SbsD, and SgsE) and 31 (SbsB) amino acids,

respectively; (2) the signal peptide cleavage site is between the Ala–Ala motif,

consistent with the proposed recognition sequence for signal peptidases; (3) all

G. stearothermophilus S-layer proteins exhibit a weakly acidic isoelectric point.

The highest sequence identities are found within the N-terminal regions of the

S-layer proteins (Schäffer et al. 2002). In contrast, the N-terminus of SbsB does

not reveal significant sequence homology; instead, it is the only one among the

G. stearothermophilus S-layer proteins compared to possess an S-layer homology

(SLH) domain (Lupas et al. 1994) between amino acids 31 and 168 (Sára et al. 1998).

Glycosylation of SgsE at the C-terminal region (Thr-590, Thr-620, and Ser-794)

might be seen in the context of anchoring the S-layer glycoprotein to the bacterial

cell wall (see also Sect. 2.5). Recently, a diacetamidodideoxymannuronic acid-con-

taining glycan of G. stearothermophilus NRS 2004/3a with the repeating unit struc-

ture [!4)-b-D-ManpA2,3(NAc)2-(1!6)-a-D-Glcp-(1!4)-b-D-ManpA2,3(NAc)2-
(1!3)-a-D-GlcpNAc-(1!]n~5 was examined to identify its linkage to the bacterial

cell wall. This glycan represents the secondary cell wall polymer (see Sect. 2.5) ofG.
stearothermophilus NRS 2004/3a (Schäffer et al. 1999). In the meantime, chemical

characterization of secondary cell wall polymers from all G. stearothermophilus
strains analysed so far that do not contain SLH domains in their S-layer protein,

showed that they possess diacetamidodideoxyuronic acid-containing secondary cell

wall polymers of identical structure (Schäffer and Messner 2005).

In the course of the genetic characterization of the G. stearothermophilus NRS
2004/3a S-layer glycoprotein glycosylation, the ~16.5 kb surface layer glycan

biosynthesis (slg) gene cluster has been sequenced (GenBank AF328862) (Novotny
et al. 2004a, b). The cluster is located immediately downstream of the S-layer
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structural gene sgsE and consists of 13 ORFs that have been identified by database

sequence comparisons. The cluster comprises genes encoding enzymes for dTDP-L-

rhamnose biosynthesis (rml operon), required for building up the polyrhamnan

S-layer glycan, as well as those for assembly and export of the elongated glycan

chain, and its transfer to the S-layer protein. There is evidence that this cluster is

transcribed as a polycistronic unit, whereas sgsE is transcribed monocistronically

(Novotny et al. 2004b). Chromosomal DNA preparations of several G. stearother-
mophilus strains with glycosylated (NRS 2004/3a, GenBank AF328862) and with-

out glycosylated S-layer proteins (L32-65, GenBank AY278518; ATCC 12980T,

GenBank AY278519) were screened for the presence of the rml operon, because
L-rhamnose is a frequent constituent of S-layer glycans. The flanking regions of the

operon were sequenced from rml-positive strains. Comparison with the slg gene

cluster of G. stearothermophilus NRS 2004/3a (GenBank AF328862) revealed

sequence homologies between adjacent genes. Cell-free extracts of the strains were

capable of converting dTDP-D-glucose to dTDP-L-rhamnose. These results indicate

that the rml locus is highly conserved among G. stearothermophilus strains, and
that in the rml-containing strains investigated, dTDP-L-rhamnose is actively synthe-

sized in vitro (Novotny et al. 2004b), even if the respective S-layer proteins are

non-glycosylated.

The sequence determination of the genes of the slg gene cluster of G. stear-
othermophilus NRS 2004/3a was the basis for the functional characterization of the

different enzyme proteins encoded. The biochemical characterization of WsaP

showed this gene as a UDP-Gal:phosphoryl-polyprenol Gal-1-phosphate transfer-

ase that primes the S-layer glycoprotein glycan biosynthesis of G. stearothermo-
philus NRS 2004/3a and is therefore the initiation enzyme of the glycosylation

reaction (Steiner et al. 2007). It was demonstrated that the enzyme transfers in vitro

a galactose-1-phosphate from UDP-galactose to endogenous phosphoryl-polypre-

nol and that the C-terminal half of WsaP carries the galactosyltransferase function,

capable of reconstituting polysaccharide biosynthesis in WbaP-deficient strains of

Escherichia coli and Salmonella enterica serovar Typhimurium (Steiner et al.

2007). For a better understanding of the general glycosylation process of bacterial

S-layer glycoproteins, further studies of genes involved in S-layer protein glycosy-

lation of different organisms are required.

Other important G. stearothermophilus species include G. stearothermophilus
PV72 and G. stearothermophilus ATCC 12980T. The first S-layer gene of this

species which was sequenced and cloned was the S-layer gene sbsA (Kuen et al.

1994) of the wild-type strain G. stearothermophilus PV72/p6 exhibiting a hexago-

nally ordered S-layer lattice (Sára et al. 1996). Upon cultivation under unphysio-

logically high oxygen concentrations, the hexagonal S-layer lattice of the wild-type

strain formed by SbsA was replaced by an oblique lattice type consisting of the

S-layer protein SbsB of the variant designated PV72/p2 (Sára et al. 1996). Sequenc-

ing of the sbsB gene (Kuen et al. 1997) revealed that the S-layer protein SbsB

carries three SLH motifs at the N-terminal part and showed only 25% identity to

SbsA. On the molecular biological level, variant formation was found to depend on

recombination events between a megaplasmid and the chromosome (Scholz et al.
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2001). In addition to the change of the S-layer protein, the synthesis of a different

type of SCWP was observed (Sára et al. 1996). In the variant strain, the non-

pyruvylated, 2,3-diacetamido-2,3-dideoxymannuronic acid-containing SCWP of

the wild-type strain was replaced by another type of SCWP which contained

GlcNAc and ManNAc as the major components and pyruvate ketals as net nega-

tively charged groups (Ries et al. 1997; Sára et al. 1998; Sára 2001). In a very recent

study, the structure of this SCWP has been resolved by NMR (Petersen et al. 2008).

Interestingly, the S-layer protein SbsA recognized both types of SCWPs as binding

sites, guaranteeing complete coverage of the cell surface during the oxygen-

induced switch. On the other hand, the S-layer protein SbsB showed only affinity

for binding of the newly synthesized SCWP.

For biophysical characterization, SbsB was cloned and expressed as two sepa-

rate but complementary parts, namely, the N-terminal part defined by the three

consecutive S-layer homologous motifs and the remaining large C-terminal part

(Rünzler et al. 2004). By applying this dissection approach, the SLH-domain of

SbsB (rSbsB32–208) was found to be exclusively responsible for SCWP binding

whereas the larger C-terminal part represents the self-assembly domain. Fur-

thermore, circular dichroism spectroscopy studies confirmed that most a-helical
segments are arranged in the N-terminal SLH domain, whereas the middle and

C-terminal part could be characterized as a b-sheet protein (Rünzler et al. 2004).

The C-terminal part of SbsB was found to be highly sensitive against deletions

since the removal of even less than 15 amino acids led to water-soluble S-layer

protein forms (Howorka et al. 2000; Moll et al. 2002).

The interaction of the S-layer protein SbsB of G. stearothermophilus PV72/p2
and the corresponding SCWP was assessed by surface plasmon resonance (SPR)

biosensor technology using native and chemically modified SCWPs devoid of

pyruvic acid residues. The interaction proved to be highly specific for the carbohy-

drate component and glycan pyruvylation was found to be an essential requirement

(Mader et al. 2004).

The cell surface of the type strain of that species, G. stearothermophilus
ATCC12980T, is completely covered with an oblique S-layer lattice formed by

the S-layer protein SbsC, which was also found to be an adhesion site for a high-

molecular-mass exoamylase (HMMA) (Egelseer et al. 1996). After elucidation of

the G. stearothermophilus S-layer genes sbsA and sbsB of PV72/p6 and PV72/p2,

respectively, sbsC was the third S-layer gene of this species to be sequenced and

cloned (Jarosch et al. 2000). The entire sbsC sequence showed an ORF of 3,297 bp

predicted to encode a protein of 1,099 amino acids with a theoretical molecular

mass of 115,409 Da and an isoelectric point of 5.73. The elucidation of the S-layer

gene sequence opened the possibility of investigating whether sequence identities

and a common structure–function relationship exist in S-layer proteins of

G. stearothermophilus wild-type strains.
Thus, in a first approach, different N- or C-terminally truncated S-layer proteins

were produced heterologously and their self-assembly and recrystallization properties

were investigated (Jarosch et al. 2001). Based on these results, the S-layer proteins

could be characterized by two functionally and structurally separated parts, namely a
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highly conserved N-terminal region which interacts with an SCWP composed of

N-acetylglucosamine (GlcNAc), glucose, and 2,3-diacetamido-2,3-dideoxymannuro-

nic acid, and the larger C-terminal part responsible for formation of the crystalline

array (Jarosch et al. 2001). Interestingly, SbsC turned out to be highly tolerant against

deletions, since significant portions at the N- or C-terminal part could be deleted

without losing the capability of the subunits for lattice formation (Jarosch et al. 2001).

On the other hand, water-soluble N- or C-terminally truncated forms of SbsC

were found to be well suited for first three-dimensional (3D) crystallization studies,

thereby circumventing the intrinsic property of S-layer proteins to form two-

dimensional lattices which prevent the formation of isotropic 3D crystals. For the

C-terminally truncated form rSbsC31–844, crystals which diffracted to a resolution of

3 Å using synchrotron radiation could be obtained (Pavkov et al. 2003). Native and

heavy atom derivative data confirmed the results of the secondary structure predic-

tion which indicated that the N-terminal region comprising the first 257 amino acids

is mainly organized as a-helices, whereas the middle and C-terminal parts of SbsC

consist of loops and b-sheets (Pavkov et al. 2003). In a very recent study, refinement

of preliminary data led to the first high-resolution structure of the soluble N-terminal

form rSbsC31–844, showing a very elongated and flexible molecule, with strong and

specific binding to the secondary cell wall polymer (SCWP) (Pavkov et al. 2008).

The crystal structure of rSbsC31–844 revealed a novel fold, consisting of six separate

domains which are connected by short flexible linkers. Furthermore, SCWP binding

induces considerable stabilization of the N-terminal domain.

Also recently, the basic interaction in the mechanism anchoring an S-layer protein

devoid of S-layer-homologous (SLH) motifs to the rigid cell wall layer was system-

atically investigated by SPR biosensor technology, using the S-layer protein SbsC

and the corresponding non-pyruvylated SCWP of G. stearothermophilus ATCC

12980T as the model system (Ferner-Ortner et al. 2007). Two C-terminal truncations

of SbsC (rSbsC31–270 and rSbsC31–443) carrying the SCWP binding domain as well as

one N-terminal truncation (rSbsC638–1099) comprising the residual part of SbsC were

produced heterologously and used for affinity and SPR studies. The SPR data from

both complementary experimental setups in which either the truncated rSbsC forms

or the SCWP were immobilized on the sensor surface confirmed that the N-terminal

region comprising the amino acid residues 31 to 270 was exclusively responsible for

SCWP binding. Analysis of data from the setup in which SCWP was immobilized on

a sensor chip and rSbsC31–270 or rSbsC31–443 represented the soluble analytes indi-

cated a binding behaviour with low (Kd ¼ 9.32 � 10�5 M and 2.95 � 10�6 M),

medium (Kd ¼ 4.8 � 10�9 M and 1.22 � 10�8 M), and high (Kd ¼ 1.94 � 10�12

M and 2.05 � 10–12 M) affinity (Ferner-Ortner et al. 2007).

2.6.5 Lysinibacillus sphaericus

Lysinibacillus sphaericus (formerly Bacillus sphaericus) represents a strictly aero-

bic group of mesophilic endospore-forming bacteria. The S-layer lattice of
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L. sphaericus CCM 2177 shows square symmetry and is composed of identical

subunits with an estimated relative molecular weight of 127,000. The in vitro self-

assembly of this S-layer protein was found to be dependent on the presence of

bivalent cations (Pum and Sleytr 1995). This S-layer protein recognizes a nega-

tively charged SCWP as the binding site in the rigid cell wall layer. The SCWP of

L. sphaericus CCM 2177 is composed of disaccharide repeating units that consist of

N-acetylglucosamine (GlcNAc) and N-acetylmannosamine (ManNAc). Each sec-

ond ManNAc residue carries a pyruvate ketal, which endows the polymer chains

with a negative net charge (Ilk et al. 1999).

The gene encoding the S-layer protein of L. sphaericusCCM 2177was sequenced,

cloned, and expressed in E. coli (Ilk et al. 2002). The entire sbpA sequence indicated

one ORF of 3,804 bp encoding a protein of 1,268 amino acids with a theoretical

molecular mass of 132,062 Da and a calculated isoelectric point of 4.69. Prediction of

the secondary structure from sequence data as well as by far-UV circular dichroism

spectroscopy indicated the concentration of a-helices in the N-terminal part, whereas

the middle and C-terminal parts are dominated by loops and short b-strands (Huber
et al. 2005).

Comparative studies of the structure–function relationship as well as of the acces-

sibility of the C-terminus in full-length rSbpA (rSbpA31–1268) and the truncated form

rSbpA31–1068 revealed that the deletion of 200 C-terminal amino acids did not

interfere with the self-assembly properties of the S-layer protein but significantly

increased the accessibility of the C-terminal end (Ilk et al. 2002).

To identify the SCWP-binding domain of SbpA, seven C-terminal truncations

and one N- and C-terminal truncation of this S-layer protein, as well as two

chimeric proteins comprising either the SLH-domain of the S-layer protein SbsB

of G. stearothermophilus PV72/p2 and the residual sequence of SbpA, and vice

versa, were produced recombinantly and used for SPR studies (Huber et al. 2005).

Surprisingly, rSbpA31–202 solely comprising the three SLH motifs did not bind

at all. The shortest C-terminal truncation with specific affinity to SCWP was

rSbpA31–318. Contrary to the SLH-domain-carrying S-layer protein SbsB (Mader

et al. 2004), in SbpA the 3 SLH motifs and an additional 58 amino acids long SLH-

like motif located behind the third SLH motif were required for reconstituting the

functional SCWP domain. In the C-terminal part of this S-layer protein, up to 237

amino acids could be deleted without interfering with the square lattice structure.

Most important, it was demonstrated that the deletion of a further 113 C-terminal

amino acids led to a change from square (p4) to oblique (p1) lattice structure (Huber

et al. 2005).

2.6.6 Tannerella and Bacteroides

Tannerella forsythia (formerly Bacteroides forsythus) is a filamentous, Gram-

negative, oral anaerobe, which has been implicated in the development of peri-

odontitis (Tran et al. 2001). T. forsythia possesses a distinctive cell envelope
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ultrastructure, with an S-layer appearing as a regularly arrayed lattice formed of

serrated structural subunits (Kerosuo 1988) and lipopolysaccharide but no capsule

located outside of the outer membrane. Sabet and coworkers (2003) have reported

on the small-scale isolation and purification of the T. forsythia S-layer using sodium
deoxycholate followed by caesium chloride isopycnic gradient centrifugation.

SDS-PAGE analysis of the S-layer preparation revealed two major protein bands,

named TfsA and TfsB, exhibiting molecular masses of 200/230 kDa and 210/

270 kDa, respectively (values for molecular masses vary in literature depending

on the percentage of the PA gel), both of which were reactive with the periodic

acid–Schiff reagent, which is indicative of glycosylation (Higuchi et al. 2000; Sabet

et al. 2003). For identification of the tfsA and tfsB genes, partial amino acid

sequences from electrophoretically purified S-layer proteins were compared with

the genome of T. forsythia (Lee et al. 2006b; Sakakibara et al. 2007). Two genes,

tfsA, encoding a ~135-kDa protein with an isoelectric point of 7.85, and tfsB,
encoding a rather basic ~152-kDa S-layer protein with an isoelectric point of 9.1,

are located in contigs TF2661–TF2662, and TF2663, respectively. The differences

between the calculated molecular masses of the S-layer proteins and those esti-

mated from the PA gels indicate a high degree of glycosylation of TfsA and TfsB.

Interestingly, tfsA and tfsB are located in tandem and are transcribed as an operon

(Lee et al. 2006b).

There are several indications that the S-layer functions as a virulence factor. The

S-layer proteins were clearly recognized by sera from patients with adult and early-

onset periodontitis, whereas the IgG response against the antigen was low in healthy

control individuals (Yoneda et al. 2003). Functional tests have furthermore revealed

that the S-layer is highly responsible for adherence/invasion of T. forsythia to

human gingival epithelial cells, mediates hemagglutination, and is involved in

coaggregation with Porphyromonas gingivalis, another crucial oral pathogen

(Sabet et al. 2003; Sakakibara et al. 2007).

Comparison of the amino acid sequences of TfsA and TfsB with the protein

database indicated that these S-layer proteins share no overall homology to any

other deposited S-layer protein sequence. There is, however, profound similarity

(between 63% and 75%) of the C-terminal domains of the T. forsythia S-layer

proteins and nine recently described proteins of the related organism Bacteroides
distasonis, named DgpA–I (Fletcher et al. 2007). Interestingly, there are strong

indications that the Dgp proteins are also glycosylated S-layer proteins. They are

highly abundant in the intestinal symbiont B. distasonis and their expression was

shown to be phase-variable, which is taken as an indication for the importance of

these S-layer glycoproteins to the bacterial–host symbiosis (Fletcher et al. 2007).

2.6.7 Caulobacter vibrioides (formerly Caulobacter crescentus)

Caulobacter vibrioides is a Gram-negative, non-pathogenic aquatic bacterium

that is covered by a hexagonal S-layer lattice composed of a single 98 kDa
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protein species termed RsaA (Smit et al. 1981, 1992). This S-layer protein is

non-covalently bound to the cell surface via a smooth lipopolysaccharide (LPS)

species whose O-side chain is composed, at least in part, of N-acetylperosamine.

This LPS species is at least involved in S-layer anchoring, since strains deficient in

O-side chain biogenesis were found to shed the S-layer (Walker et al. 1994; Awram

and Smit 2001).

In contrast to Gram-positive bacteria, no general S-layer anchoring motifs have

been identified in Gram-negative organisms. In a recent study using reattachment

assays, the RsaA anchoring region was found to lie in the N-terminal region compris-

ing approximately the first 225 amino acids (Ford et al. 2007). Assembly into the

hexagonal array was revealed to require calcium, which may mediate RsaA crystalli-

zation via calcium bridging between RsaA monomers (Smit et al. 1992; Walker et al.

1992). A calcium-binding motif located near the C-terminus of RsaA, the so-called

RTX (repeats in toxin) motif, is likely to mediate this process (Gilchrist et al. 1992).

The rsaA gene (Gilchrist et al. 1992), which encodes the RsaA protein com-

prising 1,026 amino acids with a predicted molecular weight of 98,132 Da, was

exploited to display foreign peptides on the cell surface in a dense, highly ordered

manner (Bingle et al. 1997). While most of the characterized S-layer transport

systems from Gram-negative bacteria involve type II secretion, the S-layer protein

of C. vibrioides is secreted by a type I mechanism which requires two outer

membrane proteins, RsaFa and RsaFb (Toporowski et al. 2004). Interestingly, the

S-layer-associated metalloprotease Sap (Umelo-Njaka et al. 2002) which primarily

uses the S-layer type I secretion apparatus recognized a cleavage site in truncated

RsaA mutants but not in full-length RsaA (Ford et al. 2007). This could be

explained by inappropriate or slower folding of the RsaA mutants, thus exposing

this weak cleavage site to the Sap protease. It can be speculated that this extracel-

lular membrane-bound protease could be part of a “remove and replace” strategy

for repairing S-layer damaged by various environmental causes (Ford et al. 2007).

Comparative studies between different display systems to identify peptides

mimicking bovine herpes virus 1 (BoHV-1) envelope glycoprotein gE proved the

feasibility of the commercially available PureProTM Caulobacter expression sys-

tem (Invitrogen) also as a display system (Lehmann et al. 2004). In the latter, the

S-layer protein RsaA is used as a scaffold displaying the peptide of interest.

In the course of efforts to use C. vibrioides as a vector for immunotherapy by

expressing cancer-associated peptides from genetic insertions in the S-layer gene,

live and unmodified cells of wild-type C. vibrioides revealed unexpected tumor

suppressive effects in mice (Bhatnagar et al. 2006). These results suggest that

C. vibrioidesmay be a safe, bacterial immunomodulator for the treatment of tumors.

2.6.8 Campylobacter fetus

Campylobacter fetus, a microaerophilic spiral Gram-negative bacterium, has been

recognized as an important pathogen in animals important for food production and
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humans (Blaser 1998; Thompson and Blaser 2000). C. fetus has been isolated from

numerous hosts including mammals, birds, and reptiles. C. fetus may be either type

A or type B based on serotype, lipopolysaccharide structure, and S-layer protein

type (Dubreuil et al. 1990; Blaser et al. 1994; Dworkin et al. 1995). C. fetus is

covered by an S-layer composed of high-molecular-weight protein subunits

(Dubreuil et al. 1988; Pei et al. 1988; Fujimoto et al. 1991). The S-layer proteins

have been shown to play a critical role in C. fetus virulence (Blaser et al. 1987; Pei
and Blaser 1990; Blaser and Pei 1993; Blaser et al. 1994; Grogono-Thomas et al.

2000, 2003) by protecting the bacterium from phagocytosis and serum killing

(Blaser et al. 1988).

The C. fetus S-layer proteins are encoded by multiple sap genes and vary in size.
Identification and characterization of the 53.8-kb chromosomal region containing

the entire sap locus (termed the “sap island”) in a wild-type strain showed that all

eight complete sapA homologues share conserved regions at their 50 regions,

encode S-layer proteins from 96 kDa to 131 kDa that share similar characteristics,

and can be divided into three phylogenetic groups based on their 30 sequences (Tu
et al. 2003). The extensive homologies in the sap island include both direct and

inverted repeats, which allow DNA rearrangements, deletion, or duplication (Tu

et al. 2004a). Thereby, each sapA homologue can reciprocally recombine with the

others, with rearrangements permitting the creation of new homologs and their

placement downstream of the unique sapA promoter. Genetic analyses of the sap
islands and their boundaries in 18 different C. fetus strains suggest that the sap
island was not acquired by recent horizontal gene transfer but is an ancient genomic

constituent that has evolved differing genotypes that are plastic, perhaps enabling

colonization of varied niches, in addition to antigenic variation (Tu et al. 2004a).

Genetic analyses of the sap locus were also found to be useful tools to determine

the phylogenetic relationship of C. fetus strains of mammal or reptile origin (Tu

et al. 2001). Although phenotypic testing did not definitively identify the organism

in a patient suffering recurrent bacteremia, genotypic approaches utilizing PCRs

specific for sapA, sapB, and reptile sap island insertion, as well as sequence analysis
of sapD and 16 S rRNA in combination with RAPD, allowed identification of a

C. fetus strain of reptile origin as a human pathogen (Tu et al. 2004b).

Data from challenge experiments using vaccinated ewes suggested that S-layer

protein-expressing vaccines could protect animals from abortion and that this effect

was independent of the S-layer protein expressed, indicating involvement of con-

served epitopes in the S-layer protein. By epitope mapping of the conserved 184-

amino-acid N-terminal region with rabbit anti-S-layer protein antisera by using

overlapping synthetic 20-mer peptides, two putative epitopes were identified

between amino acids 81 to 110 and 141 to 160. Conserved antigenic regions of

the S-layer protein that induce protective immune responses may enable develop-

ment of synthetic vaccine candidates for C. fetus ssp. fetus-associated ovine abor-

tion (Grogono-Thomas et al. 2003).

Interestingly, the investigation of the antigenic property of the GroEL-like protein

in C. fetus belonging to the heat shock protein (HSP) family HSP60 revealed the

presence of a common immunodominant carbohydrate epitope between the S-layer
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protein and the bacterial HSP (Hinode et al. 2002). Analyses of genotypic and

phenotypic variation of C. fetus isolates from human patients with relapsing infec-

tions by comparing their sap type, sap island repertoire and organization, as well as

the expressed S-layer proteins, point to at least three different mechanisms underlying

recurrent C. fetus infections: (1) genetic rearrangement to up-regulate virulence, (2)

rearrangement for antigenic variation, and (3) true latency of a fully virulent strain

with later reactivation due to a change in the clinical status (Tu et al. 2005).

2.7 Conclusions

More than 50 years ago Houwink described the presence of a “macromolecular

monolayer” in the cell wall of a Spirillum sp. (Houwink and Le Poole 1952; Houwink

1953). Soon after, similar arrays were reported in Acinetobacter and Aquaspirillum
strains. Some 40 years ago for the first time “regular arrays of macromolecules” were

identified on the cell surface of livingBacillus andClostridium cells (Sleytr et al. 1967,

1968). Nevertheless, since the classical working strains in microbiology, molecular

biology, and genetics, Escherichia coli and Bacillus subtilis, did not reveal such

structures, it took a long time before the broad distribution and relevance of this cell

wall structure was appreciated. In a previous review (Sleytr 1978) 80 species were

already listed and currently about 800 bacterial and archaeal organisms are known to

possess S-layers. In other words, S-layers can now be considered as one of the most

commonly observed prokaryotic cell envelope structures. Moreover, composed of

single subunits endowed with the ability to assemble into monomolecular arrays, they

represent the simplest type of protein membrane developed during evolution (Sleytr

and Plohberger 1980). Since S-layer-carrying organisms were demonstrated to be

ubiquitous in the biosphere and S-layers are integral components of a variety of cell

envelopes, it became obvious that they must provide the organisms with an advantage

of selection in very difficult habitats.

Despite the significant increase in knowledge of the structure, chemistry, assem-

bly, and genetics of S-layers over recent decades, relatively few firm data are

available on the biological significance and selection advantage to organisms of

producing such metabolically expensive layers (Murray 1993). Finally, it should be

taken into consideration that a simple S-layer-type protein membrane capable of

dynamic growth could have initiated a barrier membrane in the early stage of

biological evolution (Sleytr and Plohberger 1980). The cell division process

observed in lobed (e.g. Methanocorpusculum sinense) (Pum et al. 1991) or rod-

shaped (e.g. Thermoproteus tenax) (Messner et al. 1986a) archaea clearly demon-

strated such morphogenetic potentials of S-layers.

Finally, the increasing wealth of information on the general principles of S-layers

will promote their use in life and non-life science applications (see Chap. 16).
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Åvall-Jääskeläinen S, Kylä-Nikkilä K, Kahala M, Miikkulainen-Lahti T, Palva A (2002) Surface

display of foreign epitopes on the Lactobacillus brevis S-layer. Appl Environ Microbiol

68:5943–5951

Awram P, Smit J (2001) Identification of lipopolysaccharide O antigen synthesis genes required

for attachment of the S-layer of Caulobacter crescentus. Microbiology 147:1451–1460

Baillie L, Hebdon R, Flick-Smith H, Williamson D (2003) Characterisation of the immune

response to the UK human anthrax vaccine. FEMS Immunol Med Microbiol 36:83–86

Baumeister W, Wildhaber I, Phipps BM (1989) Principles of organization in eubacterial and

archaebacterial surface proteins. Can J Microbiol 35:215–227

Beveridge TJ (1994) Bacterial S-layers. Curr Opin Struct Biol 4:204–212

Beveridge TJ, Graham LL (1991) Surface layers of bacteria. Microbiol Rev 55:684–705

2 Functions of S-Layers 89



Bhatnagar PK, Awasthi A, Nomellini JF, Smit J, Suresh MR (2006) Anti-tumor effects of the

bacterium Caulobacter crescentus in murine tumor models. Cancer Biol Ther 5:485–491

Bi ZX, Liu YJ, Lu CP (2007) Contribution of AhyR to virulence of Aeromonas hydrophila J-1. Res
Vet Sci 83:150–156
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González JM, Mayer F, Moran MA, Hodson RE, Whitman WB (1997)Microbulbifer hydrolyticus
gen. nov., sp. nov., and Marinobacterium georgiense gen. nov., sp. nov., two marine bacteria

from a lignin-rich pulp mill waste enrichment community. Int J Syst Bacteriol 47:369–376

Graham LL (2002) Campylobacter fetus adheres to and enters INT 407 cells. Can J Microbiol

48:995–1007

Grech-Mora I, Fardeau M-L, Patel BKC, Ollivier B, Rimbault A, Prensier G, Garcia J-L, Garnier-

Sillam E (1996) Isolation and characterization of Sporobacter termitidis gen. nov., sp. nov.,
from the digestive tract of the wood-feeding termite Nasutitermes lujae. Int J Syst Bacteriol
46:512–518

Grogono-Thomas R, Dworkin J, Blaser MJ, Newell DG (2000) Roles of the surface layer proteins

of Campylobacter fetus subsp. fetus in ovine abortion. Infect Immun 68:1687–1691

Grogono-Thomas R, Blaser MJ, Ahmadi M, Newell DG (2003) Role of S-layer protein antigenic

diversity in the immune responses of sheep experimentally challenged with Campylobacter
fetus subsp. fetus. Infect Immun 71:147–154
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Messner P, Pum D, Sára M, Stetter KO, Sleytr UB (1986a) Ultrastructure of the cell envelope of

the archaebacteria Thermoproteus tenax and Thermoproteus neutrophilus. J Bacteriol

166:1046–1054

Messner P, Pum D, Sleytr UB (1986b) Characterization of the ultrastructure and the self-assembly

of the surface layer of Bacillus stearothermophilus strain NRS 2004/3a. J Ultrastruct Mol

Struct Res 97:73–88

Messner P, Scheberl A, Schweigkofler W, Hollaus F, Rainey FA, Burghardt J, Prillinger H (1997)

Taxonomic comparison of different thermophilic sugar beet isolates with glycosylated

surface layer (S-layer) proteins and their affiliation to Bacillus smithii. Syst Appl Microbiol

20:559–565

2 Functions of S-Layers 99
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Microbiol 10:911–916
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systems: microbial S-layers. In: Steinbüchel A, Fahnestock S (eds) Biopolymers. Polyamides

and complex proteinaceous matrices I, vol 7. Wiley-VCH, Weinheim, Germany, pp 285–338
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Chapter 3

Bacterial Polysaccharide Capsules

David Corbett, Thomas Hudson, and Ian S. Roberts

3.1 Introduction

The expression of extracellular polysaccharide (EPS) material is a common fea-

ture of many bacteria. This EPS coats the outside of the bacterial cell and as a

consequence plays an intimate role in mediating interactions between the bacterium

and its immediate environment. In essence, the expression of EPS results in the

coating of the bacterium in a hydrated shell of high molecular weight polysaccha-

ride molecules that in the majority of cases carry a net negative charge at physio-

logical pH. The ubiquity of EPS expression across a diverse array of bacterial

genera suggests that capsule expression is advantageous in a number of scenarios.

A capsule is a discrete structure that is defined as a layer of polysaccharide that is

either physically attached to, or remains tightly associated with, the cell surface of

the bacterium. This is in contrast to slime, which has a loose association with the

surface of the bacterium and is often shed in large amounts into the surrounding

environment. This loss of EPS may have important implications in modifying the

local environment and promoting the effective colonisation of a particular ecologi-

cal niche. However, whilst this is a reasonable working dichotomy with which to

classify EPS, one should appreciate that even capsular polysaccharides will be shed

from the bacterial cell surface, though this may be on a smaller scale and usually in

association with other cell surface material. This review will focus on a discussion

of capsules rather than slime.

There is great potential for structural diversity amongst capsular polysaccharides

both within and between bacterial species. The basis of this diversity is a conse-

quence of differences in both the repeat monosaccharide components but also in the

glycosidic linkage between the different repeating monosaccharide units. This is in

contrast to proteins whose diversity is limited by the order and modification of their
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component amino acids. Capsule diversity is exemplified by Streptococcus pneu-
moniaewith over 90 different capsule serotypes (Henrichsen 1995) and Escherichia
coli with over 90 capsules or K antigens (Whitfield 2006). The diversity of capsular

polysaccharides within a single bacterial species such as S. pneumoniae, which is a

highly adapted human respiratory pathogen and will not have to grow outside the

host, raises the obvious question regarding the function of this diversity. Whilst

certain capsule serotypes are associated with invasive disease and it is possible to

assign roles for capsules in this process, disease is really the atypical state reflecting

a perturbation in the interaction between the bacterium and the host. The key

question is, what role does the capsule fulfil in allowing these bacteria to colonise

and maintain carriage and how is this related to capsule diversity? A consequence

of capsule diversity is that there are a huge number of highly diverse microbial

polysaccharides that have a range of physico-chemical properties germane to the

environment in which the bacterium normally resides. This represents a reservoir of

potentially useful polysaccharide molecules that could be exploited in a range

of biotechnological applications. Underpinning this structural diversity is an array

of glycosyl transferase enzymes that synthesise these diverse polysaccharides.

Advances in our understanding of glycosyl transferase structure, coupled with the

increasing availability of genome sequences, means that it is possible to clone and

express in E. coli heterologous glycosyl tranferases to undertake polysaccharide

engineering and generate polysaccharides with particular properties (Yavuz et al.

2008).

3.2 Functions of Bacterial Capsules

A number of functions have been assigned to capsules in different bacteria includ-

ing adhesion, transmission, resistance to innate host defences, resistance to the

host’s adaptive immune response, chemokine and cytokine induction and intracel-

lular survival (Table 3.1) (Roberts 1996; Corbett and Roberts 2008). Historically

the capsule was perceived to function as a barrier, masking and coating cell surface

Table 3.1 Functions of bacterial capsules

Adhesion: Hyaluronic capsule in the adhesion of Group A streptococci to CD44. Inhibition of

mucus clearance in S. pneumoniae
Transmission: In host-adapted respiratory pathogens, the polysaccharide capsule may provide an

aqueous gel to prevent desiccation

Resistance to innate host defences: Masking of complement activators; capsules hinder the

membrane attack complex reaching the outer membrane. Sialic acid containing

polysaccharides bind factor H

Resistance to adaptive immune response: In the case of capsules that structurally resemble host

molecules such as the sialic acid capsule of N. menigitidis B or E. coli K1
Intracellular survival: The E. coli K1 capsule is essential for surviving the crossing of the blood–

brain barrier

Mediating host cell cytokine induction: Immunomodulation of host response
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structures that might otherwise trigger innate host defences. While this is no doubt

true, a picture is now emerging in which the polysaccharide molecule itself is

capable of interacting directly with host cells to elicit a host response most likely

to promote the continued colonisation of the bacteria in the host. The implications

of these observations are that capsular polysaccharides may themselves function

as signalling molecules in mediating the dialogue between the host and the bacte-

rial cell.

3.3 Capsules and Adhesion

Generally the production of a capsule is known to inhibit the attachment of bacteria

to both biotic and abiotic surfaces. However there are exceptions to this (see

below). The inhibition of attachment is most likely through the masking of key

cell surface appendages such as fimbriae, crucial for attachment of the bacterium to

the host cell (Schembri et al. 2004). It has been shown in Klebsiella pneumoniae
that in vitro the loss of capsule increased adhesion to non-mucus secreting cells but

conversely reduced adhesion to cells capable of expressing mucus (Favre-Bonte

et al. 1999a). The capsule minus mutant also colonised the mouse large intestine

less well than the wild type, indicating a role for the capsule in colonisation by

K. pneumonia (Favre-Bonté et al. 1999b). This increased colonisation probably

reflects an increased ability of encapsulated cells to adhere to mucus-expressing

cells in the large intestine, indicating an interaction between the polysaccharide

capsule and mucus. Similarly, in the case of S. pneumoniae the expression of a

capsule appears to reduce entrapment in luminal mucus, thereby reducing clearance

and promoting adherence and colonisation (Nelson et al. 2007). A role for the

Escherichia coli K5 capsule in the colonisation of the large intestine of the

gnotobiotic rat has also been demonstrated (Hérias et al. 1997). Overall these

data clearly implicate capsule expression and colonisation of host gut.

Impaired adhesion and biofilm production resulting from capsule expression has

been observed in many other bacteria such as Neisseria meningitidis, S. pneumoniae,
Porphyromonas gingivalis and Vibrio fischeri (Davey and Duncan 2006; Moscoso

et al. 2006; Schembri et al. 2004; Yip et al. 2005). Interestingly, it has been

demonstrated that treatment of abiotic surfaces with polysaccharide capsule derived

from an E. coli Group 2 strain resulted in a drastic reduction of both initial adhesion
and subsequent biofilm development (Valle et al. 2006). Paradoxically, the expres-

sion of EPS appears to be important in providing the matrix for the correct assembly

of mature biofilms (Nakhamchik et al. 2008). The detrimental effects on adhesion as

a consequence of capsule expression suggest that initial colonisation of surfaces

may involve pioneer cells from within the population that show reduced capsule

expression. Such pioneers may arise as a result of stochastic regulation of gene

expression via mechanisms such as slip strand mispairing or other regulatory

mechanisms that lead to bistable expression within the population (Dubnau and

Losick 2006). Conversely there are examples where capsule expression is essential
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for efficient colonisation. An excellent example is the adhesion of Group A strepto-

cocci to pharyngeal cells mediated via the interaction between the hyaluronic acid

capsule and CD44, the hyaluronic acid binding protein (Cywes and Wessels 2001).

This interaction between microbe and host induces a signalling pathway that

promotes the efficient paracellular penetration of the mucosal epithelial layer and

invasion of the underlying tissue (Cywes and Wessels 2001).

3.4 Capsules and Resistance to Host Defences

A major role played by bacterial capsules against the host’s immune system is

resistance to the complement system. The complement system is a cascade of

proteins resulting in either the formation of a membrane attack complex (MAC)

or opsono-phagocytosis by macrophages and neutrophils. MAC formation in the

bacterium’s membrane generates pores that result in cell lysis. There are three

possible complement pathways; the classical, lectin and alternative pathway. The

classical pathway involves proteins C1–C9 and is initiated by C1 binding to an

antibody–antigen complex, known as complement fixation. Successive protein

complexes are then formed, resulting in C3b, which is recognized for opsono-

phagocytosis or used as the starting point for the formation of MAC. The two other

complement pathways both result in the production of C3b but in an antibody-

independent manner. The lectin pathway utilises mannose-binding protein within

the serum, whereas the alternative pathway utilises free C3b within the serum

binding to bacteria. Unlike host cells, invading bacteria are unable to inactivate

C3b, allowing the innate immune system to distinguish self from non-self.

Production of a polysaccharide capsule is a key component in conferring com-

plement resistance in a range of both Gram-positive (Cunnion et al. 2001; Neeleman

et al. 1999) and Gram-negative (Roberts 1996) invasive bacterial pathogens. The

capsule is thought to mask key complement binding sites on the bacterial cell

surface, such as lipid A and outer membrane proteins. Therefore, complement

pathways are inhibited, avoiding the potential for MAC formation or opsono-

phagocytosis. Alternatively the MAC may be assembled in the capsule layer

away from the cell surface, thereby avoiding cell lysis. Examples of complement

resistance have been well documented for polysialic acid capsule producing strains

(Cisowska and Jankowski 2004; Geoffroy et al. 2003; Pluschke et al. 1983; Uria

et al. 2008; Vogel et al. 1996), although it seems that in Neisseria meningitidis
sialylation of lipooligosaccharides is also crucial for serum resistance. It is known

that C3b can be inactivated through the regulatory protein factor H, which converts

C3b into iC3b, and that factor H can bind to heparin and sialic acid molecules

(Pangburn et al. 1991). As such it was proposed that the complement resistance of

strains expressing capsules containing sialic acid could be due to the deposition of

factor H on the bacterial cell surface and its subsequent conversion of any bound

C3b into iC3b. However, the observation that there was no detectable difference

in the amount of bound C3b or inactivated iC3b between encapsulated and
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unencapsulated N. meningitidis (Vogel et al. 1997) would suggest that the situation
is more complex than first thought.

In the case of E. coli K1 strains, it was demonstrated that they have an increased

binding ability for C4bp via the outer membrane protein OmpA (Wooster et al.

2006). The protein C4bp is an inhibitor of complement activation via the classical

pathway through the action of factor I, which cleaves both C3b and C4b. This

process is thought to be crucial for the serum resistance of E. coliK1 (Wooster et al.

2006). Conversely, encapsulated N. meningitidis serogroup B was shown to have

50% less C4bp bound compared to unencapsulated N. meningitidis (Jarva et al.

2005). This C4bp binding difference between E. coli K1 and N. meningitidis
serogroup B, both of which express a chemically identical sialic acid capsule,

would indicate that specific additional cell surface bacterial factors are important

in contributing to complement resistance. Indeed, in the case of invasive E. coli
strains, it has been shown that complement-mediated resistance is likely to involve

a number of cell surface structures such as O and K antigen, both of which

contribute to the overall effect (Burns and Hull 1998, 1999).

The ability of capsules to confer resistance to phagocytosis by polymorpho-

nuclear cells (PMNL) has long been assigned to the negatively charged polysac-

charide capsule and the repulsive effect on the negatively charged cell surface of the

PMNL (Roberts 1996). However, it is likely that poor opsonisation with comple-

ment of encapsulated bacteria will also play a role in this protection (Roberts 1996).

Recently it has been shown that the capsule of the Group B streptococcus (GBS)

Streptococcus agalactiae inhibits the binding of macrophage scavenger receptor-A

(SR-A), which plays a crucial role in the recognition and non-opsonic phagocytosis

of pathogenic bacteria (Areschoug et al. 2008). The capsule blocks the binding of

SR-A to the cell surface lipoprotein Blr, thereby reducing SR-A-mediated non-

opsonic phagocytosis of S. agalactiae (Areschoug et al. 2008). This anti-phagocytic
property will be of particular relevance in naive hosts such as neonates, which may

lack specific antisera. In addition, the presence of a terminal sialic acid residue on

the capsular polysaccharides of GBS has been shown to mediate interactions with

sialic acid recognising lectins (Siglecs) on the surface of neutrophils and monocytes

(Carlin et al. 2007). This interaction was dependent on the extent of O-acetylation
of the sialic acid (Carlin et al. 2007). Engagement of Siglecs on the cell surface of

leukocytes is believed to suppress T-cell signalling (Ikehara et al. 2004) and NK

cell toxicity (Nicoll et al. 2003). As such, the interaction between sialic acids on the

GBS capsule and Siglecs could represent an interaction between the microbe and

the host that effectively dampens down the innate immune response.

The E. coli K1 capsule is vital for intracellular survival and crossing the blood

brain barrier (Kim et al. 2003). Specifically, the K1 capsule moderates the matura-

tion process of E. coli containing vacuoles inside endothelial cells, preventing

fusion with lysosomes (Kim et al. 2003). As such, expression of the K1 capsule is

critical to the pathology of the disease. The meningococcal group B capsule, which

is chemically identical to the E. coli K1 antigen, has also been shown to be essential
for intracellular survival, playing a key role in resistance to cationic antimicrobial

peptides (Spinosa et al. 2007). The observation that capsule gene expression was
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upregulated during intracellular growth supports a key role for capsule expression

in intracellular survival (Spinosa et al. 2007).

Overall it is clear that encapsulation is an absolute requirement for effective

systemic infection by invasive human and animal pathogens, and plays a number of

roles in mitigating against and subverting the host’s defences.

3.5 Capsules and Immunomodulation

Considering their location on the outermost surface of the bacterial cell, it is not

surprising that capsules mediate interactions between the microbe and its immediate

environment. There is increasing evidence that capsular polysaccharides may pos-

sess immunomodulatory activities and be able to moderate the local inflammatory

response of epithelial cells to maximise their colonisation and survival within the

host. In the case of Staphyloccocus aureus both capsular polysaccharide types 5 and
8 were able to bind to epithelial cells and induce IL-8 expression, in addition to

inducing IL-8, IL-6, IL-1b and TNFa from monocytes (Soell et al. 1995). It was

proposed that these capsular polysaccharides were acting as adhesins to promote

attachment to epithelial cells whilst at the same time expressing immunomodulatory

effects (Soell et al. 1995). It has been shown with the type 2 capsule of Streptoccocus
suis that the expression of a capsule disrupts interactions between cell wall com-

ponents and TLR2, probably through steric effects, thereby reducing cytokine

responses to adherent S. suis (Graveline et al. 2007). However, the purified capsular
polysaccharide was able to induceMCP-1 production bymonocytes through a TLR2/

MyD88-independent pathway (Graveline et al. 2007). The purified polysaccharide

also induced late activation of CD14 and TLR2 but this was probably a conse-

quence of MCP-1 downstream activation of NF-kB and AP-1 transcription factors

(Graveline et al. 2007). In contrast, in Salmonella enterica serovar Typhi, the Vi

capsular antigen reduces TLR-dependent IL-8 production from intestinal mucosa

(Raffatellu et al. 2005) and IL-17 secretion (Raffatellu et al. 2007). This indicates that

the Vi antigen is acting to reduce intestinal inflammation, possibly playing a role in

reducing the influx of neutrophils to the site of infection and thereby promoting the

increased survival of S. Typhi (Raffatellu et al. 2006). Most strikingly, the purified

polysaccharide A (PSA) from the gut symbiont Bacteroides fragilis has been shown
to have potent anti-inflammatory properties (Mazmanian et al. 2008). Administration

of the polysaccharide prevented inflammatory disease in mice infected with Helico-
bacter hepaticus (Mazmanian et al. 2008). This anti-inflammatory response required

IL-10-producing CD4+ T cells and demonstrates how a cell surface polysaccharide

could be playing key roles in mediatingmicrobe–host interactions and preventing the

induction of an inappropriate inflammatory response as a consequence of the colo-

nisation by a gut symbiont (Mazmanian et al. 2008).

The potent anti-inflammatory properties of PSA are in contrast to the K1

capsular polysaccharide from the oral pathogen Porphyromonas gingivalis which
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elicits MIP-2, RANTES and MCP-1 secretion from murine macrophages and also

stimulates macrophage migration (d’Empaire et al. 2006). The ability of the

purified K1 capsular polysaccharide to induce inflammatory chemokines would

suggest that the capsular polysaccharide is involved in generating the inflammatory

lesions typical of periodontal disease as a consequence of P. ginivalis infection

(d’Empaire et al. 2006). Therefore it is clear that capsular polysaccharides them-

selves may function to elicit localised inflammatory responses that moderate the

interactions between the microbe and the host. This interaction is above and beyond

any steric effects the cell surface capsule may have in protecting the microbe from

the host’s defences.

3.6 Regulation of Capsule Gene Expression

The expression of a capsule represents a substantial investment of energy by the

bacterial cell, involving the loss to the cell of valuable sugars that might otherwise

be used for energy and growth. Capsule expression will also consume ATP, during,

for example, transport of the polymer onto the cell surface. As such, one would

expect capsule expression to be tightly regulated in order to avoid unnecessary

expression. In essence, the bacterium should attempt to limit capsule expression to

the environments in which it will confer a selective advantage. Hence, capsule

expression will be regulated by environmental stimuli, allowing integration of local

environmental conditions into the regulation of capsule expression. Alternatively,

capsule expression may be stochastic with local selective pressures selecting for

bacterial cells whose capsule expression is optimal for the environment they find

themselves in. Both systems may operate in the same bacterium such that both fine

and coarse tuning of capsule expression may take place. In the following sections

we will describe the regulation of selected capsule gene clusters from a number of

bacterial pathogens.

3.7 Regulation of Escherichia coli Capsule Gene Expression

Escherichia coli K antigens have been classified into four groups (Groups 1–4) on

the basis of a number of biochemical and genetic criteria (Whitfield and Roberts

1999). In terms of regulation, Group 2 capsule gene clusters have been most

studied, with some work on the regulation of those belonging to Group 1. The

Group 1 capsule gene cluster and the cps gene cluster for the synthesis of colanic

acid (M antigen) are allelic such that their expression is mutually exclusive (Whitfield

2006). This is not true for the other groups of K antigens that can express colanic

acid in addition to a K antigen. Colanic acid is a polymer of glucose, galactose,

fucose and glucuronic acid modified with acetyl and pyruvyl groups (Gottesman

and Stout 1991). Colanic acid is expressed only at environmental temperatures
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(below 30�C), and is not a virulence factor (Lopez-Torres and Stout 1996). It is

readily shed from the cell surface and is akin to slime, with the principal roles of

protecting the bacterium from the external environment, being required both for

prevention of desiccation and biofilm formation (Ophir and Gutnick 1994; Sled-

jeski and Gottesman 1996). Since this review is focussing on capsules rather than

slime, we will not discuss regulation of colanic acid expression in depth. A detailed

discussion can be found in Corbett and Roberts (2008). Suffice it to say that

regulation of colanic acid expression involves the Rcs phosphorelay, a highly

conserved regulatory system amongst pathogenic or commensal enterobacteria

(Erickson and Detweiler 2006; Hinchliffe et al. 2008; Laubacher and Ades 2008).

The Rcs phosphorelay is not directly involved in regulating expression of K

antigens in E. coli (Jayaratne et al. 1993; Keenleyside et al. 1993). Unlike the cps
operon, there are no RcsAB boxes, typical of genes regulated by the Rcs phosphor-

elay system, detectable in any of the four groups of capsule gene clusters in E. coli.
However, in the case of the K30 antigen, a prototypical Group 1 K antigen,

expression was affected by multi-copy RcsB, a key response regulator in the Rcs

phosphorelay system (Rahn and Whitfield 2003). The explanation for this was that

upstream of galF, whose gene product is involved in the synthesis of UDP-glucose,
there is an RcsAB box. Multi-copy RcsB was found to induce the transcription of

galF, which increased the levels of UDP-glucose and consequently caused an

increase in K30 expression resulting in a mucoid phenotype (Rahn and Whitfield

2003). Thus, Group 1 capsule expression is in part regulated by the availability of

activated sugar precursors, which in turn may be increased through activation of the

Rcs phosphorelay system (Rahn and Whitfield 2003).

Both E. coli Group 1 and 2 capsule gene clusters are dependent upon a 39 bp

sequence downstream of their promoters known as JUMPStart (Just Upstream of

Many Polysaccharide gene Starts) (Hobbs and Reeves 1994). Within the JUMP-

Start sequence is a conserved GGCGGTAG motif known as ops (operon polarity

suppressor) (Nieto et al. 1996). This sequence is essential for the function of the

RfaH that plays a key role in reducing termination of transcription during the

generation of long polycistronic messages. In the case of the K30 capsule gene

cluster, the ops site is located between the wzc and wbaP genes such that transcrip-

tion of the genes downstream of wzc and eventual expression of the K30 polysac-

charide require RfaH (Rahn and Whitfield 2003). In the case of Group 2 capsule

gene clusters the ops site is centred 28 bp 50 to the kpsM gene (Fig. 3.1) (see below).

3.8 Group 2 Capsule Gene Clusters

Group 2 capsule gene clusters are organised into three regions (Fig. 3.1). Regions 1

and 3 contain the genes encoding proteins that transport the nascent capsular

polysaccharide from the cytoplasm to the bacterial cell surface, and are conserved

in all Group 2 capsule gene clusters. The central region 2 encodes the genes

responsible for the synthesis of the polysaccharide and its precursors (Fig. 3.1)

118 D. Corbett et al.



and is serotype-specific (Whitfield 2006). Our understanding of the regulation of

Group 2 capsule gene expression has come from studies on the K5 capsule gene

cluster of E. coli.
Transcription of Group 2 capsule gene clusters originates from two convergent

temperature-regulated promoters located upstream of regions 1 and 3 (Simpson

et al. 1996; Stevens et al. 1997), designated PR1 and PR3 (Fig. 3.1). Transcription

occurs at 37�C, but no transcription is detectable from either promoter at tempera-

tures below 25�C (Cieslewicz and Vimr 1996; Rowe et al. 2000), Transcription

from PR1, a s70 promoter that is located 225 bp upstream of kpsF, generates an 8 kb
polycistronic message, which is processed to yield a distinct 1.3 kb kpsS-specific
transcript (Fig. 3.1) (Simpson et al. 1996). Region 3 (kpsMT) encodes an ABC

transporter which translocates Group 2 capsular polysaccharide chains across the

cytoplasmic membrane (Smith et al. 1990; Bliss and Silver 1996). PR3 is located

741 bp upstream of kpsM and transcription from this promoter continues through

into region 2, past a Rho-dependent transcriptional terminator located between kpsT
and kfiA, the first gene of region 2. Read-through transcription is dependent on RfaH
and the ops site centred 28 bp 50 to kpsM (Fig. 3.1). Region 2 (kfiABCD) is serotype-
specific (Petit et al. 1995; Roberts 1996). Long intergenic regions of unknown

function exist in region 2: kfiA and kfiB are separated by 340 bp, while kfiB is

separated from kfiC by 1,293 bp (Petit et al. 1995). Expression of the kfi genes

absolutely requires RfaH-mediated read-through transcription from PR3 (Stevens

et al. 1997).

Temperature regulation of both PR1 and PR3 involves the global regulatory

proteins H-NS and BipA; the function of BipA awaits elucidation and will not

be discussed here. H-NS plays a curious regulatory role, being required for maxi-

mum transcription at 37�C, but also acting as a repressor of transcription at 20�C
(Rowe et al. 2000). H-NS is a highly abundant protein that has been implicated in

the temperature regulation of a number of genes and the silencing of horizontally

acquired genetic material (Dorman 2007; Lucchini et al. 2006; Navarre et al. 2006).

The transcriptional regulator, SlyA, is also involved in activating transcription from

RNaseE/III?

Conserved in all group 2 capsule gene clusters.

Major transcripts

PR3

Ops site

KfiB-α1,4−GlcNAc transferase
KfiB-? Initiation

KfiD-UDPGIcDH, Glc to GlcA
KfiC-β1,4-GlcA transferase

PR1

F Ekps D U C S

kfi D C B A

T M

Fig. 3.1 Transcriptional organisation of the K5 capsule gene cluster, showing the conserved

Group 2 capsule genes
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PR1 and PR3 at 37�C (Corbett et al. 2007; Xue et al. 2009). SlyA is a regulator of

the expression of a number of virulence genes in S. typhimurium, the majority of

which encode proteins that localise in either the cell membrane, periplasm, or on the

cell surface (Ellison and Miller 2006; Navarre et al. 2005; Spory et al. 2002). SlyA

is essential for the virulence of S. typhimurium in mice, with slyA mutants showing

reduced survival within murine macrophages with increased sensitivity to the

oxidative burst (Buchmeier et al. 1997; Libby et al. 1994; Stapleton et al. 2002)

SlyA is an H-NS anti-repressor (Heroven et al. 2004; Fang and Rimsky 2008), but at

PR1 and PR3 the situation is more complicated. At PR1, H-NS and SlyA can bind to

the promoter simultaneously. H-NS is required for maximal SlyA-mediated activa-

tion of transcription at this promoter, explaining the observation that hns mutants

show reduced levels of capsule gene transcription at 37�C, and suggesting that at

the capsule-permissive temperature, the two proteins function as co-activators of

transcription (Corbett et al. 2007). Whether this is a result of direct protein–protein

interactions or due to nucleoprotein remodelling which results in open complex

formation is unclear. The complex interplay observed between H-NS, SlyA, and

RNA polymerase has also been observed at the E. coli hlyE and S. typhimurium
pagC and ugtL promoters (Lithgow et al. 2007; Perez et al. 2008).

At PR1 there is additional regulatory input through the activity of the IHF

protein which is required for maximum transcription from PR1 at 37�C, and

binds to a single site located 130 bp downstream of the transcription start point at

PR1 (Rowe et al. 2000). IHF exerts its effects by bending DNA to an angle of more

than 160� at the W base pair, and, in doing so, can potentially bringing other cis-
acting regulatory proteins or functionally important regions of DNA into close

apposition with RNA polymerase, and thus potentiate transcription (Engelhorn and

Geiselmann 1998). In the absence of H-NS, IHF appears to be largely redundant,

suggesting a role for IHF in H-NS anti-repression. Additionally, SlyA- and IHF-

mediated regulation of this promoter are independent of each other (Corbett and

Roberts unpublished).

Expression from PR3 also involves an interplay between H-NS and SlyA at 37�C
(Xue et al. 2009). The requirement for H-NS and SlyA allows the co-ordinate

regulation of PR1 and PR3 in response to temperature (Xue et al. 2009). A key

difference between PR1 and PR3 is the large 741 bp UTR region between PR3 and

the ATG of kpsM (Fig. 3.1). A number of roles have been assigned to the UTR; it

moderates the extent of transcription that reaches kpsM, it contains a H-NS binding

site 30 to the transcriptional start that is essential for temperature regulation and

contains the ops site essential for RfaH regulation (Xue et al. 2009).

In summary, E. coli Group 2 capsule gene clusters are regulated principally at

the level of transcription. This involves the action of several global regulators

acting at two convergent temperature-regulated promoters. Temperature is the

only known environmental signal regulating transcription from these promoters

and its effects are mediated through the H-NS, BipA and SlyA proteins. However

it is likely that other, as yet identified host-induced stimuli will feed into this

regulatory network.
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3.9 Salmonella enterica serovar Typhi

The enteric Gram-negative bacterium S. Typhi is a facultative intracellular pathogen
and the cause of typhoid fever in humans. It expresses a capsule that is comprised of

a variably O-acetylated a-1,4-linked 2-deoxy-2-N-acetylgalactosamine (Szu et al.

1991). The capsule biosynthesis and export functions are encoded by the viaB locus

that consists of ten ORFS, while the viaA locus contains two genes encoding

homologues to the E. coli RcsB and RcsC proteins and is important in regulation

of expression (Hashimoto et al. 1993; Virlogeux et al. 1995; Waxin et al. 1993).

The first gene of the viaB locus is tviA, that encodes the positive regulator TviA
(Virlogeux et al. 1996). In concert with RcsB, TviA activates transcription of tviB
from the tviA promoter enabling transcription to proceed past a proposed transcrip-

tional terminator located between tviA and tviB (Virlogeux et al. 1996). RfaH is

likely to enable transcription elongation through viaB, as a JUMPStart is located

upstream of tviB (Hobbs and Reeves 1994). TviA is non-essential for capsule

expression, but inactivation of rcsB abolishes capsule expression (Virlogeux et al.

1995, 1996). Based on the requirement for both TviA and RcsB for expression of

the viaB locus, and extrapolating from the E. coli phosphorelay, it has been

proposed that TviA is functionally homologous to RcsA (Virlogeux et al. 1996),

However, TviA cannot complement an E. coli rcsA mutant, and TviA is not

susceptible to degradation mediated by the Lon protease, as is the case for RcsA

(Virlogeux et al. 1996). One possibility is that TviA may play a role in assisting

RcsB–DNA interaction, as it is able to restore capsule expression to strains carrying

mutations in the DNA-binding domain of RcsB, but it is unable to restore capsule

expression to an rcsB knockout strain (Virlogeux et al. 1996). An RcsAB box has

been identified upstream of the tviA gene that was bound by E. coli RcsAB in vitro

(Wehland and Bernhard 2000). If TviA and RcsB do interact in vivo, this could

represent a potential target for binding.

Environmental regulation of Vi capsule expression is complex. Growth in high

levels of NaCl (>300 mmol/L), comparable to those found in the human gut,

inhibits capsule gene transcription in wild-type cells and results in the secretion

of invasion-promoting Sip proteins, which, whilst the bacterium is expressing a

capsule, are not secreted but stockpiled in the cell (Arricau et al. 1998; Pickard et al.

1994; Santander et al. 2007). Elevated expression of the alternative sigma factor

RpoS represses capsule expression. This might account for the fact that capsule

expression is maximally expressed during exponential phase, i.e. when RpoS

expression is minimal (Arricau et al. 1998; Lee et al. 2006; Santander et al.

2007). The expression of Vi capsule is further complicated by the observation

that at low osmolarity there is a mixed population of Vi
+ and Vi

� cells, otherwise

known as the VW phenotype (Santander et al. 2007). The basis for this phenotype is

unclear. The OmpR-EnvZ two-component regulator system, as well as IHF and Fis

proteins, have also been proposed to positively regulate Vi antigen synthesis

(Pickard et al. 1994; Lee et al. 2006).
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In summary, expression of the S. Typhi viaB capsule gene cluster is controlled

by an Rcs-like system involving the proteins TviA and RcsB. The RcsB protein is

essential for expression while TviA is not. RfaH, IHF, Fis and the OmpR-EnvZ

system may also enhance transcription of the capsule gene cluster, although their

exact roles have not been defined.

3.10 Neisseria meningitidis

The most common capsule serogroups of N. meningitidis are B, C, W-135, and Y,

but serogroups B and C, with a-2,8 and a-2,9 linked polysialic acid respectively,

cause more than 95% of meningococcal disease in the northern hemisphere (Jennings

et al. 1977). Meningococcal capsule gene clusters have a segmental organisation

reminiscent of E. coli Group 2 capsule gene clusters. Two regions termed B and C

encode proteins involved in the translocation of the meningococcal polysaccharide

onto the cell surface while a third region, A, encodes proteins for the synthesis of

NeuNAc and its polymerisation to sialic acid (Roberts 1996). Expression of the

meningococcal of serogroup B capsule is subject to phase variation with acapsular

colonies occurring at a frequency of 10�4 (Hammerschmidt et al. 1996a). A number

of mechanisms have been identified to account for this observed phase variation.

One is the insertion of IS1301 into the siaA gene in approximately 20% of acapsular

isolates (Hammerschmidt et al. 1996a). SiaA is responsible for the epimerisation of

N-acetyl glucosamine to N-acetyl mannosamine, which is the substrate for the

generation of N-acetyl neuraminic acid in a condensation reaction with phospho-

enolpyruvate mediated by SiaC (Edwards et al. 1994). Phase variation may also

result from the insertion or deletion of a cytidine residue in a run of seven cytidines

within the coding region of siaD, encoding the a-2,8-polysialyl transferase

(Edwards et al. 1994). This results in a premature stop codon downstream of this

(dC)7 box (Hammerschmidt et al. 1996b).

Superimposed on this phase-variable expression is transcriptional regulation.

Following adhesion to epithelial cells, transcription of the sia genes is reduced

(Deghmane et al. 2002). This reduction is brought about by CrgA, a LysR-type

regulator that is induced upon host cell contact (Deghmane et al. 2000; Deghmane

and Taha 2003). CrgA is an autorepressor that is expressed at low levels in the

absence of host cell contact (Deghmane and Taha 2003; Ieva et al. 2005). Inhibition

of transcription by CrgA is dependent upon the interaction of RNA polymerase with

the C-terminal domain of CrgA and the two proteins display synergistic binding to

the crgA promoter (PcrgA) (Deghmane et al. 2004; Deghmane and Taha 2003).

CrgA does not block open complex formation or transcription initiation; rather, it

inhibits transcription elongation by RNA polymerase as it exits the transcription

initiation complex (Deghmane et al. 2004). Other studies have challenged the

involvement of CrgA in meningococcal capsule regulation (Von Loewenich et al.

2001; Ieva et al. 2005). One possibility is that these differences reflect different

experimental approaches as well as the use of different strains of N. meningitidis.
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It is clear, however, that the N. meningitidis capsule is phase-variable due to

changes at the genetic level within siaA and siaD genes and that the capsule

genes are also regulated at the transcriptional level by host epithelial cell contact.

3.11 Streptococcus pneumoniae

More than 90 capsule serotypes have been identified in S. pneumoniae and, with the
exception of types 3 and 37, the first four genes (cpsABCD) involved in capsule

biosynthesis are common to nearly all S. pneumoniae (Llull et al. 2001b). Capsule
expression in S. pneumoniae is phase-variable with both encapsulated (opaque) and
unencapsulated (transparent) colonies being detectable in clinical isolates of this

bacterium. Phase variation from an opaque to a transparent phenotype occurs

spontaneously with a frequency of 10�3 to 10�6 (Weiser et al. 1994) and opaque

variants express 1.2–5.6-fold more capsule than transparent variants of the same

strain (Kim and Weiser 1998). Invasive isolates have increased capsule production

with elevated levels of cspA expression (Kim and Weiser 1998; Hathaway et al.

2007). One mechanism by which this phase variation is achieved appears to be as a

result of tandem gene duplications. In the case of strains expressing the type 3

capsule, the cause of this phase variation was found to be the generation of perfect

tandem duplications of varying size within the cap3A gene, which encodes a UDP-

glucose dehydrogenase required for capsule biosynthesis (Waite et al. 2001). These

duplications result in loss of function of Cap3A, and duplication-induced phase

variation could be reproduced with artificial constructs (Waite et al. 2001). Similar

observations involving tandem gene duplications have also been reported for

expression of the type 8 and type 37 capsules (Llull et al. 2001a; Waite et al.

2003). Reversion to an encapsulated state occurred via a precise excision of the

duplicated sequence, and the frequency of phase variation was found to increase

with the size of the duplication (Waite et al. 2001, 2003).

Studies on the expression of the type 2 capsule gene cluster have identified the

involvement of a transcription regulator RegM (Giammarinaro and Paton 2002).

Different in vivo environments known to induce changes in capsule production,

including the nasopharynx, lungs and blood, do not correlate with changes in

transcription of the cps2A gene, indicating that transcriptional regulation is not

the principal mechanism employed by this bacterium to regulate capsule expression

(LeMessurier et al. 2006). Indeed, capsule expression appears to be regulated at the

post-translational level, centred around the tyrosine phosphorylation of CpsD

(LeMessurier et al. 2006).

CpsD is an auto-phosphorylating protein-tyrosine kinase that contains a C-terminal

[YGX]4 repeat domain (Morona et al. 2000), and promotes attachment of the capsular

polysaccharide to teichoic acid in the bacterial cell wall (Morona et al. 2000, 2006).

CpsD requires a partner protein CpsC for function (Morona et al. 2006).

These proteins are the Gram-positive functional equivalents of the N-terminus

and C-terminus respectively of Wzc in E. coli expressing Group 1 capsules.
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It is proposed that CpsC interacts with unphosphorylated, active CpsD, enabling

CpsD to bind ATP and interact with other biosynthetic enzymes to promote capsule

biosynthesis. Upon tyrosine-phosphorylation of CpsD, interactions between the

capsule biosynthetic proteins change such that capsule biosynthesis is reduced but

attachment of capsular polysaccharide to the cell wall is increased. Mutation of the

tyrosine residues results in continuous production of capsular polysaccharide,

conferring a mucoid phenotype upon the bacterium. However, there is a concomi-

tant reduction in attachment of the polysaccharide to the cell wall in these circum-

stances (Morona et al. 2000, 2003). CpsD is dephosphorylated by CpsB, a

manganese-dependent phosphotyrosine-protein phosphatase, and the cycle begins

again (Morona et al. 2002). Because CpsD cannot be cycled in the absence of CpsB,

cpsB mutants display reduced capsule biosynthesis accompanied by an increase in

the attachment of existing capsular polysaccharide to the cell wall (Morona et al.

2006). The observation that certain cpsB mutants exhibit a mucoid colony pheno-

type on blood agar is a consequence of secondary mutations in cpsC. These

mutations demonstrate the importance of CpcC in addition to CpsD because they

reduce by half the amount of capsular polysaccharide attached to the cell wall,

despite producing wild-type levels of capsular polysaccharide (Morona et al. 2006).

Opaque variants of S. pneumoniae grown under microaerophilic conditions

display elevated capsule expression concurrent with an increase in the level of

phosphorylated CpsD in the cell. Therefore oxygen availability may be an environ-

mental cue integrated into the regulation of capsule expression (Weiser et al. 2001),

which might be expected given that S. pneumoniae colonises the naso-pharynx.
In summary, tandem duplications within the S. pneumoniae capA gene results in

phase-variable capsule expression in this bacterium. Additional control is exerted at

the post-translational level, through cyclic phosphorylation and dephosphorylation

of CpsD by CpsC and CpsB.

3.12 Streptococcus pyogenes

Group A streptococci (GAS) express a capsule composed of hyaluronic acid

identical to that found in human connective tissue (Dougherty and van de Rijn

1994). The genes responsible for hyaluronic acid synthesis are organised as a single

transcriptional unit, hasABC, and capsule expression is upregulated during incuba-

tion in human blood, protecting the bacterium from opsono-phagocytosis (Dinkla

et al. 2007).

The hasABC operon is part of the CovR-CovS (CsrR-CsrS) regulon which

comprises approximately 15% of all of the genes in GAS including a large number

of virulence genes (Federle et al. 1999; Heath et al. 1999; Levin and Wessels 1998;

Graham et al. 2002). CovR and CovS form a two-component regulatory system in

which CovS is the sensor showing homology to other histidine kinase proteins and

CovR is the response regulator. Mutations in the covR gene result in a twofold

increase in has operon transcription, corresponding to a sixfold increase in capsule
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expression, increased resistance to serum-mediated killing and a 500-fold reduction

of the LD50 of GAS in a mouse model of infection (Levin and Wessels 1998).

Activation of CovR is achieved by CovS phosphorylation at an aspartate residue in

its N-terminus, causing it to oligomerise (Dalton and Scott 2004; Gusa et al. 2006;

Miller et al. 2001). The subsequent phosphorylation of CovR increases its binding

efficiency to the has promoter region (Phas) leading to repression of transcription

(Federle and Scott 2002; Gao et al. 2005; Gusa et al. 2006; Miller et al. 2001).

Phosphorylation is also essential for repression of transcription from Phas in vivo,

and enhances CovR-mediated repression of transcription from Phas more than

sixfold in vitro (Dalton and Scott 2004; Gusa et al. 2006). Therefore expression

of the S.pyogenes capsule genes is primarily controlled at the level of transcription

by the CovRS two-component global regulatory system, where CovR, dependent on

its phosphorylation state, will represses transcription from Phas.

3.13 Conclusions

The expression of bacterial capsules is a common theme that runs through a wide

array of bacterial genera. We have described a number of possible functions for

capsules with particular emphasis on their role in the lifestyle of pathogens and

bacteria associated with humans. Clearly there are many more roles to be assigned

to capsules when one extends the discussion to include environmental/rhizosphere

isolates and bacteria from extreme environments. What is clear is that far from

being the “sugar coating” that inertly protects the bacterium, capsular polysac-

charides should be regarded as important signalling molecules in their own right

with the ability to elicit and modify host responses to colonisation. This suggests

that disrupting or enhancing such polysaccharide host interactions offers a route

for both the treatment of infectious disease and the generation of new anti-

inflammatory molecules to treat a range of inflammatory human disorders. In

addition, when one considers the important uses of polysaccharides and glyco-

conjugates in biomedicine and the treatment and prevention of diseases, it is clear

that the reservoir of diverse bacterial capsular polysaccharides is a valuable

resource waiting to be mined and exploited to engineer novel polysaccharides

with desired properties.
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Chapter 4

Lipopolysaccharides

Alba Silipo, Cristina De Castro, Rosa Lanzetta, Michelangelo Parrilli,

and Antonio Molinaro

4.1 Introduction

Lipopolysaccharides (LPSs) were discovered, and named endotoxins, in 1892, by

Richard Pfeiffer who, while working on cell lysates of Vibrio cholerae, identified a
heat-resistant toxin that appeared to be attached to the bacterial body, unlike the

exotoxins that instead were secreted by the bacteria. The term lipopolysaccharide

was introduced in 1943 by Murray Shear to indicate the bacterial toxin, composed

of polysaccharide and lipoidic material, used for the treatment of malignant tumors.

Afterwards, this term was adopted by Otto Westphal and Otto Lüderlitz, two

pioneer scientists of modern endotoxin science, to indicate the pyrogenic fractions

arising from enterobacteria, mainly Escherichia coli and Salmonella enterica,
which they were able to isolate in sufficiently pure amounts for structural studies.

A very interesting and fascinating historical perspective of the endotoxin story by

Prof. E. Th. Rietschel is available in the literature (Rietschel and Westphal 1999;

Beutler and Rietschel 2003).

The LPSs are amphiphilic components present in the cell wall of almost all

Gram-negative bacteria; in particular they are localized in the external leaflet of the

lipid bilayer constituting the outer membrane (OM, Fig. 4.1) in which they repre-

sent approximately 75% of the outer surface. The OM is responsible for the low

permeability of the Gram-negative surface compared with that of Gram-positive

bacteria which lack this second membrane. In general the OM decreases the

permeability of the barrier to hydrophobic compounds and higher molecular weight

hydrophilic compounds owing to the very low fluidity of the highly ordered struc-

ture of the LPS monolayer. Furthermore, owing to their external location, LPSs are

involved in all interactions with the external environment, in particular in the many
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aspects of host–bacterium interactions: recognition, adhesion, colonization, viru-

lence in the case of pathogenic bacteria, symbiosis, tolerance for commensal

bacteria and, in the case of extremophile bacteria, survival under harsh conditions.

4.2 General Structure of Lipopolysaccharides and Their

Components

From the structural point of view, LPSs show the same general chemical architec-

ture in all of the Gram-negative bacteria, that is, it depends neither on the bacterial

activity (pathogenic, symbiontic, commensal), nor on its ecological niches (human,

animal, soil, plant, water) nor on its growth conditions (Raetz and Whitfield 2002).

From the biosynthetic and chemical points of view, three different parts are usually

identified in the general structure of a LPS (Fig. 4.2): a polysaccharide (known as

O-side chain, O-specific polysaccharide or O-antigen) which is covalently linked to

an oligosaccharide part (core) which, in turn, is linked to a glycolipid portion (lipid

A). The lipid A is part of the outer leaflet of the external membrane whereas the

sugar moiety is oriented outwards (Raetz and Whitfield 2002). At the beginning of

the 1900s, the bacterial colony was cataloged by morphology as rough or smooth;

Lipopolysaccharide

Outer membrane

Murein

Inner membrane O-chain

Porin

Core
Iipid A
ECA

Fig. 4.1 The cell wall architecture of Gram-negative bacteria. It is basically built up of two lipid

bilayers with a periplasmic space in between where murein is located. The outer membranes of

almost all Gram-negative bacteria are asymmetrical and the outer side is essentially formed by the

lipid A regions of the LPS molecules which make up about 75% of the total membrane surface. In

addition to proteins like porins and LPSs, the outer membranes of enterobacteria present the

enterobacterial common antigen (ECA) and, in some species and strains, also capsular polysac-

charides. In a few cases, capsular polysaccharides such as colanic acid and ECA can be covalently

linked to the core region of LPSs. As indicated by the charge symbols, divalent cations are tightly

associated to the extremely anionic membrane proximal regions of the LPS molecules
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later it was understood that this was related to the occurrence of the O-side chain,

being absent in the first case and present in the second. These observations led to the

terminology currently used to designate the different types of LPS, namely with or

without antigenic portion, as S-LPS or R-LPS (or lipo-oligosaccharide, LOS),

respectively (Fig. 4.2).

However, some enteric bacteria in particular growth conditions covalently attach

enterobacterial common antigen (ECA, a polysaccharide capsule) or colanic acid

(CA, an exopolysaccharide) to the outer core region (Whitfield 2006; Meredith

et al. 2007). Thus, the general architecture of smooth LPS must now be defined

differently: polysaccharide, core region and lipid A, where by polysaccharide is

meant the O-chain, a capsula such as ECA or an exopolysaccharide such as CA. In

all cases, the LPS fraction of a bacterial strain is characterized by an intrinsic size

and structural heterogeneity, and therefore it is more appropriate to describe them

as a family of LPS molecules.

4.2.1 Lipid A

The first lipid A structure (Fig. 4.3), investigated early on in the Enterobacteriaceae
by Westphal and Lüderlitz in 1954, was established in 1983 and consists of a b-(1-
6)- linked 2-amino-2-deoxy-glucopyranose (GlcN, glucosamine) disaccharide that

bears 3-(R)-hydroxy fatty acid residues, ester-linked at the 3 and 30 positions, and
amide-linked at 2 and 20 positions, which are indicated as primary fatty acid

Fig. 4.2 General chemical structure of a LPS from Gram-negative bacteria. All forms of LPS

known to date consist of a lipid A domain and a covalently linked polysaccharide or oligosaccha-

ride portion (LPS or LOS, respectively). The polysaccharide domain is, in turn, composed of a core

region and the O-specific chain., An inner and an outer core region are commonly distinguished

according to preferential carbohydrate compositions in the core structure. Kdo residues proximal

to lipid A are depicted in blue whereas heptose residues are in violet; phosphate residues are also
visible as pink appendages
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residues. The 3-OH, in turn, can be further esterified by secondary fatty acids

typically not carrying any other functional group. The hydroxyl at position 40 of
the non-reducing GlcNII residue (distal unit) and that of the a-anomeric position of

the reducing GlcNI residue (proximal unit) are generally both linked to polar heads,

phosphate groups (Fig. 4.3) (Zähringer et al. 1994). Despite this general chemical

architecture conserved in most bacterial LPSs, there are many subtle chemical

differences that are responsible for the lipid A variation among bacterial species

(Fig. 4.4). Lipid A is the true endotoxic principle of LPSs of pathogenic bacteria

able to elicit the cascade of events leading to the formation of pro-inflammatory

Fig. 4.3 The chemical structure of lipid A from Escherichia coli LPS. The b-(1-6)- 2-amino-

2-deoxy-glucose (GlcN) disaccharide bears primary 3-(R)-hydroxy tetradecanoic acid residues

either as ester (at the 3 and 30 positions) or as amide-(at the 2 and 20 positions). Both fatty acid

residues on the GlcNII are further esterified by a dodecanoic and a tetradecanoic residue. The

hydroxyl at position 40 of the non-reducing GlcNII residue (distal unit) and that of the a-anomeric

position of the reducing GlcNI residue (proximal unit) are both phosphorylated
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products, and therefore the definition of its primary structure is of great importance

(Zähringer et al. 1994; Raetz and Whitfield 2002; Raetz et al. 2007).

Phosphate groups can further link other phosphate groups to give a pyrophos-

phate or additionally be substituted by an 2-amino-ethanol group (EtN) or 4-amino-

4-deoxy-L-arabinopyranose (arabinosamine, Ara4N). In a few cases, the phosphate

group can be displaced by acid monosaccharides such as galacturonic acid (GalA)

in the lipid A of Aquifex pyrophilus (Plötz et al. 2000) and Rhizobium (Bhat et al.

1994) or by neutral monosaccharide residues. In the case of the obligate predatory

Bdellovibrio bacteriovorus LPS lipid A, no phosphate or other negatively charged

group but two mannose residues are present, generating a totally neutral lipid A

(Fig. 4.4) (Schwudke et al. 2003).

Acyl residues may vary in number, type and distribution. The more frequent

primary fatty acid residues found in lipid A are 3-hydroxy-decanoic, dodecanoic,

a b

c d

Fig. 4.4 The structures of some lipid A molecules that present remarkable chemical and biological

differences with canonical E. coli lipid A. (a) the Rhizobium etli CE3 lipid A that carries 27-OH

octacosanoic acid and the 2-amino-2-deoxy-gluconate residue that replaces GlcNI; (b) the

completely neutral Bdellovibrio bacteriovorus lipid A where the phosphates are replaced by two

mannopyranose residues; (c) the classical form of endotoxin antagonist in human monocyte

activation, the lipid IVa, the biosynthetic precursor of hexacyl lipid A in E.coli; and (d) the

major penta-acyl lipid A form from the phototrophic bacterium Rhodobacter capsulatus that is
characterized by the presence of unsaturated and 3-keto acyl chains; R. sphaeroides lipid A differs

only by the position of the secondary fatty acid that is on a ester-bound primary residue
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tetradecanoic, esadecanoic, and octadecanoic acids and, as secondary, the corresponding

3-deoxy fatty acids; these latter can bear, as in Pseudomonas, the 2-OH (S) function
(Zähringer et al. 1994; Raetz and Whitfield 2002; Raetz et al. 2007). Further

“atypical” structural features less frequently found in the lipid A fatty acid residues

are odd numbered carbon chains, methyl branches, unsaturation, different functional

groups and hydroxyl substitutions, very long chains up to C28, as occurs for 27-OH

octacosanoic acid in the Rhizobiaceae LPS (Bhat et al. 1991; Basu et al. 2002;

Vedam et al. 2003, 2006; De Castro et al. 2008), but also in Legionella and Brucella
LPSs (Fig. 4.4) (Zähringer et al. 1994; Raetz and Whitfield 2002; Raetz et al. 2007).

The phototropic bacteria Rhodobacter capsulatus and R. sphaeroides both possess a
penta-acylated lipid A in which the amide-linked fatty acids are further functiona-

lized by an oxo group at C-3 and possess secondary fatty acids with a cis double
bond (Fig. 4.4) (Salimath et al. 1983; Strittmatter et al. 1983). From these two lipid

A molecules, a highly potent synthetic antagonistic compound (E5531) was synthe-

sized, which carries ether-linked (instead of ester) chains at lipid A backbone and a

further methoxy group at position 60 (Christ et al. 1995). Among other factors, the

grade of acylation and the fatty acid distribution between the GlcN units determines

the three-dimensional structure, i.e., the conical or cylindrical molecular shape, of

lipid A (Brandenburg et al. 1996; Seydel et al. 1993, 2000) which is correlated to its

biological activity, i.e., the binding and recognition by proteins of the innate

immune systems of both animals and plants (Medzhitov 2001; Akira et al. 2006).

Structural variations, even though rather infrequent, can be found on the

GlcN disaccharide backbone as well. One or both GlcN residues can be replaced

by a 2,3-diamino-2,3-dideoxy-D-glucopyranose (Zähringer et al. 1994; Raetz

and Whitfield 2002; Raetz et al. 2007), whereas, in Rhizobium etli CE3, the prox-
imal glucosamine unit is replaced by its aldonic acid derivative, the 2-amino-2-

deoxy-gluconate residue (Fig. 4.4) (Bhat et al. 1994; Raetz et al. 2007; De Castro

et al. 2008).

4.2.2 Core Oligosaccharide

The core region of LPSs consists of a complex oligosaccharide covalently linked to

the lipid A (Holst 1999, 2007). It is also worth emphasizing once more that the core

region is, in wild type R-LPS (LOS), the most external part of the molecule, thus

playing a key role in the bacterial cell’s interaction with its external environment

(Fig. 4.2) (Holst 1999, 2007).

The core of LPSs can be built of several monosaccharides which can be arranged

to give either a linear or a branched architecture. It is possible to identify an inner

and an outer core moiety; the inner core links to lipid A and is composed of

archetypal monosaccharides such as heptopyranoses and 3-deoxy-D-manno-oct-2-
ulosonic acid (Kdo, Fig. 4.5), whereas the outer core region usually consists of

common hexose monosaccharides. In almost all Gram-negative bacteria the linkage

138 A. Silipo et al.



of core oligosaccharide to lipid A occurs between an a-Kdo residue and the 60-
hydroxymethylene of the GlcNII residue.

In the case of the enterobacterial LPS this first Kdo unit (KdoI) bears at its O-5

position a heptose trisaccharide fragment: a-L,D-HeppIII-(1-7)-a-L,D-HeppII-(1-3)-
a-L,D-HeppI; KdoI also carries another negatively-charged substituent at its O-4

position, generally a further a-Kdo unit/disaccharide or a phosphate group (Holst

1999, 2007). Substantial chemical variations in the Kdo inner core region are

reported for both Xanthomonas campestris pv. campestris (Xcc) and Arenibacter
certesii LPSs, in which a galacturonyl phosphate substituent is present at O-4

of KdoI (Silipo et al. 2005b, c); moreover, in Xcc LPS this can be replaced by a

a

b

c

d

Fig. 4.5 (a) the chemical structure of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo), the chemical

hallmark of LPS from Gram-negative bacteria; (b) the inner core region of the LPS from

Xanthomonas campestris in which is shown the presence of galacturonyl phosphate group and a

phosphoramide group; (c) the D-glycero-D-talo-oct-2-ulosonic acid (Ko), a Kdo 3-hydroxy deriva-
tive frequently present in Burkholderia and Acinetobacter LPSs – in the latter case it interestingly
replaces the KdoI as attachment point between lipid A and inner core region; and (d) the 8-amino-

8-deoxy-manno-oct-2-ulosonic acid (Kdo8N) that replaces KdoI in several Shewanella LPSs
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phosphoramide group (Fig. 4.5). This weird chemical function was never described

as a component of LPS, and was found only once as a component of a biomolecule

(Silipo et al. 2005a, b, c). Interestingly, the phosphoramide moiety is highly sensi-

tive to the acid or alkaline conditions commonly used to work-up LOS and LPS

molecules, and therefore it cannot be excluded that this chemical group is more

widely present.

Even if KdoI almost always occurs as the first residue of LPS inner core, there

are two main exceptions: Acinetobacter (Vinogradov et al. 1997) and a few

Shewanella strains (Fig. 4.5) (Vinogradov et al. 2003). In the first case, Kdo is

replaced by its C-3 hydroxy-derivative, D-glycero-D-talo-oct-2-ulopyranosic acid

(Ko), whereas in the second case it is replaced by its C-8 amino-derivative, 8-amino-

8-deoxy-manno-oct-2-ulosonic acid (Kdo8N).

Beside lipid A, Ara4N residue is also present in the inner core region of LPSs; in

Proteus and Serratia LPSs it is attached to the KdoII residue while in Burkholderia
LPS, it is always present as terminal non-reducing residue of the trisaccharide

Ara4N-(1-8)-a-Ko-(2-4)-a-KdoI. In particular, the finding of Ara4N in such a

chemical arrangement in Burkholderia LPS represents a chemo-taxonomic marker

for this genus, shared by all Burkholderia strains, both animal and plant pathogens

(Molinaro et al. 2003; Silipo et al. 2005a, b, c). It is speculated that Ara4N, which

bears a positively charged free amino group, might play a key role in pathogenesis,

since it reduces the net negative charge on the surface of the external membrane,

rendering it positively charged or in an isoelectric state. In turn, this variation

confers resistance to antibiotic compounds and host cationic antimicrobial peptides

as demonstrated in studies of polymyxin B resistant strains (Trent et al. 2001; Raetz

and Whitfield 2002).

As for the heptose region, these residues can be substituted by any carbohydrate

residue and by other appendages such as phosphate, pyrophosphate, and PEtN.

Such substituents are often present in non-stoichiometric amounts, thus contribut-

ing to the core structural heterogeneity. In P. aeruginosa inner core LPS, a number

of chemical peculiarities were found, such as the presence of the unique carbamoyl

phosphate group substituting O-6 of the second heptose and also the presence of a

triphosphate group attached to HepI (Knirel et al. 2006). In a few cases, the

biosynthetic precursor of L,D-Hepp, D-glycero-D-manno-heptose (D,D-Hep), can be

also found in the outer core region (Holst 1999, 2007).

Some genera, such as Francisella, Legionella, Acinetobacter, Chlamydia, Mor-
axella, Rhizobium, Xanthomonas, and Agrobacterium, produce core oligosacchar-

ides devoid of heptoses in which an array of monose residues can sit at O-5 of KdoI,

such as Man (largely), but also Glc, Gal or GalA (Holst 1999, 2007). In the outer

core region there are no very typical chemical hallmarks, however in Acinetobacter,
Rhizobium, and Agrobacterium strains 3-deoxy-D-lyxo-hept-2-ulosaric acid has

been found (Vinogradov et al. 1997; Russa et al. 1991; De Castro et al. 2008),

whereas in Proteus LPS and subsequently in Shewanella LPS a new kind of

glycosydic linkage was discovered that involves an open chain acetal linkage of a

GlcN residue that is present as the non-cyclic carbonyl form (Vinogradov and Bock

1999; Vinogradov et al. 2003).
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4.2.3 O-chain Polysaccharide

The O-chain polysaccharides, which typify smooth-type Gram-negative bacteria,

are usually characterized by regular polysaccharide with repeating units consisting

of up to eight monosaccharides. The regularity of the majority of polymers is

caused by their biosynthesis; in fact, the oligosaccharide repeating unit is typically

pre-assembled and then added to a growing chain polymer (Raetz and Whitfield

2002). The size heterogeneity due to their different degrees of polymerization is

responsible for the characteristic ladder appearance of the electrophoretic profiles

of S-LPSs that is absent in the case of rough-type R-LPSs. In the mammalian

immune system, the O-chain polymers are the target of the adaptive immune

system, which is the reason they are called O-antigen polysaccharides, and their

reaction with specific antibodies is the basis for serotype classification among the

different bacterial species. From the structural point of view, the O-chains are the

most variable part of LPSs; their huge variety is determined first of all by the large

collection of monosaccharides constituting the repeating unit. Over a hundred types

of monosaccharides have been found in the O-chain polysaccharides, and, in several

cases, possess a very peculiar chemical structure (Jansson 1999). Moreover, a

plethora of non-carbohydrate substituents can be present as further chemical decora-

tions that enormously increase the potential chemical variety of the O-chain struc-

tures. These decorations, which can also be present in non-stoichiometric amounts,

range from acetate, sulfate, and phosphate groups to aminoacid, hydroxyl-acid, and

acid residues (Jansson 1999; Stenutz et al. 2006). The function of these further

substitutions on the sugar rings can be very case-specific and in some cases is still

unknown, even when the hypothesis of a chemical camouflage useful for escaping

host detection is considered (Jansson 1999; Whitfield 2006).

Remarkable examples of interesting and weird chemical structures are, in our

opinion, the C12 branched-chain sugar caryophyllose which has been characterized

as 3,6,10-trideoxy-4-C-[(R)-1-hydroxy-ethyl]-D-erythro-D-gulo-decose, or the car-

yose, a C9 sugar, the only carbocyclic sugar found in nature so far, named as 4,8-

cyclo-3,9-dideoxy-L-erythro-D-ido-nonose (Fig. 4.6). They were both fully identified
in our laboratories as components of two homopolymeric O-chain polysaccharides

from Burkholderia caryophylli LPS, a phytopathogenic bacterium responsible

for wilting of carnations (Adinolfi et al. 1995, 1996). Both these polysaccharides,

built up of these exceptional sugar residues, are further complicated by an almost

stochastic and very complex acetylation pattern (Fig. 4.6) (Molinaro et al. 2000).

Amino sugars, diamino sugars and their 6-deoxy derivatives, uronic acids, and

aminouronic acids, in addition to the neutral hexoses, pentoses, heptoses, and their

deoxy derivatives, have been found in the O-chain polysaccharides. Both pyranose

and furanose rings, anomeric and absolute configurations have been reported

(Jansson 1999). Even though some monosaccharides can be found more frequently

in the same bacterial genera, no chemotype classification based on the O-chain

monosaccharide composition has been created. However, a very high frequency of

the rhamnose residue in the O-chain backbones of plant pathogen bacterial LPSs,
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together with a limited assortment of the other monosaccharides, has been reported

and seems to be a peculiarity of most phytobacteria (Corsaro et al. 2001).

A different masking strategy is adopted by some human pathogenic bacteria

such as Campylobacter, Helicobacter, Haemophilus, Neisseria and other related

genera which mimic animal surface glycolipids and glycoproteins. In fact, the

terminal oligosaccharide structures of their LPS O-chains or core regions possess

the same carbohydrate oligosaccharides antigen present in host gangliosides, glyco-

sphingolipids or blood groups (Moran et al. 1996; Estabrook et al. 1997; Holst

1999, 2007; Moran 2008). This mimicry contributes to increased resistance of the

particular bacterial species or strain to host immune defense mechanisms, including

opsonization and cell damage.

4.2.4 Further Reading

A complete overview of LPS function, structure, biosynthesis, and medicine up to

1999 is presented in the book “Endotoxin in health and disease” edited by Brade, H.,

a b

c d

Fig. 4.6 The chemical structure of caryophyllose and caryose. (a) Caryophyllose, 3,6,10-trideoxy-

4-C-[(R)-1-hydroxy-ethyl]-D-erythro-D-gulo-decose, is a twelve carbon atom sugar, branched at

C-4 with a six-carbon lateral chain. It constitutes the homopolymer caryophyllan (b) one of the two

O-chain polysaccharides from Burkholderia caryophylli – the polymer is non stoichiometrically

acetylated; (c) Caryose monosaccharide, 4,8-cyclo-3,9-dideoxy-L-erythro-D-ido-nonose, is a

carbocyclic monosaccharide, the only one found in nature to date. It constitutes the homopolymer

caryan (d) the second O-chain polysaccharide from B. caryophylli LPS in which caryose is present

as bicyclic form and is acetylated blockwise to yield a very long repeating unit of 19 residues
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Morrison, D. C., Opal, S., and Vogel, S., Marcel Dekker Inc., New York. We also

suggest other related review articles by Raetz (2002, 2007), that are true keystones

and contain all the necessary information and further references on the subject of

LPSs, especially in the section on mammalian/animal pathogens.

We also have recently published two review articles on the structures of LPSs

from plant-associated bacteria (Corsaro et al. 2001; De Castro et al. 2008) and

another on the structure–function relationship of LPSs and plant defense response

(Newman et al. 2007).

4.3 Structural Investigation of Glycolipids

(Lipopolysaccharides or Lipo-oligosaccharides)

Lipopolysaccharides (or LOSs) may be extracted from intact cells by a variety of

procedures, but nowadays those commonly used exploit the phenol/chloroform/

light ether and/or phenol/water extractions (Galanos et al. 1969; Westphal and Jahn

1965). Depending on the polarity of the glycolipid, it can be isolated from the

aqueous, phenol or organic phase.

Enzymatic treatments to remove proteins and nucleic acids and chloroform

washings to remove lipid and phospholipid components are usually employed.

The amphiphilic nature of these molecules is responsible for their low solubility

in both aqueous and organic solvents and renders purification by any chromato-

graphic technique very hard. Electrophoretic analysis using a denaturing agent is

highly informative and allows ascertaining of the typology of the extracted mate-

rial: a ladder-like profile is diagnostic of LPS molecules whereas the presence of

material at the bottom of the gel profile is related to LOS material. This information

is valuable and affects the subsequent procedures for the structural investigation.

However, in both cases, the study of the lipid A moiety is carried out after its

cleavage from the rest of the molecule by mild acid hydrolysis of the acid-labile

glycosydic linkage of Kdo. During this treatment, the lipid A part precipitates

whereas the saccharide moiety remains in solution in the supernatant.

The primary structure determination of very complex molecules such as the

LPSs (LOSs) currently exploits state-of-the-art 1D and 2D NMR experiments and

soft-ionization mass spectrometry techniques, together with compositional and

linkage chemical analyses, usually carried out on intact products (when possible)

and ad hoc selectively degraded derivatives.

4.3.1 Lipid A Structure Elucidation

The lipid fraction obtained by precipitation after mild acid treatment of LPS (or

LOS) is composed of a mixture of intrinsically heterogeneous lipid A molecules.
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The structural approach makes extensive use of mass spectrometry analysis by

MALDI-TOF and ESI MS techniques on both the native and selectively degraded

lipid A fractions. The MALDI-TOF and ESI-MS data allow insights to be gained

into the number of lipid A species present in the fraction, the presence of polar

heads, and the distribution of acyl residues on each GlcN units of the disaccharide

backbone (Que et al. 2000). This latter issue is of particular importance given that

fatty acid composition and distribution strongly affects lipid A/LPS endotoxic

activity, i.e., agonist/antagonist activity. Through chemical and spectroscopic

study of several lipid As and LPSs in our laboratory, novel general approaches

for gaining structural insights into such molecules have been developed. In particu-

lar, by combining MALDI-MS or ESI-MS and selective chemical degradation by

ammonium hydroxide hydrolysis, we have developed a general and simple methodo-

logy for obtaining the secondary fatty acid distribution, which is one of most

demanding issues in the structural determination of lipid A (Silipo et al. 2002; Sforza

et al. 2004; Sturiale et al. 2005). These approaches must be supported by classical

chemical analyses of lipid A, which imply the removal of the ester-linked fatty acid

moiety by mild alkaline treatment, or complete removal by strong alkaline treatment

and GLC-MS analyses of fatty acids as methyl ester derivatives (Rietschel 1976;

Zähringer et al. 1994)

NMR investigation is less used but equally important (Ribeiro et al. 1999;

Brecker 2003; Silipo et al. 2004). The amphiphilic nature of lipid A entails a very

poor solubility of the sample in whichever solvent system is used; however, when

possible it allows one to obtain diagnostic information mainly about the saccharide

backbone, i.e., the anomeric configuration of the carbohydrate residues and their

sequence, and the occurrence and position of the polar heads.

4.3.2 O-chain Polysaccharide Structure

The O-chain of LPSs, recovered in the supernatant after mild acid treatment,

usually consists of a regular long-chain polysaccharide with the core oligosaccha-

ride still at the reducing end of the chain; however, since this oligosaccharide

moiety represents a small percentage of the whole polymer, it is generally barely

detectable from the chemical and spectroscopic point of view. The O-chain struc-

ture determination aims to define the composition of monosaccharides, the relative,

the anomeric and the absolute configurations of each monosaccharide, their ring

sizes, the linkage of each residue and their sequence within the repeating unit. In

some cases, the non-stoichiometric presence of some substituents can determine

heterogeneity and hide the structural regularity (Jansson 1999).

Determination of monosaccharide composition is achieved by the classical

analytic approaches, consisting of acid hydrolysis and/or methanolysis followed

by further chemical modification (such acetylation) to perform GLC-MS analyses.

The reaction sequence methylation, acid hydrolysis, reduction and acetylation
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is carried out to find the glycoside substitution sites and the ring sizes of each

monosaccharide (Ciucanu and Kerek 1984). For the absolute configurations,

GLC analysis of convenient glycoside derivatives is usually exploited (Leontein

and Lönngren 1978). The anomeric configurations and the sequence of the

monosaccharide residues are determined by 1D and 2D 1H and 13C-NMR experi-

ments (COSY, TOCSY, NOESY, ROESY, HSQC, HMBC). The complete assign-

ment of all proton and carbon signals confirms the monosaccharide identification as

well.

4.3.3 Core Oligosaccharide Structure

The target of the structural elucidation of a LOS core oligosaccharide is generally

much more complex than that of the O-chain because of the higher monosaccharide

number, commonly up to 15, with respect to the components of one O-chain

repeating unit, and the presence of labile groups and other substituent that are

often present in non-stoichiometric amounts. In addition, the acid hydrolysis used

to remove the lipid A from LOS occurs by hydrolysis of Kdo that in its reducing

form usually appears in different anomeric and cyclic forms, thus causing an

“artificial” increase in the core heterogeneity. Therefore, the LOS sample is gener-

ally treated under alkaline conditions that do not cleave the Kdo linkage and allow

study of the complete sugar backbone including the two GlcN of lipid A. In

particular, the LOS sample is first treated under mild alkaline conditions in order

to selectively remove the lipid A ester-bound fatty acids. This more soluble

O-deacylated LOS is N-deacylated under stronger alkaline conditions, affording

completely deacylated backbone oligosaccharide, which represents the intact sugar

skeleton of LOS suitable for sequence determination by NMR analysis (Holst

2000). The direct strong de-O- and de-N-acylation is usually not performed in

order to avoid the formation of alkali-resistant unsaturated N-linked fatty acids.

In order to assign phosphate groups and their possible further attached substituents,

1D and 2D 31P-NMR experiments are carried out as well.

Since alkaline treatment frequently causes the loss of base-labile functions, the

oligosaccharide moiety released under acid conditions is also studied as a compli-

mentary and informative approach. More recently, the full NMR study of the

O-deacylated sample has been carried out in an aqueous solution containing a

denaturing agent (Vinogradov et al. 2003). Every step of the selective degradation

is usually accompanied by MALDI MS spectrometry analysis, which is a very

valuable and complementary approach in the study of such molecules. Our colla-

borators have also contributed strongly to new MALDI MS approaches by devel-

oping new methods of preparation and execution of the experiments. It is worth

underlining that such experiments carried out on the intact sample are of very high

value since they yield a “picture” of the intact endotoxin without any loss of

structural information (Sturiale et al. 2005).
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4.4 Endotoxins as Elicitors of Mammalian Innate Immune

System

The endotoxic properties of LPS principally reside in the lipid A component, the

primary immunostimulator that acts as a strong elicitor of the innate immune

system by the induction of inflammatory cytokines in mammalian cells (Zähringer

et al. 1994; Medzhitov 2001; Beutler and Rietschel 2003; Akira et al. 2006).

Mammals respond to microbial invasion with innate and adaptive immune

responses. The adaptive immune system is triggered by the innate immune system,

which is evolutionarily ancient and is common to mammals, insects and plants

(eukaryotic organisms) which, through this non-specific and universal response,

detect the presence of an organism regardless of its pathogenic properties. Cells of

the immune system, including macrophages and monocytes, constitutively express

or secrete the receptor targets of the antimicrobial compounds. The Toll-like

receptor (TLR) family is a class of trans-membrane receptors with a central role

in the induction of several antimicrobial responses and in the control of the adaptive

immune system. In mammalian species, there are at least ten TLRs, each having a

distinct role, namely a different ligand specificity (Medzhitov 2001; Akira et al.

2006). The primary and essential requisite of TLRs in the activation of the innate

immune response is the detection of microbial components that are constitutively

expressed, highly conserved, and invariant through different species, i.e., essential

for their survival. Such molecular targets are called Pathogen Associated Molecular

Patterns (PAMPs). The receptors that recognize PAMPs are called Pattern Recog-

nition Receptors (PRR). The recognition of those PAMPs, produced only by

microbes, allows to the host to unequivocally signal the presence of infection.

Lipopolysaccharides, lipoproteins, and peptidoglycans are motifs not present in

eukaryotic cells; they are all molecular signatures for a given pathogen class

(Medzhitov 2001; Akira et al. 2006). TLR4 is the signal-transducing receptor of

LPSs; lipid A is the real effector required to activate the TLR4 signaling pathway in

conjunction with a soluble co-receptor protein MD2, which directly and physically

binds to LPS (Fig. 4.7) (Poltorak et al. 2000; Ohto et al. 2007). The activation of the

TLR4–MD2 complex triggers the induction of inflammatory cytokines such as

TNF-a, IL-1, and IL-6, acting as endogenous mediators of the infection, as well

as the superoxide anion (O2
�), hydroxyl radicals (·OH), nitric oxide, and antimi-

crobial peptides. The low and balanced concentrations of these mediators and

soluble immune response modulators leads to a resulting inflammation that is one

of the most important and ubiquitous aspects of the immune host defense against

invading microorganisms. Beside these positive effects, an uncontrolled and mas-

sive immune response, due to the circulation of large amount of endotoxins, leads to

symptoms of sepsis and of septic shock.

The toxicity of lipid A is strongly influenced by its primary structure, whose

chemical variations strongly influence their capacity to interact and activate recep-

tors of the immune system. A number of factors influence the biological activity of

lipid A. Its possession of a bis-phosphorylated disaccharide backbone with an
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asymmetric (4 þ 2) distribution of six acyl residues represents the most agonist

structure for innate immunity in human (Zähringer et al. 1994; Raetz and Whitfield

2002; Beutler and Rietschel 2003), such as the classical case of the lipid A of E. coli
LPS (Fig. 4.3). Different primary structures with respect to this latter lipid A are

less or not agonistically active. The major determinants that influence the toxicity

are the number and the distribution of acyl chains, the phosphorylation pattern, and

the presence of charged groups on the polar heads (Raetz et al. 2007). Increasing

acylation of lipid A correlates with a greater cytokine induction capacity, as

previously reported in several bacterial LPSs (Munford and Varley 2006), with

hexa-acylated species being the most active ones. In this context, lipid A species

with low or absent endotoxic activity have been identified and operate as “antago-

nists,” reducing or, in a dose-dependent manner, completely inhibiting the cytokine

production otherwise induced by strongly endotoxic lipid A species. It has been

proposed that the inhibition of the immune cell occurs in a competitive way: the

antagonist lipid A is able to compete with toxic species for the interaction with the

receptor complex on the immune cells but does not exert the necessary stress

for activation. The variation of the primary structures of lipid A obviously dictates

its physicochemical and biological behavior and likewise the structure of their

supramolecular aggregates. The classical antagonistic lipid A in human cells is

the tetra-acyl lipid IVa structure: it is the biosynthetic precursor of the agonistic

Fig. 4.7 Schematic picture of animal and plant recognition of bacterial LPSs. In animal cells

(right-hand side), the surface-associated Toll-like receptor protein TLR4 perceives the pathogen-

associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS). These leucine-rich

repeat (LRR) proteins have a cytoplasmic Toll-Interleukin-1 receptor domain (TIR) that initiates

signal transduction by MyD88 protein or other effectors. In plant cells (left-hand side), even
though it is known that either LPS lipid A or LPS core region are recognized and the signal is

transduced, the receptor(s) for this molecule are not known. However, receptor-like kinases

(RLKs) recognize a diverse range of signals including bacterial components flagellin (through

Arabidopsis FLS2) and the EF-Tu elongation factor (through Arabidopsis EFR) These RLK

proteins resemble the animal TLR receptors except that they have an intracellular serine/threonine

kinase domain, rather than a TIR domain
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E. coli hexa-acylated lipid A and differs from this last for the absence of both

secondary fatty acids (Zähringer et al. 1994; Raetz and Whitfield 2002; Beutler and

Rietschel 2003). Strong antagonistic effects have also been demonstrated for the

penta-acylated LPS lipid A from two phototropic species, Rhodobacter sphaeroides
and R. capsulatus, and their chemical derivatives (Fig. 4.4) (Christ et al. 1995). It

has been demonstrated that the intrinsic conformation of lipid A is responsible for

its agonistic and antagonistic activity (Brandenburg et al. 1996; Seydel et al. 1993,

2000).

Lipid A’s capacity to stimulate the innate immune response is beneficial for the

host, because it leads to a complex series of events that culminate in the priming of

the adaptive immune system and thence to resistance to the infection. A substantial

step further has been the discovery of monophosphoryl lipid A as vaccine adju-

vant, this compound has a poor toxicity and has proven to be safe and effective

(Mata-Haro et al. 2007; Fitzgerald and Golenbock 2007).

4.5 Endotoxins as Elicitors of Plant Innate Immune System

The mechanisms of plants’ interaction with invading pathogens display parallels

with animals (Zipfel and Felix 2005; Jones and Dangl 2006; Newman et al. 2007).

Plants have evolved and maintained competence to recognize several general

elicitors that are pathogen surface molecules and which can be considered as

PAMPs. They bind to plant PRR and trigger the expression of immune response

genes and the production of antimicrobial compounds. LPSs are surface compounds

that also act as general elicitors of plant innate immunity and can be considered as

PAMPs (Dow et al. 2000; Newman et al. 2002, 2007). The activation of innate

responses upon recognition of PAMPs recalls the mechanisms of activation of the

innate responses in mammals and insects (Fig. 4.7) (Medzhitov 2001). The delivery

of an invading bacterium triggers the activation of a signal transduction pathway

that can lead to the Hypersensitive Response (HR). HR is a programmed cell death

response, triggered by live bacteria, that is associated with plant host resistance. It is

associated with a decline in the number of viable bacteria recovered in the tissue

and follows a rapid necrosis of plant tissue representing the final stage of resistance,

when stress signals induce strong defensive responses. One of the most widely

studied effects of LPSs on plant cells is their ability to retard or completely block

the HR induced by avirulent bacteria. Pre-inoculation of leaves with heat-killed

bacterial cells delays or prevents the disease symptoms expected with a subsequent

inoculation with living bacteria (Dow et al. 2000; Newman et al. 2002).

Recent findings have shed light on the molecular aspect of these biological

events. The lipid A moiety may be at least partially responsible for LPS perception

by Arabidopsis thaliana leading to a rapid burst of NO, a hallmark of innate

immunity in animals (Zeidler et al. 2004). The minimal structural requirements

for the elicitor activity can be different from that in mammalian hosts. In the case of

LOS, both lipid A and core oligosaccharide from a pathogenic bacterium can be
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recognized by plant receptors (Silipo et al. 2005a, b, c) and are potent inducers of

immune responses. Using synthetic O-antigen polysaccharides (oligorhamnans) it

has been shown that the O-chain of LPS is recognized by Arabidopsis, and that this
recognition leads to elicitation of a specific gene transcription response associated

with defense (Bedini et al. 2005). A single pathogen-associated compound can

consequently originate multiple signals, indicating the existence of multiple recep-

tors of several general elicitors. Intact LOS, the lipid A and core oligosaccharide

derived from X. campestris pv. campestris are all able to induce defense-related

genes PR1 and PR2 in Arabidopsis and to prevent the HR caused by avirulent

bacteria; furthermore, these defensive cellular responses occur via a distinctive

recognition event that occurs in different temporal phases (Silipo et al. 2005a, b, c).

As in the case of mammalian pathogen bacteria, structural variation in the lipid A

region can strongly influence the ability of LPS to induce defense-related genes and

then to be recognized as PAMPs (Silipo et al. 2008). The alteration of the acylation

pattern and the modification of the polar heads seem to play a central role. Thus far,

the receptor for LPS in plant cells has not been identified and cloning and charac-

terization of LPS receptors in plants is currently a major goal in this area.

4.6 Conclusions

Lipopolysaccharides represent the most abundant type of molecules involved in the

social behavior of Gram-negative bacteria, in addition to being essential for bacte-

rial viability. In fact, they are engaged in the early mechanisms of host recognition

and adhesion which then determine the cascade of immunological or tolerance

responses which are important for both host resistance and colonization. The

knowledge of the structure of the single LPS components, O-chain, core, and lipid

A, remains one of the essential goals for in-depth comprehension of their biological

role, which could provide a spin-off for the fields of both medicine and agriculture.
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Chapter 5

Structure, Biosynthesis, and Function of Teichoic

Acids and Related Cell Wall Glycopolymers

in the Gram-positive Cell Envelope

Maren Rautenberg, Thomas Kohler, Guoqing Xia, Emir Kulauzovic,

and Andreas Peschel

5.1 Introduction

The cell wall of most Gram-positive bacteria contains two types of structural

components (Fig. 5.1). Peptidoglycan (PG), which is a highly conserved compo-

nent, represents the first and almost omnipresent polymer. The second is repre-

sented by additional cell wall glycopolymers (CWGs), which are very variable

between species and even between individual strains. Peptidoglycan has the well-

studied function of imparting mechanical stability on the bacterial cell, whereas

the function of the CWGs is still elusive. Most Gram-positive bacteria contain

two types of CWGs: (1) the covalently PG-anchored polymers (P-CWG) and

(2) membrane glycolipid-anchored polymers (M-CWG) (Fischer 1988; Neuhaus

and Baddiley 2003; Weidenmaier and Peschel 2008). There are bacterial species

such as Bacillus subtilis that even contain three or four different types of CWGs.

Cell wall glycopolymers are composed of repeating units formed by one or more

sugar building blocks and, in many cases, additional non-sugar residues such as

phosphate, alanine, succinate, pyruvate, choline, or mycolic acides, to name but a

few. If the polymer backbone contains diester-linked phosphate groups the CWG is

usually named teichoic acid (TA), according to James Baddiley’s nomenclature

from the 1950s (Armstrong et al. 1959). Most TA exhibit zwitterionic properties

because of the negatively charged phosphate groups and additional D-alanine

residues on the repeating units, which have free positively charged amino groups.

Some Gram-positive bacteria produce CWGs without phosphate groups; hence

their polymers are uncharged as in many actinobacteria or certain bacilli, or they

are anionic because their repeating units contain uronic acid, pyruvyl, or succinyl

groups (Delmas et al. 1997; Greenberg et al. 1996; Powell et al. 1975; Schäffer and
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Messner 2005; Soldo et al. 1999; Ward 1981). This review will focus on TA-like

CWGs with special emphasis on TA structures, biosynthetic pathways, and func-

tions. Other types of CWGs will be mentioned briefly.

5.2 Teichoic Acid Structures

5.2.1 Wall Teichoic Acid and Other Peptidoglycan-Anchored
Polymers

Peptidoglycan-anchored polymers are usually attached to PG via more or less

conserved linkage units. In most cases these linkage units start with N-acetylglu-
cosamine (GlcNAc), which is linked to the N-acetylmuramic acid of the PG via a

phosphodiester bond. The GlcNAc can be connected to further sugars of the linkage

unit or it is connected directly to the CWG (Araki and Ito 1989; Naumova and

Shashkov 1997). Up to 50% of the entire cell wall mass is formed by TA of the P-

CWG type, which are referred to as wall teichoic acids (WTA) (Fig. 5.2). Since

WTA composition is eminently diverse its structure differs profoundly between

species or even strains (Endl et al. 1983; Fischer et al. 1993; Naumova and

Shashkov 1997; Potekhina et al. 1993). The WTA of Staphylococcus aureus is

particularly well studied. The linkage unit consists of one GlcNAc residue, one

N-acetylmannosamine and two glycerolphosphate (Gro-P) residues. The WTA

repeating units contain sugars of various sizes ranging from trioses to hexoses.

Fig. 5.1 Molecular structure of the cell wall of S. aureus, composed of peptidoglycan, teichoic

acids, proteins, and capsular polysaccharide. With permission (Kohler et al. 2009b)
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Often these sugars are reduced to their corresponding polyols like glycerol or

ribitol. Most S. aureus strains produce a WTA polymer, which is formed by up to

40 repeating units of ribitolphosphate (Endl et al. 1983). In Staphylococcus
epidermidis and other staphylococcal species simpler WTA structures can be

found. Here Gro-P units form the entire polymer and are not only found in the

linkage unit. A more complicated WTA structure with repeating units composed of
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Fig. 5.2 SelectedWTA and LTA structures. Trioses, peptoses, and hexoses are shown as triangles,

pentagons, and hexagons, respectively. Fatty acids are shown as zigzag lines. Non-glycosyl

residues: Ala, D-alanine; C, choline; P, phosphate; Glycosyl residues: AATGal, 2-acetamido-

4-amino-2,4,6-trideoxy-D-galactose; Gal, galactose; GalNAc, N-acetylgalactosamine; Glc,

glucose; Gro, glycerol; ManNAc, N-acetylmannosamine; Rto, ribitol. With permission (Kohler

et al. 2009b)
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glycerolphosphate occurs, e.g., in Staphylococcus hyicus (Endl et al. 1983). Among

the known polymers, the most complex WTA-like molecule has been found in

Streptococcus agalactiae. This polymer is extremely complex and branched. It is

composed of different types of repeating units, which form the individual branches

of the molecule (Sutcliffe et al. 2008). Notably, this polymer represents the species-

specific antigen for serological differentiation of streptococci according to Rebecca

Lancerfield (Lancefield and Freimer 1966). The repeating units of the WTA

molecules are usually further substituted with a diverse set of additional sugars

and D-alanine (Neuhaus and Baddiley 2003), other amino acids such as glutamate or

lysine (in certain Actinobacteria) (Potekhina et al. 1993; Shashkov et al. 2006), or

phosphocholine (S. pneumoniae) (Fischer 2000). The negative charge, which

derives from the phosphate groups, is neutralized to a large extent by the incorpora-

tion of D-alanine (Neuhaus and Baddiley 2003).

A less well studied group of so-called “secondary cell wall polymers” are the

anionic P-CWGs, which lack phosphate. This group includes the teichuronic acids

(TUA), which are distinguished by the presence of uronic acid residues in their

repeating units (e.g., in many bacilli and micrococci) (Soldo et al. 1999; Ward

1981) and pyruvylated polymers (e.g., in Bacillus anthracis and B. cereus)
(Choudhury et al. 2006; Leoff et al. 2007; Schäffer and Messner 2005). When

grown under phosphate limitation B. subtilis expresses TUA instead of WTA. The

linkage unit of B. subtilis TUA is similar to that of the WTA. It consists of GlcNAc

and glucuronic acid (Soldo et al. 1999). Recently the pyruvylated B. anthracis
P-CWG has been characterized. It consists of repeating units formed by several

hexoses (Choudhury et al. 2006). Many actinobacteria produce uncharged, often

branched P-CWG, especially those bacteria with an outer membrane-like mycolic

acid layer. For instance, Mycobacterium tuberculosis has a branched arabinoga-

lactan polymer, which connects PG and the mycolic acid membrane via the

covalently bound mycolic acid (Brennan 2003; Takayama et al. 2005).

5.2.2 Lipoteichoic Acid and Other Membrane
Glycolipid-Anchored Polymers

Membrane glycolipid-anchored polymers such as lipoteichoic acids (LTA) are

attached to the cytoplasmic membrane by linking the polymer to glycolipids. In

S. aureus the lipid anchor consists of a diglycosylated diacylglycerol (Fischer

1988). In S. aureus, as in many other Gram-positive bacteria, the backbone is

formed by Gro-P repeating units. As a likely consequence of the unique biosyn-

thetic pathway, the structures of LTA are usually less diverse than those of WTA

(see below) (Fischer 1994). In Streptococcus pneumoniae a very complex LTA

structure can be found. Its repeating units contain phosphocholine and they are

identical to those of pneumococcal WTA (Fischer et al. 1993). At the 2-hydroxy

group of the glycerol most LTA polymers are substituted with D-alanine and

additional sugars as in WTA.
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In many actinobacteria, M-CWGs are produced without phosphate in the repeat-

ing units. Because of the substitution with succinyl groups such polymers are often

anionic (Delmas et al. 1997; Greenberg et al. 1996; Powell et al. 1975). In many

mycolic acid-producing bacteria uncharged, branched lipoarabinomannans (LAM)

can be found (Briken et al. 2004; Sutcliffe 2005).

5.3 Biosynthesis of Wall Teichoic Acid and Lipoteichoic Acid

Wall teichoic acid and LTA usually rely on profoundly different biosynthetic

pathways and precursor molecules (Fig. 5.3), although they exhibit structural

similarity. It has been difficult to identify pathways and biosynthetic genes by

comparative genomics, probably because of the enormous structural diversity of

P-CWGs; this notion implies that most bacterial species require different sets of

genes. In B. subtilis 168 only 13 genes are required for the rather simple Gro-P

WTA (Qian et al. 2006) whereas S. agalactiae is supposed to depend on more than

120 genes for the synthesis of the extremely complex WTA-like polymer (Sutcliffe

et al. 2008). In any case, certain principles are widely conserved among P-CWG-

producing bacteria, such as the use of a C55 lipid carrier during the assembly

process, the enzymes mediating the first steps of linkage unit biosynthesis, and

the allocation of biosynthetic genes in clusters. In B. subtilis and S. aureus most

knowledge has been gathered as outlined in the section below (Bhavsar and Brown

2006; Xia and Peschel 2008).

5.3.1 Wall Teichoic Acid Biosythesis in Bacillus subtilis
and Staphylococcus aureus

The involvement of nucleotide-activated precursor molecules such as CDP-glycerol,

CDP-ribitol, and UDP-GlcNAc has been demonstrated using sophisticated in vitro

reconstitution studies of certain WTA-biosynthetic steps (Baddiley 1989; Bracha

et al. 1978; Brooks et al. 1971; Nathenson et al. 1966). Biosynthesis is initiated on the

undecaprenyl pyrophosphate lipid carrier (C55), which is also used for PG or capsular

polysaccharide biosynthesis, at the inside of the cytoplasmatic membrane (Anderson

et al. 1972). In B. subtilis 168 the first gene cluster involved in biosynthesis of

WTA–tagABCDEFGH– has been identified by the laboratory of Dimitri Karamata

by analysis of temperature-sensitive mutants (Pooley and Karamata 1994). In the last

couple of years large-scale sequencing projects and comparative genomics have been

used to identify further genes such as tagO and themore complexWTA gene clusters

of B. subtilis W23 and S. aureus, both of which produce ribitolphosphate (Rbo-P)

WTA (Qian et al. 2006). As outlined below, biochemical studies with crude enzy-

matic preparations derived from temperature-sensitive mutant strains or with recom-

binant enzymes produced inEscherichia coli led to functional predictions for most of

5 Structure, Biosynthesis, and Function of Teichoic Acids 159



theWTA-biosynthetic gene products. Fig. 5.3 shows CWG-biosynthetic steps, which

can be divided into four groups:

1. The synthesis of linkage units that usually have conserved structures and

connect the polymers with PG or the membrane belong to the first group of

WTA-biosynthetic enzymes (Araki and Ito 1989). Hence, an easy identification

of CWG gene clusters is feasible since the genes involved, tagO and tagA, are
well conserved among many Gram-positive bacteria (Ginsberg et al. 2006;

Weidenmaier et al. 2004). TagO transfers GlcNAc phosphate to C55 phosphate

(Soldo et al. 2002a) and TagA adds a ManNAc unit using UDP-ManNAc

precursors (Ginsberg et al. 2006).

2. The generation of special nucleotide-activated precursor molecules such as

UDP-ManNAc (ManA) (Soldo et al. 2002b), CDP-glycerol (TagD) (Park et al.

a

b c

Fig. 5.3 Pathways of S. aureuswall teichoic acid (WTA) biosynthesis (a), lipoteichoic acid (LTA)

biosynthesis (b), and D-alanine incorporation into LTA and WTA (c). CDP-Gro, cytidyldipho-

sphate-glycerol; CDP-Rbo, cytidyldiphosphate-ribitol; Glc, glucose; GlcNAc, N-acetylgluco-
samine; Gro, glycerol; Gro-P, glycerolphosphate; ManNAc, N-acetylmannosamine; MurNAc,

N-acetyl muramic acid; Rbo-P, ribitol phosphate; Rib-P, ribulose-5-phosphate; UDP-Glc,

undecaprenylphosphate-glucose; UDP-GlcNAc, uridine-50-diphosphate-glucose; UDP-GlcNAc,

uridine-50-N-acetylglucosamine; UDP-ManNAc, uridine-50-N-acetylmannosamine. With permis-

sion (Kohler et al. 2009b)
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1993), or CDP-ribitol (TarI, TarJ) (Pereira and Brown 2004) is mediated by the

second group of enzymes. Due to the interaction with the nucleotides, many of

these genes share conserved domains.

3. Incorporation of the preformed repeating units into CWGs is mediated through

the third group of enzymes, which includes both priming and polymerizing

enzymes. The Gro-P WTA polymer of B. subtilis 168 depends on the primase

TagB adding the first repeating unit to the C55-bound linkage unit and the

polymerase TagF, which adds the additional Gro-P units (Ginsberg et al.

2006). In S. aureus Rbo-P WTA biosynthesis the situation is more complicated.

Here the TagB reaction is followed by the addition of only one additional Gro-P

unit mediated by the TarF enzyme (Brown et al. 2008). Subsequently, the TarL

polymerase synthesizes the RboP polymer (Brown et al. 2008; Pereira et al.

2008). No Rbo-P primase seems to be involved in S. aureus, whereas in

B. subtilis W23 such an enzyme has been implicated in Rbo-PWTA biosynthesis

(TarK) (Bhavsar and Brown 2006). The major challenge in studying enzyme

functions is that three genes which are involved in Rbo-P generation and

incorporation seem to be duplicated (Qian et al. 2006). Recent studies indicate

that the same types of reaction are mediated by the two TarL enzymes, albeit

leading to WTA of different chain length and electrophoretic migration. Appar-

ently S. aureus can control WTA structure according to bacterial density and

environmental changes, since one of the tarL genes (also been named tarK) is
regulated by the agr quorum sensing system (Brown et al. 2008).

4. The fourth group consists of proteins which mediate the transfer of the WTA

polymers to the outer membrane leaflet (TagG, TagH, forming an ABC trans-

porter) (Lazarevic and Karamata 1995) and the transfer from C55 to the acceptor

molecules (responsible proteins still unknown).

5. Decoration of WTA/LTA repeating units with sugars, D-alanine, choline, pyru-

vate or other residues is mediated by further proteins, which are allocated into

group v. For WTA with more complex hexose-containing repeating units, such

as the minor WTA of B. subtilis (Freymond et al. 2006) or the branched WTA-

like polymer of S. agalactiae (Sutcliffe et al. 2008), different biosynthetic

pathways have been proposed which only share tagO and (in many cases)

tagA genes with those described above.

5.3.2 Lipoteichoic Acid Biosynthesis in Staphylococcus aureus

The Gro-P repeating units of LTA are derived from a major constituent of bacterial

membranes, namely the phospholipid phosphatidylglycerol, but not from a nucleo-

tide-activated precursor (Glaser and Lindsay 1974). Lipoteichoic acid is not poly-

merized on C55 but directly on the glycolipid serving as the membrane anchor for

LTA, which is a second major difference between LTA and WTA biosynthesis

(Fischer 1988; Koch et al. 1984). Different genes have been implicated in glycolipid

biosynthesis of S. aureus and S. agalactiae, as the glycolipids differ between species
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(Doran et al. 2005; Kiriukhin et al. 2001). Lipoteichoic acid is linked to diglyco-

syldiacylglycerol in S. aureus. This lipid is generated by the YpfP enzyme, which

adds two glucose residues from UDP-glucose to diacylglycerol (Jorasch et al. 1998,

2000; Kiriukhin et al. 2001). A membrane protein encoded by the ltaA gene, which

is necessary for efficient LTA biosynthesis, is thought to be a flippase that translo-

cates the glycolipid from the inner to the outer leaflet of the cytoplasmic membrane

(Grundling and Schneewind 2007b). Recently, the LTA polymerase LtaS has been

discovered by Angelika Gründling and Olaf Schneewind. It utilizes Gro-P units

from phosphatidylglycerol to synthesize the LTA polymer at the outer surface of the

cytoplasmic membrane (Grundling and Schneewind 2007a). Lipoteichoic acid

biosynthesis seems to be a rather conserved process since one or several ltaS-related
genes are found in most LTA-producing bacteria. Amazingly, deletion of ypfP does

not block biosynthesis of LTA but leads to synthesis of LTA whose polymer is

attached to diacylglycerol (Fedtke et al. 2007; Kiriukhin et al. 2001). For unknown

reasons ypfP mutants produce unaltered or strongly reduced amounts of the altered

LTA compared to the wild-type strains depending on the S. aureus strain back-

ground (Fedtke et al. 2007). In conclusion, far fewer genes are required for LTA

biosynthesis compared to WTA biosynthesis. Nevertheless, highly complex LTA

polymers, which are most probably synthesized in a C55-dependent fashion, are

produced by bacteria such as S. pneumoniae (Draing et al. 2006; Fischer et al. 1993).

5.3.3 Incorporation of D-Alanine into Wall Teichoic Acid
and Lipoteichoic Acid

A very constant trait of most TA polymers is the modification with D-alanine,

whereas most other WTA and LTA components are variable. These substituents

seem to be absent in TA molecules without polyol constituents in the repeating

units such as the minor WTA of B. subtilis (Freymond et al. 2006). The dltABCD
genes responsible for D-alanine activation and incorporation into WTA and LTA

are highly conserved and always seem to form an operon (Neuhaus et al. 1996;

Neuhaus and Baddiley 2003), which is in accord with the high prevalence of

D-alanylation. Teichoic acid net charge is profoundly affected by D-alanine modi-

fication. Accordingly, disruption of the dltABCD genes has crucial consequences

regarding resistance to antimicrobial peptides, adhesion to host cell receptors and

biofilm formation (Weidenmaier and Peschel 2008). The dlt operons of S. aureus
and S. epidermidis are controlled via the ApsXRS (also named GraXRS) regulatory

system in response to antimicrobial peptide challenge and cell wall stress (Herbert

et al. 2007; Kraus et al. 2008; Li et al. 2007). D-Alanine is incorporated after

biosynthesis of the TA polymers is completed. D-Alanine can be repeatedly

incorporated into a given molecule, since the D-alanine esters are rather labile and

are easily lost (Koch et al. 1985). Four proteins (DltA, -B, -C, -D) are required for

transfer of D-alanine into TAs. These four proteins form a pathway that includes
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activation of D-alanine in the cytoplasm (DltA), linkage to a D-alanine carrier

protein (DltC), translocation, and incorporation of D-alanine into TAs (DltB,

DltD) (Neuhaus and Baddiley 2003). Hydrolysis of ATP is required for the first

DltA-catalyzed step. DltA is homologous to the activating domains of peptide

synthetases (Heaton and Neuhaus 1992; Neuhaus et al. 1996). Similarly to the

biosynthesis of non-ribosomally synthesized peptides or fatty acids, D-alanine is

activated and transferred to a dedicated carrier protein. All these pathways involve

intermediates linked to the phosphopantetheine prosthetic groups of the carrier

proteins by energy-rich thioester bonds. Transferring the D-alanine into TAs is the

last step, which is less well understood. DltB, an integral membrane protein, and

DltD, a membrane-tethered hydrophilic protein, seem to be required (Debabov et al.

2000). Thus Dlt proteins represent promising targets for blocking D-alanylation

through inhibitory compounds. Recently, it has been reported that bacteria became

more susceptible to cationic antimicrobial molecules such as defensins by specifi-

cally inhibiting DltA (May et al. 2005). Accordingly, such inhibitors seem to be

very efficient in clearing bacterial infections in vivo (Escaich et al. 2007).

5.4 Roles of Wall Teichoic Acid and Lipoteichoic Acid

in Bacterial Physiology

Very important roles of WTA and LTA-like polymers for bacterial integrity and

fitness are suggested, since bacterial cells commit considerable amounts of energy

and genetic information to their biosynthesis and because of the universal presence

of CWGs in Gram-positive bacteria. Recently, more detailed characterization of

CWG functions has become feasible through the availability of defined mutants

lacking CWG (D’Elia et al. 2006; Weidenmaier et al. 2004) or exhibiting altered

CWG structures (Doran et al. 2005; Kristian et al. 2005; Peschel et al. 1999). Wall

teichoic acid has been shown to be dispensable for viability of S. aureus and

B. subtilis (D’Elia et al. 2006; Weidenmaier et al. 2004). When grown under

laboratory conditions these mutants displayed only minor defects. In contrast LTA

is indispensable in S. aureus at normal temperature (Grundling and Schneewind

2007a) but seems to be dispensable at low temperatures below 30�C (Oku et al.

2008). Amazingly, in vitro growth behavior is not affected by a strongly reduced

LTA content in the cell envelope (Fedtke et al. 2007). Accordingly, many of the

functions assigned to CWGs appear not to be essential. Many of those functions are

supposed to be critical only in certain instances such as exposure to environmental

stresses or to host defense factors (Weidenmaier and Peschel 2008). In fact, many

reports suggest critical functions of WTA and LTA in protecting the cell envelope

from penetration by harmful molecules such as host defense molecules, bacteriocins

and antibiotics. This protective function may be either direct by blocking pores and

cavities between PG layers or indirect by attachment of outer protection layers such

as S-layer proteins (e.g., B. anthracis) (Mesnage et al. 2000) or mycolic acids
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(e.g.,M. tuberculosis) (Brennan 2003). Mutants lacking D-alanine inWTA and LTA

are more susceptible to cationic antimicrobial peptides (Peschel et al. 1999, 2000;

Peschel and Sahl 2006). Moreover, S. aureus WTA contributes to lysozyme resis-

tance as well as to resistance against antimicrobial fatty acids (Bera et al. 2007;

Kohler et al. 2009a, b). On the other hand, WTA can also increase susceptibility for

harmful molecules such as certain phages that use WTA as a receptor (Lopez et al.

1982; Park et al. 1974; Wendlinger et al. 1996) or the human antimicrobial defensin

hBD3 and secretory group IIA phospholipase A2 (Koprivnjak et al. 2008).

Certain bacterial proteins are non-covalently anchored by CWG to the cell wall,

e.g. in S. pneumoiae where many virulence factors are anchored to the phosphocho-

line residues of the CWG (Bergmann and Hammerschmidt 2006). Furthermore,

B. anthracis and relatives attach their S-layer proteins to the bacterial surface by the
use of pyruvylated CWG (Mesnage et al. 2000). Autolysins of S. aureus and other

bacteria show a high affinity for WTA and LTA (Bierbaum and Sahl 1987;

Giudicelli and Tomasz 1984) but it is proposed that autolysins bind to the cell

wall independently of CWG, since S. aureus mutants with reduced LTA exhibited

no reduced amounts of autolysins (Fedtke et al. 2007). Wall teichoic acid and LTA

play a profound role in controlling autolysin activity by interactions that may

involve CWG-bound bivalent cations; however, these interactions are only partially

understood. It is assumed that LTA interacts with components of the membrane-

bound cell division machinery and contributes to its proper placement or regulation,

because depletion of LTA leads to bacterial cells with distorted shapes and division

sites in S. aureus (Grundling and Schneewind 2007a).

Important roles in shaping the ionic milieu in the cell wall have been proposed

for the zwitterionic and anionic CWG types that have ion-exchanger-like proper-

ties. In particular, TAs have high affinities for magnesium ions and are regarded as

magnesium ion storage molecules (Heptinstall et al. 1970). Surface-exposed CWGs

are highly hydrophilic, which has a strong influence on the physicochemical proper-

ties of bacterial cell surfaces. A strong impact on biofilm formation on biomaterials

has been observed in S. aureus and Enterococcus faecalis mutants with altered

CWGs. Furthermore these mutants are attenuated in virulence in animal models

(Fabretti et al. 2006; Fedtke et al. 2007; Gross et al. 2001; Kristian et al. 2003).

CWGs can play a second role in biofilm formation when they are released by the

bacteria to form parts of the biofilm matrix, which protects bacterial cells and glues

them together (Sadovskaya et al. 2004; Vinogradov et al. 2006). The precise

mechanism by which CWGs are shed from the cell wall or membrane anchors is

still unknown.

5.5 Lipoteichoic Acid and Interactions with Host Cell Receptors

Bacteria colonizing or infecting animal hosts (Fig. 5.4) appear to depend on CWGs,

which play various crucial roles in microbe–host interactions. A number of recent

studies indicate that WTA and LTA can shape the entire infection process of
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S. aureus from initial colonization to activation of innate immunity and to recogni-

tion by the adaptive immune system (Weidenmaier and Peschel 2008). Binding to

epithelial and endothelial cells has been abrogated in S. aureus mutants lacking

WTA. Furthermore, these mutants have lost the ability to colonize the nose in

animal models (Weidenmaier et al. 2004, 2008) or to leave the bloodstream and

infect subendothelial tissues in endovascular infections (Weidenmaier et al. 2005b).

Similar impacts on bacterial host cell binding have been observed upon altering TA

structure by disrupting the D-alanylation pathway in S. aureus (Weidenmaier et al.

2004, 2005a), Streptococcus pyogenes (Kristian et al. 2005) and Listeria mono-
cytogenes (Abachin et al. 2002) or by altering LTA membrane anchoring in

S. agalactiae (Abachin et al. 2002). There is evidence for direct binding of WTA

to as yet unidentified receptors on epithelial and endothelial cells. Of interest, these

interactions seem to contribute to S. aureus host cell attachment to a similar extent

Fig. 5.4 Interaction of LTA and WTA with host molecules. Scavenger receptors, mannose-

binding lectin, and ficolins interact with different CWGs, which leads to binding and internaliza-

tion by host cells or complement activation. Some M-CWGs seem to elicit proinflammatory

responses through TLR2. MBL, Mannose-binding lectin; MHC, major histocompatibility com-

plex; TLR2, Toll-like receptor 2. With permission (Kohler et al. 2009b)
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as the staphylococcal adhesion proteins (Weidenmaier et al. 2008), which bind,

e.g., keratin, fibronectin, or fibrinogen (Foster and Hook 1998; Mongodin et al.

2002; Navarre and Schneewind 1999). Wall teichoic acid-mediated binding can be

inhibited by polyinosinic acid, an established inhibitor of scavenger receptors (SR),

indicating that SR-like receptors play a major role in the WTA-mediated staphylo-

coccal binding to host cells (Weidenmaier et al. 2008). Accordingly, some members

of the SR family that have been identified on mammalian cells have been shown to

bind purified CWG and intact S. aureus cells. SCARA5 and LOX1, which are

expressed by airway epithelial and endothelial cells, respectively, are candidate

receptors for WTA-mediated binding (Jiang et al. 2006; Shimaoka et al. 2001).

While SRs appear to mediate bacterial attachment, other host receptors have

been shown to stimulate inflammatory processes upon CWG binding. Pathogen-

Associated Molecular Pattern (PAMP) molecules such as LTA, mycobacterial

LAM and other M-CWG activate the innate immune system via Toll-like receptor

2 (TLR2) (Hermann et al. 2002; Hoebe et al. 2005; Sugawara et al. 2003; Tapping

and Tobias 2003). LTA-mediated TLR2 activation seems to require co-receptors

such as TLR6, CD14, LBP, and CD36 (Chavakis et al. 2002; Han et al. 2003;

Henneke et al. 2005; Hoebe et al. 2005). However, many of the commonly used

M-CWG preparations have been shown to be contaminated with lipopeptides,

which account for a large percentage of the proinflammatory activity (Hashimoto

et al. 2006, 2007). Thus, the proinflammatory potency of M-CWG is still a matter of

debate. Nevertheless, synthetic LTA analogs seem to stimulate TLR2 (Deininger

et al. 2003). Lipoteichoic acid and LAM also have been shown to bind to soluble

C-type lectins such as mannose-binding lectin (MBL), L-ficolin, and the lung

surfactant proteins A and D (Ferguson et al. 1999; Lynch et al. 2004; Polotsky

et al. 1996, 1997; Sidobre et al. 2000; van de Wetering et al. 2001). The lectin-

initiated complement pathway is activated by MBL and L-ficolin upon binding to

CWG on the bacterial surface, which leads to bacterial opsonization and release of

chemotactic complement split products (Endo et al. 2007; Takahashi et al. 2007).

For many decades CWGs such as S. aureus TA have been well-known targets for

antibodies (Kumar et al. 2005; Verbrugh et al. 1981; Verhoef et al. 1983). Accord-

ingly, CWGs have been considered as vaccination targets. Indeed it has been shown

that vaccination with enterococcal LTA induced the production of protective,

opsonic antibodies (Theilacker et al. 2006). Furthermore, promising results were

obtained by passive vaccination with a humanized monoclonal antibody targeting

staphylococcal LTA (Weisman 2007). Traditionally glycopolymers have been

regarded as T cell-independent antigens. There is increasing evidence that zwitter-

ionic glycopolymers can lead to activation of T cells through processing of ingested

CWG by antigen-presenting cells and subsequent presentation via MHC class II

molecules (Kalka-Moll et al. 2002; Mazmanian and Kasper 2006). Most detailed

studies of this new pathway are available for Bacteroides fragilis capsular poly-
saccharides. Recent studies have led to the suggestion that the equally zwitterionic

S. aureus WTA might serve as a T cell-independent antigen (McLoughlin et al.

2006; Tzianabos et al. 2001). Although these studies are still in their infancy,

166 M. Rautenberg et al.



CWGs should increasingly be regarded as vaccine candidates with the capacity to

elicit immunological memory, if this new concept can be confirmed. Mycobacterial

LAM has been shown to stimulate T cells restricted to the MHC-like molecule

CD1, which is known to present certain lipid antigens, which reveals another way

how CWGs might stimulate specific T cells (Prigozy et al. 1997). It is tempting to

speculate that M-CWGs represent more general substrates for CD1 presentation

than previously thought.

5.6 Conclusions

After the discovery of TA and other CWGs in the 1960s, these polymers repre-

sented a field of active research. However, subsequently the chemical, biochemi-

cal, and genetic basis of CWG biosynthesis was studied by only a small group of

scientists. Certain CWGs have only recently received increasing attention within

the scientific community, since these polymers turned out to be of pivotal impor-

tance in microbe–host interaction. Moreover, CWG chemistry and biology has

been put on the list of major scientific challenges, since there is a desperate need

for new antimicrobial target structures. Recently promising studies have revealed

the suitability of CWGs as targets for new antibiotics or vaccines (May et al.

2005; Mikusova et al. 1995; Theilacker et al. 2004). A broader view of the diver-

sity and variability of CWG structures can be achieved in the near future now that

improved glycochemical methods are available. The availability of genomic and

metagenomic databases represents a valuable basis for predicting CWG biosyn-

thetic pathways by bioinformatics methods. Predicted enzyme functions can be

confirmed with the help of in vitro reconstitution of biosynthetic steps, which has

recently yielded major scientific progress. Moreover, this progress will assist the

use of the reactions in high-throughput screening programs in the search for new

antibiotics. In B. subtilis the WTA biosynthetic enzymes seem to form a mem-

brane-associated complex, which indicates that CWG biosynthesis is a highly

organized process (Formstone et al. 2008). It can be assumed that the CWG and

PG biosynthetic machineries are coordinated in sophisticated ways, maybe in

cooperation with cytoskeletal elements and with the cell division apparatus.

Structural features of CWGs might be correlated with certain functions in cell

wall physiology or host interaction with the help of the increasing availability of

defined mutants. The proinflammatory capacity of M-CWGs and the potential of

CWGs to activate specific T cells upon processing and presentation in MHC class II

or CD1 molecules are the major open questions which need to be approached.

Furthermore, many host receptors recognizing and binding CWGs remain to be

identified. Because of cell- and species-specific differences in expression of CWG-

binding molecules, it is tempting to speculate that the enormous diversity of CWG

structures plays a role in bacterial cell and host tropism.
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Kristian SA, Lauth X, Nizet V, Götz F, Neumeister B, Peschel A, Landmann R (2003) Alanylation

of teichoic acids protects Staphylococcus aureus against Toll-like receptor 2-dependent host

defense in a mouse tissue cage infection model. J Infect Dis 188:414–423

Kristian SA, Datta V, Weidenmaier C, Kansal R, Fedtke I, Peschel A, Gallo RL, Nizet V (2005)

D-alanylation of teichoic acid promotes group A Streptococcus antimicrobial peptide resis-

tance, neutrophil survival, and epithelial cell invasion. J Bacteriol 187:6719–6725

Kumar A, Ray P, Kanwar M, Sharma M, Varma S (2005) A comparative analysis of antibody

repertoire against Staphylococcus aureus antigens in patients with deep-seated versus superfi-

cial staphylococcal infections. Int J Med Sci 2:129–136

Lancefield RC, Freimer EH (1966) Type-specific polysaccharide antigens of group B streptococci.

J Hyg (London) 64:191–203

Lazarevic V, Karamata D (1995) The tagGH operon of Bacillus subtilis 168 encodes a two-

component ABC transporter involved in the metabolism of two wall teichoic acids. Mol

Microbiol 16:345–355

Leoff C, Saile E, Sue D, Wilkins P, Quinn CP, Carlson RW, Kannenberg EL (2007) Cell wall

carbohydrate compositions of strains from the B. cereus group of species correlate with

phylogenetic relatedness. J Bacteriol 190(1):112–121

Li M, Lai Y, Villaruz AE, Cha DJ, Sturdevant DE, Otto M (2007) Gram-positive three-component

antimicrobial peptide-sensing system. Proc Natl Acad Sci USA 104:9469–9474

Lopez R, Garcia E, Garcia P, Ronda C, Tomasz A (1982) Choline-containing bacteriophage

receptors in Streptococcus pneumoniae. J Bacteriol 151:1581–1590
Lynch NJ, Roscher S, Hartung T, Morath S, Matsushita M, Maennel DN, Kuraya M, Fujita T,

Schwaeble WJ (2004) L-ficolin specifically binds to lipoteichoic acid, a cell wall constituent of

Gram-positive bacteria, and activates the lectin pathway of complement. J Immunol

172:1198–1202

May JJ, Finking R, Wiegeshoff F, Weber TT, Bandur N, Koert U, Marahiel MA (2005) Inhibition

of the D-alanine: D-alanyl carrier protein ligase from Bacillus subtilis increases the bacter-

ium’s susceptibility to antibiotics that target the cell wall. FEBS J 272:993–3003

Mazmanian SK, Kasper DL (2006) The love-hate relationship between bacterial polysaccharides

and the host immune system. Nat Rev Immunol 6:849–858

McLoughlin RM, Solinga RM, Rich J, Zaleski KJ, Cocchiaro JL, Risley A, Tzianabos AO, Lee JC

(2006) CD4þ T cells and CXC chemokines modulate the pathogenesis of Staphylococcus
aureus wound infections. Proc Natl Acad Sci USA 103:10408–10413

Mesnage S, Fontaine T, Mignot T, Delepierre M, Mock M, Fouet A (2000) Bacterial SLH domain

proteins are non-covalently anchored to the cell surface via a conserved mechanism involving

wall polysaccharide pyruvylation. EMBO J 19:4473–4484

5 Structure, Biosynthesis, and Function of Teichoic Acids 171



Mikusova K, Slayden RA, Besra GS, Brennan PJ (1995) Biogenesis of the mycobacterial cell wall

and the site of action of ethambutol. Antimicrob Agents Chemother 39:2484–2489

Mongodin E, Bajolet O, Cutrona J, Bonnet N, Dupuit F, Puchelle E, de Bentzmann S (2002)

Fibronectin-binding proteins of Staphylococcus aureus are involved in adherence to human

airway epithelium. Infect Immun 70:620–630

Nathenson SG, Ishimoto N, Anderson JS, Strominger JL (1966) Enzymatic synthesis and immu-

nochemistry of alpha- and beta-N-acetylglucosaminylribitol linkages in teichoic acids from

several strains of Staphylococcus aureus. J Biol Chem 241:651–658

Naumova IB, Shashkov AS (1997) Anionic polymers in cell walls of Gram-positive bacteria.

Biochemistry (Moscow) 62:809–840

Navarre WW, Schneewind O (1999) Surface proteins of Gram-positive bacteria and mechanisms

of their targeting to the cell wall envelope. Microbiol Mol Biol Rev 63:174–229

Neuhaus FC, Baddiley J (2003) A continuum of anionic charge: structures and functions of

D-alanyl-teichoic acids in Gram-positive bacteria. Microbiol Mol Biol Rev 67:686–723

Neuhaus FC, Heaton MP, Debabov DV, Zhang Q (1996) The dlt operon in the biosynthesis of

D-alanyl-lipoteichoic acid in Lactobacillus casei. Microb Drug Resist 2:77–84

Oku Y, Kurokawa K, Matuso M, Yamada S, Lee BL, Sekimizu K (2008) Pleiotropic roles of poly-

glycerolphosphate synthase of lipoteichoic acid in the growth of Staphylococcus aureus cells.
J Bacteriol 191:141–151

Park JT, Shaw DR, Chatterjee AN, Mirelman D, Wu T (1974) Mutants of staphylococci with

altered cell walls. Ann NY Acad Sci 236:54–62

Park YS, Sweitzer TD, Dixon JE, Kent C (1993) Expression, purification, and characterization

of CTP: glycerol-3-phosphate cytidylyltransferase from Bacillus subtilis. J Biol Chem

268:16648–16654

Pereira MP, Brown ED (2004) Bifunctional catalysis by CDP-ribitol synthase: convergent recruit-

ment of reductase and cytidylyltransferase activities in Haemophilus influenzae and Staphylo-
coccus aureus. Biochemistry 43:11802–11812

Pereira MP, Delia MA, Troczynska J, Brown ED (2008) Duplication of teichoic acid biosynthetic

genes in Staphylococcus aureus leads to functionally redundant poly(ribitol phosphate) poly-

merases. J Bacteriol 190(16):5642–9

Peschel A, Sahl HG (2006) The co-evolution of host cationic antimicrobial peptides and microbial

resistance. Nat Rev Microbiol 4:529–536

Peschel A, Otto M, Jack RW, Kalbacher H, Jung G, Götz F (1999) Inactivation of the dlt operon in
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Chapter 6

Outer Membrane Proteins

Oliver Mirus, Alexander Hahn, and Enrico Schleiff

6.1 Introduction

Cellular systems are generally surrounded by membranes. The fundamental con-

cept of lipid membranes surrounding cells dates back to the nineteenth century and

its formulation marked a new area of “cellular” biology (Edidin 2003). Interest-

ingly, Gram-negative bacteria are even protected by two individual membranes

designated plasma, cytoplasmic or inner membrane and outer membrane. The outer

membrane was initially described as a lipoprotein layer, but this model was

subsequently refined into a mosaic ensemble of lipopolysaccharides (LPS), lipo-

proteins and phospholipids (e.g., Remsen and Lundgren 1966; dePetris 1967).

Hence, a milestone for the understanding of the membrane systems after their

discovery was set by the consideration of proteins as components of the membrane

system, even though the initial concept merely considered associated proteins

(Danielli and Davson 1935). In subsequent years the model of the membranes

was refined by (1) the consideration of membrane-spanning proteins (e.g., Lenard

and Singer 1966) and (2) the observation of a highly dynamic ensemble of this

protein–lipid mixture leading to the fluid mosaic model (Singer and Nicolson

1972). Later, a trend began in which membrane function was almost exclusively

attributed to the protein content, leaving lipids a function as “passive protein

carriers” before the lipids re-entered the stage in the late 1990s (e.g., Dowhan

1997). Today it is widely accepted that the coordinated interaction and coaction of

all components are required for the function of each membrane.

The membrane proteins can be divided into three classes: helical anchored

proteins, lipoproteins and the outer membrane proteins (OMPs) with a so-called
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b-barrel fold. The helical proteins are the classical constituents of the plasma

membrane. The helical conformation of proteins was first demonstrated in non-

aqueous solvents (e.g., Singer 1962) and was subsequently confirmed by electron

microscopy (Henderson and Unwin 1975). During the last thirty years this picture

of membrane proteins has been generalized. The second class of proteins contains

the so-called lipoproteins, which are attached to the membrane via an N-terminal

N-acyl-diacylglycerylcysteine and which are found at both the periplasmic and the

extracellular face of the cellular membranes (Bos and Robert 2007). This review,

however, will focus on the third class of proteins as they are the major constituents

of the outer membrane.

A discrepancy of the secondary structure of integral OMPs when compared to

plasma membrane-inserted proteins was first noticed in 1974. Using circular

dichroism (CD) spectroscopy and absorption spectroscopy, a high b-sheet rather
than an a-helical content was observed in an analysis of the major OMP of

Escherichia coli (Rosenbusch 1974). Based on topology modeling, Vogel and

J€ahnig (1986) for the first time suggested an amphiphilic barrel conformation of

these proteins, inspired by the observed structural folds of soluble proteins

(Richardson 1977). In the following sections. firstly the global properties of such

proteins will be described and subsequently the different functional classes of the

OMPs and their complexes will be discussed.

6.2 The Outer Membrane Proteins

The outer membrane is the first line of external attack and has a protective function,

but at the same time this membrane has to permit the exchange of solutes between

the cell and the environment in particular. On top of that the outer membrane is last

to receive “support” from cellular utilities, as the nature of signal transduction

cascades enforces a delay. Hence, the existence of components in the outer mem-

brane themselves responding to environmental changes is essential for the func-

tionality of this membrane and thereby for cell survival. Such components are the

proteins either attached or embedded in this membrane. In the following section the

global properties of the proteins embedded in the outer membrane are described.

6.2.1 The Properties of b-Barrel Proteins

Almost all outer membrane-embedded proteins share the same structural concept;

they have a b-barrel as the membrane-inserted domain. The b-barrel structure is

formed in general by an even number of b-strands which are antiparallel, locally

connected to their next neighbors, and the N and C termini are usually facing the

periplasmic space (Fig. 6.1a; Schulz 2000, 2002; Wimley 2003). Interestingly, the

recently solved structure of the voltage-dependent anion channel – a b-barrel
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protein of the mitochondrial outer membrane – revealed the first exception of the

“even strand number” rule (Bayrhuber et al. 2008; Hiller et al. 2008; Ujwal et al.

2008) and it remains to be explored whether this is an eukaryotic invention or

whether barrel proteins with uneven strand numbers may also be discovered in

bacteria. The membrane-spanning segment of the b-strands needs to be only seven

to nine amino acids long. However, due to the inclination of the strand with respect

to the bilayer they can be up to 24 residues long. The loops facing the periplasmic

space are typically short (Fig. 6.1a; termed D loops), whereas the external loops are

classically rather long (termed L loops). The b-barrel exhibits two surfaces, the

hydrophilic channel interior, which can also be charged, and the nonpolar exterior,

which consists of aliphatic side-chains. In many cases the aliphatic exterior of the

b-strands is bordered by aromatic side chains with intermediate polarity. These

aromatic amino acids are thought to contact the two nonpolar–polar interface layers

of the membrane and are suggested to stabilize the vertical position of the b-barrel
in the membrane. This idea is supported by the observed preference of aromatic

amino acids in the nonpolar–polar regions of the membrane (e.g., Yau et al. 1998;

Wimley and White 1996).

In recent decades, several structures of membrane-embedded b-barrel proteins
have been solved, leading to the proposal of certain rules for this protein class with

respect to global structural features and amino acid composition. With respect to the

global fold, the barrel is defined by its strand number (n), which typically ranges

Fig. 6.1 Properties of b-barrel outer membrane proteins. (a) The structure of maltoporin–mal-

totriose complex from Escherichia coli (pdb: 1MPN, Dutzler et al. 1996); all aromatic amino acids

are highlighted in yellow to visualize the aromatic belt on the outer rim of the barrel. The plug

domain in the interior of the channel is shown in red and the b-strands in grey. (b) Top view (from

the extracellular space) of b-barrels (from left to right and from top to bottom) of outer membrane

PagP from E. coli (pdb: 1THQ, Ahn et al. 2004), outer membrane protease OmpT from E. coli
(pdb: 1I78, Vandeputte-Rutten et al. 2001), autotransporter NalP from Neisseria meningitidis
(pdb: 1UYN, Oomen et al. 2004), bacterial fatty acid transporter FadL from E. coli (pdb: 1T16,
van den Berg et al. 2004), P pilus usher (PapC) translocation pore from E. coli (pdb: 2VQI, Remaut

et al. 2008), ferric enterobactin receptor FepA from E. coli (pdb: 1FEP, Buchanan et al. 1999), and
osmoporin from Klebsiella pneumoniae (pdb: 1OSM, Dutzler et al. 1999) with 8, 10, 12, 14, 24,

22, 16 b-strands, respectively, to visualize the b-barrel structure and the pore diameter as well as

the sealing (plug) domains (yellow)
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from 8 to 24 and can be formed either by a single molecule or by oligomeric

complexes (Fig. 6.1b). The second important parameter is the shear number (Liu

1998). This (integer) number is the minimum amino acid distance within one strand

and is thereby a measure for the inclination angle of the strands against the barrel

axis. Hence, the shear number is related to the tilt angle of the strands as depicted in

Fig. 6.1, and the values for some representative porins are listed in Table 6.1. Here,

two parameters are introduced, which represent the distance between two Ca atoms

in one strand (a = 3.3 Å) and the distance between two Ca atoms of two amino

acids in two neighboring strands forming a hydrogen bond (b = 4.4 Å; Schulz

2002).

tana ¼ S � a=n=b (6.1)

Summarizing, the structure of the b-barrel membrane anchor is quite conserved

and the physical properties can be evaluated. However, particularly for the larger

barrels, the structural features become more complex as they contain plug domains

which regulate the functionality and specificity of the protein. In addition, the

N-terminus or the L3 loop of some of the proteins has a folded and functional

conformation.

Beside the structural description, several approaches targeted the amino acid

composition of the barrel region of the OMPs. At first one has to consider that each

transmembrane b-strand faces two different environments, namely the hydrophobic

exterior of the b-barrel and the aqueous hydrophilic pore interior. This results in

an alternating hydrophobic–hydrophilic residue profile with the exception of

b-strands, for example, facing an oligomerization interface. Hence, the alternation

of hydrophobic and polar residues in the membrane spanning b-strands was used
quite early on to assist prediction of b-barrel membrane proteins (Vogel and J€ahnig
1986). Subsequently, the first property used for prediction was the so-called alter-

nating hydrophobicity of a protein segment – as represented in Eqn. 6.2 – where h is
the hydrophobicity (usually to the scale of Eisenberg et al. 1982, 1984 or Wimley

Table 6.1 Physical properties of some examples of prokaryotic b-barrel proteins, showing the

name, the strand number n (in brackets of the monomer), the shear number S, the tilt angle a of

the strands and a reference of the structure. np, not published

n S a (degrees) Reference

OmpX 8 8 37 Vogt and Schulz (1999)

OmpA 8 10 43 Pautsch and Schulz (1998)

OmpT 10 12 42 Vandeputte-Rutten et al. (2001)

OmpLA 12 12 37 Snijder et al. (1999)

TolC 12 (4) 20 51 Koronakis et al. (2000)

a-Hemolysin 14 14 37 Song et al. (1996)

OmpF 16 20 43 Cowan et al. (1995)

FhaC 16 20 ~42 Clantin et al. (2007)

Maltoporin 18 20 40 Dutzler et al. (1996)

FhuA 22 24 39 Eisenhauer et al. (2005)

PapC 24 np ~45 Remaut et al. (2008)
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and White 1996) assigned to the indicated amino acid at position i of the sequence
by screening the entire sequence with a sliding window.

HaðiÞ ¼ ½hði� 2Þ þ hðiÞ þ hðiþ 2Þ þ hðiþ 4Þ�=4: (6.2)

An extension of this equation is the b-strand moment according to the definition

of the helical moment (Eisenberg et al. 1982, 1984). However, it became clear that

the application of such simple rules is prone to false-positive predictions and

therefore do not represent an ultimate description of membrane-inserted b-barrels.
Subsequent to the structure determination, the focus was on the statistical analysis

of the amino acid composition of the membrane-inserted b-strands. A “membrane

b-strand scale” was developed by aligning the structures with respect to the

hypothesized lipid bilayer midplane and determining the statistical frequencies of

the residues within the b-strands. This approach was taken even further to discrimi-

nate between the frequency within the fatty acid chain (core) region and the head

group (interface) region (Table 6.2; Wimley 2002). From this analysis it became

evident that tyrosines, phenylalanines and tryptophans are abundant external amino

acids in the interface, which is consistent with the structurally determined aromatic

belt. In the core region (facing the membrane), besides tyrosine, hydrophobic amino

acids like valine and leucine are enriched. In contrast, no preference for certain

amino acids was detected for the channel interior.

These two global features were subsequently applied for the identification of

new OMPs in prokaryotes (Wimley 2002) and eukaryotes (e.g., Schleiff et al. 2003;

Mirus and Schleiff 2005). However, the hydrophobicity pattern and the defined

Table 6.2 The membrane

b-strand scale according to

Wimley (2002). The values

given are the abundance of

amino acids in

transmembrane b-strands
outside (external) or within

(internal) the channel in the

interface or core region of

the membrane normalized to

the genomic occurrence of the

amino acid

External face Internal face

Interface Core Interface Core

Ala 0.55 1.19 0.86 0.97

Arg 0.042 0.04 0.85 0.95

Asu 1.0 0.38 1.42 1.83

Asp 0.13 0.13 1.75 0.67

Cys 0.02 0.02 0.02 0.02

Gln 0.34 0.29 1.54 1.35

Glug 0.041 0.02 0.98 0.75

Gly 0.54 0.88 2.06 2.27

His 0.33 0.33 0.61 0.35

Ile 1.4 0.95 0.23 0.22

Leu 1.1 2.37 0.29 0.27

Lys 0.22 0.02 0.98 1.23

Met 0.62 0.80 1.10 0.48

Phe 4.0 2.15 0.36 0.34

Pro 0.38 0.71 0.49 0.06

Ser 0.41 0.29 1.82 2.13

Thr 0.48 1.18 1.87 2.24

Trp 5.3 0.69 0.19 0.37

Tyr 6.7 3.17 1.45 2.02

Val 1.8 2.20 0.30 0.43
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amino acid composition have their limits in identification of newmembrane-inserted

b-barrel proteins (Mirus and Schleiff 2005). On one hand the sequence variability of

b-barrel membrane proteins is high compared to soluble proteins, leading to different

amino acid patterns not yet reflected by solved crystal structures. In the same light

the alternating hydrophobicity profile is not necessarily valid for the oligomerization

surface of the b-barrel. On the other hand, the species-specific codon usage is not

reflected in the statistics and might impede the detection of b-barrel proteins in

various species. Nevertheless, all three features – structural properties, the hydro-

phobic nature of the outer rim of the barrel and the amino acid distribution – to a

large extent globally characterize membrane-inserted b-barrel proteins.

6.2.2 Why Is the Membrane Anchor a b-Barrel and
Not an a-Helix?

This question cannot yet be answered to full satisfaction. In the past several

hypotheses have been made. For instance it was discussed whether the stability of

b-barrel structures against denaturation might have been an evolutionary advantage

as this would provide a protection against bile salts. However, this notion is

questionable in the light of the general stability of membrane-embedded proteins.

An alternative idea was that b-barrels have evolved as a consequence of intimate

interactions with LPS in the outer leaflet of the outer membrane (Klebba 2002).

Such interaction was envisioned as a protective property of the outer membrane

towards detergents and bile salts. However, even though interaction between LPS

and b-barrel proteins has been reported, the interaction is mostly mediated by the

hydrophobic acyl-chains, as found for the interaction between inner membrane

proteins and phospholipids (e.g., Marsh 2003)

The most plausible explanation at present is related to the transport of proteins

across the outer membrane (see Sect. 6.6.2). A helical transmembrane region would

consist of at least 15–18 amino acids with a high hydrophobicity, which generally

serves as a signal for the integration of such region into the plasma membrane.

Hence, OMPs would not be able to pass the plasma membrane. A b-strand only

requires 5–9 amino acids to span the outer membrane and because of its amphi-

pathic nature a transmembrane b-strand is less hydrophobic (Tommassen 1988).

Therefore, the signature of the transmembrane b-strand is distinct from that of a

transmembrane helix and can cross the inner membrane. Hence, nature might have

selected for proteins which could be secreted across the plasma membrane and

could still be integrated into the outer membrane.

6.2.3 The Functional Concepts of Outer Membrane Proteins

Outer membrane b-barrel transporters can be divided into four groups (Buchanan

2001; Tamm et al. 2004). The first group is composed of the so-called classical
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porins (Sect. 6.3), which are 16-stranded b-barrels (Fig. 6.1b; Table 6.1) and

function as homotrimers composed of three individual pores (Weiss et al. 1991;

Cowan et al. 1992). It is proposed that these are the doors for hydrophilic solutes up

to approximately 600 Da. The second group comprises substrate-specific porins

(Sect. 6.4). They, however, vary with respect to their strand number and different

oligomerization behavior. The best studied examples are transporters for sugar or

iron-bound siderophores. Their substrates are proposed to be recognized after

translocation across the outer membrane by substrate-specific binding proteins

and shuttled further to the inner membrane ATP-binding cassette (ABC) transpor-

ters. ABC transporters utilize energy generated by ATP hydrolysis to perform an

active transport across the inner membrane into the cytoplasm (Buchanan 2001).

The third group of OMPs is not involved in the uptake or export of substrates but in

the biogenesis of the outer membrane (Sect. 6.6). Here three prominent proteins are

Omp85 involved in the biogenesis of outer membrane porins (e.g., Schleiff and Soll

2005), Imp/ OstA involved in the export of lipid A (e.g., Ruiz et al. 2006) and Wza

required for polysaccharide export (Whitfield 2006). These proteins are essential as

their function is required for the functional integrity of the outer membrane in

general. The last group of proteins, or rather of complexes with components in the

outer membrane, concerns the secretion and export of solutes and proteins. Here a

large diversity exists as different environmental situations have enforced the evo-

lution of different complexes (Sect. 6.7). In the following, the different outer

membrane-embedded proteins will be discussed.

6.3 The Porins

6.3.1 The “Classical” Porins

Nonspecific diffusion of hydrophilic solutes across the outer membrane is essential

for the viability of bacteria and this diffusion usually occurs through porins. The

flux generated is proportional to the concentration gradient, in this case between

exterior and periplasmic space. The three proteins first described as porins are

PhoE, OmpF and OmpC from Escherichia coli (E. coli). These b-barrel proteins
with 16 strands and a pore diameter of about 1.2 nm allow the passive diffusion of

small hydrophilic solutes with a molecular weight of up to 600 Da (e.g., Nakae

1975). Based on this observation it was proposed that the outer membrane functions

as a “molecular sieve”. In the outer membrane these proteins form a trimeric

complex. In general OmpF and OmpC are slightly cation-selective, whereas PhoE

is slightly anion-selective, even though PhoE shares about 72% sequence similarity

with OmpF. The difference in charge preference of these two proteins is governed

by a single amino acid substitution, namely the replacement of Gly131 in OmpF

with the positively charged Lys125 in PhoE (Bauer et al. 1989; Cowan et al. 1992).

Furthermore, the active OmpC pore appears to be smaller than the pore formed by
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OmpF based on the diffusion of model substrates (Nikaido and Rosenberg 1983;

Nikaido et al. 1983). This observation together with the fact that E. coli lives in the
intestinal tract explains the regulation of their expression in response to osmotic

stress. Under high osmotic strength or high temperature, the expression of the

protein with the smaller channel (OmpC) is favored, whereas the production of

OmpF is repressed. In turn, under low-osmolarity conditions or low temperatures

the production of OmpF is enhanced. The regulation occurs by the EnvZ–OmpR

two-component system (Sect. 6.4). In contrast, PhoE is a component of the

phosphate regulon, which is induced by phosphate starvation (Tommassen and

Lugtenberg 1982). Nevertheless, the three porins are very similar in sequence and

structure and even form heterotrimeric complexes in native membranes (Gehring

and Nikaido 1989).

By computational modeling it was discovered that anions and cations take

different routes within the channel; cations flow close to the negative charges of

the L3 loop, and anions near the positively charges at the opposite barrel wall

(Im and Roux 2002). These observations suggested an interaction of the ions with

the channel interior and was thereby consistent with results obtained by electro-

physiological experiments while varying ionic strength or pH (e.g., Saint et al.

1996; Alcaraz et al. 2004). For example, the selectivity of OmpF for cations relative

to anions increases at low ionic strength and it reverses the ion specificity at pH< 4

(Alcaraz et al. 2004). Furthermore, the selectivity was shifted away from the cation

selectivity by mutation of the acidic amino acid aspartate within the channel (Saint

et al. 1996) and was enhanced by mutation of positively charged arginines of

the constriction zone (Alcaraz et al. 2004). In contrast, a correlation between

conductance and the presence or absence of large amino acids within the channel

is not as evident, strongly supporting the notion that ions do indeed interact with the

channel interior.

However, porins are not always in an open conformation in the outer membrane.

Analysis of physical properties of classical porins revealed the existence of a

so-called threshold potential of about 150–200 mV (e.g., Lakey et al. 1991; Saint

et al. 1996). This means that porins can exist in a closed conformation, which can

be induced by changes in environmental conditions such as pH or presence of

polyamines (delaVega and Delcour 1995; delaVega and Delcour 1996). For exam-

ple, cadaverine, a polyamine endogenously produced by E. coli during anaerobic

growth in the presence of its precursor amino acid lysine and associated with the

outer membrane after its export from the cytosol (Koski and Vaara 1991), induces

the closure of porins, which explains the reduced permeability of the outer mem-

brane induced by cadaverine (e.g., Samartzidou and Delcour 1999). Based on such

observations, it is proposed that rapid modulation of porin function by cadaverine

secretion could provide an emergency system for short-term and rapid reduction of

the outer membrane permeability. However, these observations have an additional

impact. Porins are targets for antibiotics and the observed alteration of selectivity

depending on the environmental conditions might subsequently lead to a reduced

uptake of antibiotics (delaVega and Delcour 1995). Hence, in recent years the

importance of the classical porins has moved from simple sieves to well-defined
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drug targets and their molecular properties with respect to this function are cur-

rently under investigation (Delcour 2009).

6.3.2 Larger, Not as Fast, but Still Classical?

The main porin, for example of Pseudomonas aeruginosa, OprF (Hancock et al.

1979), is somewhat distinct in its properties from the three porins described above.

The same holds true for its E. coli homolog OmpA. It appears that these proteins do

not form trimeric complexes in the membrane and they show a distinct size

selectivity compared to the porins mentioned above. The diffusion of small solutes

such as monosaccharides is significantly slower through OprF than through OmpF

(Yoshimura et al. 1983), but at the same time OprF can transport larger solutes than

OmpF (Hancock et al. 1979). For example it was demonstrated that production of

raffinose (505 Da) – which cannot diffuse through the major E. coli porins – leads to
the survival of oprF+ cells, but not of oprF mutants (Bellido et al. 1992).

But how can this obvious discrepancy between reduced transport rate and larger

solute acceptance be explained? For the major OMP OmpA (Chai and Foulds 1977)

a two-domain structure was proposed based on genetic and biophysical evidence

(Bremer et al. 1982; Vogel and J€ahnig 1986). It was suggested that the N-terminal

portion forms a b-barrel domain composed of eight membrane-spanning b-strands,
whereas the C-terminal portion of the protein was proposed to form a periplasmic

domain interacting with the peptidoglycan layer (e.g., Koebnik and Kramer 1995).

The structure predicted for the N-terminus was subsequently confirmed by deter-

mination of crystal structure (Pautsch and Schulz 1998). Interestingly, the structure

revealed the absence of a passage for water or solutes within the barrel as the

channel is blocked by amino acids which form salt bridges (Fig. 6.2a). This

apparently would contradict the ion permeability observed by electrophysiology

and the estimated pore diameter of about 1 nm (Sugawara and Nikaido 1992).

However, a high flexibility of the salt bridges in the channel interior was observed

by NMR experiments and molecular dynamic simulations (Arora et al. 2001; Bond

et al. 2002). These observations could be confirmed by the analysis of the gating

behavior of mutants of the OmpA targeting these salt bridges (Hong et al. 2006).

Nevertheless, the observed salt bridge network and its flexibility explain why the

passage of small substances occurs at a slower rate than that found for the other

porins. However, it does not yet explain why larger molecules can pass the

membrane barrier in an OmpA-dependent manner. Here, the current model was

proposed by Stathopoulos (1996). It was proposed that OmpA could form a 16-

b-stranded barrel involving the usually periplasmic localized C-terminus

(Fig. 6.2b). Indeed such a model is consistent with some experimental evidence.

For instance it was observed that only the full-length protein, but not the region

forming the N-terminal 8-stranded barrel, can form large pores (Arora et al. 2000).

In linewith this, it was observed that the larger channels are thermally inducible and

that the formation of larger channels is subsequently irreversible (Zakharian and

Reusch 2005). However, the crystal structure of the C-terminus of RmpM, which is
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homologous to the C-terminus of OmpA, revealed a b-sheet system covered by two

helices (Grizot and Buchanan 2004), which explains the hydrophobicity profile

leading to the false-positive prediction of membrane-inserted sheets. Furthermore,

to the best of our knowledge the final proof that the C-terminus indeed forms

membrane-inserted strands has not yet been provided. Hence, the question remains

whether the current model for the transport of larger molecules holds true.

6.3.3 The Large Diversity of Porins and Porins Without Pore

After the discovery of the major porins PhoE, OmpF and OmpC in E. coli, many

additional porins have been described in various species such as E. coli. In this

Fig. 6.2 The regulation of OmpA. (a) The essential residues involved in the gating of the small

channel of OmpA are highlighted. There are charges on the outer surface termed the polar ring. The

essential amino acids regulating the opening and closing of the channel are R138, E128, E52 and

K82. R138 forms a strong electrostatic interaction with E52 and the resulting salt bridge blocks ion

transport through the channel (closed). K82 and E128 may serve as counterpart to this interaction

and the formation of the two alternative salt bridges would open the channel for ion fluxes (open).
(b) According to the model proposed by Stathopoulos (1996), the channel of OmpA can extend to a

16-stranded b-barrel in a temperature-dependent manner resulting in a channel able to transport

large molecules. The figures are according to the models presented in Smith et al. (2007) and Bond

et al. (2002). Abbreviations: LA, lipid A layer; LPS, lipopolysaccharide layer of the outer mem-

brane; OM, outer membrane; PL, phospholipid layer of the outer membrane, PPS periplasmic space
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section only a few can be covered, particularly with respect to the porins of species

other than E. coli. Nevertheless, the principle behind translocation of solutes across
the outer membrane is similar to that of the described porins, and only variations of

the general theme occur. In this section we focus on the current understanding of

some distinct proteins with unique regulatory or functional properties.

OmpD and OmpG are members of the 16-stranded channel proteins. OmpD is a

member of the porin family with similarity to OmpF and OmpC. The protein was

first isolated from S. enterica serovar Typhimurium (Benz et al. 1980) and subse-

quently in S. enterica serovar Enteritidis. The gene is positioned downstream of a

gene yddG encoding a putative transporter, and a hetero-oligomeric complex was

proposed (Chart et al. 1993). Strikingly, the synthesis of OmpD is dependent on the

cyclic AMP receptor protein Crp, for which a binding site could be identified (see

also Sect. 6.5; Santiviago et al. 2003). Based on this observation Santiviago et al.

(2003) postulated that OmpD may be involved in the efflux of toxic compounds

made during the catabolism of alternative, poorer carbon sources. OmpG from

Salmonella typhimurium is a major target of antibodies of infected patients and

hence might represent an optimal target for vaccine development (Gil-Cruz et al.

2009). OmpG is a monomeric porin with unusually large channels (Misra and

Benson 1989; Fajardo et al. 1998), as confirmed by single-channel conductance

and folding studies (Conlan and Bayley 2003; Conlan et al. 2000). The ompG gene

appears to be a gene in an operon which contains genes involved in uptake of

oligosaccharides (Fajardo et al. 1998) and it was proposed to be involved in the

transport of larger oligosaccharides across the outer membrane.

Beside 16-stranded barrels, several barrel proteins with 8, 10 or 12 strands are

present in the outer membrane. The important functional units within these proteins

are the external loops which interact with substrates and targets such as the surface

of host cell membranes, and the barrel only serves as a membrane anchor. Members

of the 8-stranded barrel protein family are, for example, PagP (Fig. 6.3a; Hwang

et al. 2002), OmpX of E. coli (Vogt and Schulz 1999) or NspA (Vandeputte-Rutten

et al. 2003). PagP, for example, is the only known outer membrane-localized

enzyme involved in lipopolysaccharide biosynthesis in E. coli and it transfers a

palmitoyl residue from phospholipid to the R-3-hydroxymyristate chain at position

2 of lipid A (Fig. 6.3c). Its palmitate recognition pocket, known as the hydrocar-

bon ruler, resides within the interior of the b-barrel and is only accessible from

the outer membrane external leaflet (Ahn et al. 2004). Hydrocarbon rulers are

generally “molecular measuring devices” to distinguish between fatty-acyl

groups with varying numbers of carbon atoms and are found in several molecules

(Wyckoff et al. 1998, Tarshis et al. 1996). In the case of PagP, the ruler has

specificity for 16-carbon acyl-chains (Guo et al. 1998) and this specificity is

defined by a single glycine residue at position 88 (Ahn et al. 2004). Routes for the

lateral access of lipids into the hydrocarbon ruler are provided by two disconti-

nuities in b-strand hydrogen bonding enforced by a conserved proline within the

LPS-exposed region (Ahn et al. 2004). It is envisioned that catalysis proceeds

when lipid A and the phospholipid form a ternary complex with the enzyme

(Bishop 2005).
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The outer membrane-associated protease OmpT or the opacity proteins of Neis-
seria meningitidis are examples of 10-stranded barrels, as confirmed by structure

determination (Prince et al. 2002). An example of a 12-stranded barrel is the outer

membrane-associated calcium-dependent phospholipase A (OmpLA; Fig. 6.3b;

Scandella and Kornberg 1971) exhibiting a function which can be placed in relation

to PagP. In an outer membrane with native asymmetry, the protein is monomeric

and formation of homodimeric complexes within the membrane environment is

triggered by the lipid substrate and calcium (Dekker et al. 1997), and the effect

of both molecules is additive (Stanley et al. 2006). The relation to calcium is further

manifested by the influence of divalent ions on the outer membrane, as their

Fig. 6.3 PagP and OmpLA. (a) The structure of PagP from E. coli is shown (pdb: 1THQ; Ahn

et al. 2004). The protein is complexed with a bound lauroyldimethylamine-N-oxide molecule (ball

representation), which defines the hydrocarbon ruler. The barrel is tilted by 25� as indicated by the
orientation of the barrel axis. (b) The structure of the dimeric conformation of the outer membrane

phospholipase OMPLA from E. coli (pdb: 1QD6; Snijder et al. 1999) complexed with bound Ca2+

(yellow) and hexadecanesulfonyl group (ball representation). (c) PagP catalyzes transfer of a

palmitate chain (C16:0) from the sn-1 position of a phospholipid to lipid A (right section). In
the presence of calcium ions OMPLA catalyzes the production of lysophospholipid and the

enzyme also displays lysophospholipase activity, at least in vitro (left section). The figures were

generated according to Bishop (2005, 2008)
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presence perturbs the asymmetry and enforces transport of glycerophospholipids

into the outer layer of the outer membrane. The recycling of these molecules would

be initialized by the function of OmpLA cleaving the glycerophospholipids and

producing a fatty acid and lysophospholipid, which subsequently will be degraded

by OmpLA as well (Fig. 6.3c). The protein selects a fatty acyl-chain at either the

sn-1 or sn-2 position of the glycerophospholipid (Horrevoets et al. 1989). OmpLA is

unspecific for the head groups and binds fatty acyl-chains of 14 carbons or more

(Stanley et al. 2007). The fatty acids have to be removed from the outer membrane

as they would have bilayer destabilizing properties as well. This might be utilized by

the FadL- dependent system as described later (Sect. 6.4.2). Based on the structures

determined in monomeric and dimeric conformation it was suggested that the

enzymatic unit is only formed upon dimerization (Snijder et al. 1999). The interior

of the barrel formed by OmpLA appears to be closed by a hydrogen-bonding

network such that the protein does not function as a channel. In line with this, the

three central residues involved in substrate recognition and processing, namely

Asn156, His142, and Ser144, are localized on the exterior of the channel, forming

the catalytic center.

Summarizing, proteins classified as “porins” can exhibit different properties.

They might form pores for solute transport (see also Sects. 6.3.1 and 6.3.2), pores

for substrate processing without transport function such as PagP, or simply b-barrel
structures for anchoring enzymatic activities in the outer membrane (OmpLA). The

function of the membrane-inserted domain, however, cannot simply be extracted

from the barrel size, as OmpA (Sect. 6.3.2) with its eight sheets forms a transloca-

tion pore, whereas OmpLA with its 12 sheets is only the membrane anchor for an

enzyme. However, as outlined throughout the previous sections, all of them are

related to the functionality of the cell and have to be tightly regulated, for instance

at transcript level as described in the following section. For further reading on the

diversity of porins we would like to draw the attention of the interested reader to the

review article by Nikaido (2003) in which the porins of other species are discussed.

6.4 Substrate-Specific Porins

6.4.1 Porins for Sweets

The solute flux across the membrane is dependent on the chemical gradient because

of the passive nature of the transport. At low concentrations of required solutes, one

option to enhance diffusion would be to enlarge the number of channels (e.g., Forst

et al. 1998). However, this poses the risk of disproportionate uptake of salts as well.

To overcome this problem substrate-specific porins – so-called specific diffusion

channels – have been evolved containing a binding site for the solute to be trans-

ported. Prominent examples are transporters for maltodextrins, sucrose, nucleotides

(Sect. 6.4.1), fatty acids (Sect. 6.4.2) or siderophores (see Sect. 6.4.3).
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Maltoporin (LamB) is an outer membrane transporter specific for maltosacchar-

ides (maltodextrins; Szmelcman and Hofnung 1975), which even can bind sacchar-

ides such as starch (e.g., Ferenci et al. 1980). Furthermore, LamB is able to transport

melibiose and trehalose and thus can perceive several different saccharides. The

dissociation constant (KD) for different sugars ranges from 10 mmol/L (for maltose)

to 60 mmol/L for, e.g., maltopentaose (Andersen et al. 1995). Detailed studies

concerning the substrate recognition revealed that the alteration of the dissociation

constant is dominated by changes of the off rate rather than the association rate of

the different solutes. The protein is composed of an 18-stranded b-barrel (Table 6.1)
and forms a trimeric complex in vivo. The outstanding feature observed in the

structure determined (Schirmer et al. 1995) is a stretch of aromatic residues inside

the channel arranged along a left-handed path named “greasy slide” (Fig. 6.4a). In

addition, polar residues are also situated at the constriction site (and are termed polar

tracks; Fig. 6.4b). They are proposed to play an important role in maltose and

maltodextrin translocation.

Remarkably, the sucrose-specific porin ScrY shows similar structural features to

LamB (Forst et al. 1998). However, in contrast to LamB, ScrY allows the diffusion

of multiple solutes such as glucose, fructose, arabinose, maltose, lactose, raffinose

and maltodextrins in addition to sucrose (Hardesty et al. 1991; Schmid et al. 1991;

Schuelein 1991; Andersen et al. 1998). The major difference between LamB and

ScrY, which explains the difference in selectivity, can be assigned to three amino

acids (LamB: R109, Y118, D121; Fig. 6.4b; ScrY: N192, D201, F204). These

residues are at the channel constriction site and hinder transport of the molecule

by sterically blocking the fructose ring (in case of LamB). Indeed, replacing these

three amino acids in ScrY by those of LamB results in a LamB-like specificity of

the ScrY mutant (Ulmke et al. 1999) and the reverse experiment enabled the LamB

mutant to transport sucrose (van Gelder et al. 2001). Therefore, cargo discrimina-

tion by LamB appears to be the result of steric hindrance rather than specific

interaction inside the channel. Based on the crystal structures and many experimen-

tal approaches, a model of the molecule transport by maltoporin was recently

proposed, and we would like to draw the attention of the interested reader to this

article (Ranquin and van Gelder 2004).

Another described substrate-specific diffusion channel with homology to LamB

and ScrY is the trimeric BglH (Wang et al. 1997). The protein appears to be specific

for aryl-b-glucosides such as arbutin (4-hydroxyphenyl-b-glucoside) or salicin

(2-hydroxymethylphenyl-b-glucoside). An apparent dissociation constant for the

substrate of about 1–3 mmol/L was determined by transport inhibition experiments

(Andersen et al. 1999). However, the reason for the functional distinction remains

to be explored.

The nucleoside transporter Tsx is somewhat distinct from the substrate-specific

channels described above. The protein is rather small at only 31.4 kDa and forms a

12-stranded b-barrel (Ye and van den Berg 2004). At present there is no convincing
evidence for an oligomeric state in the outer membrane. It is suggested that Tsx

functions as a substrate-specific channel for nucleosides and deoxynucleosides

(Bremer et al. 1990). The presence of the protein further results in uptake of the
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antibiotic albicidin, and albicidin-resistant mutants generally contain alterations in

this protein (Birch et al. 1990). In the same category of proteins are CymA and

KdgM. CymA identified from Klebsiella oxytoca is a protein of only 322 residues

Fig. 6.4 The “greasy slide” and the “polar tracks” of maltoporin. Shown is the interior of the

LamB maltoporin (pdb: 1MPN, Dutzler et al. 1996; barrel shown in grey) complexed with

maltotriose (red). On the top the amino acids forming the “greasy slide” and on the bottom the

amino acids of the “polar track” are indicated
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(Fiedler et al. 1996), which exists in the outer membrane as a monomer (Pajatsch

et al. 1999). The protein binds cyclodextrins at high affinity, as judged from the

blocking of the ion conductance produced by this protein, and many features of

this protein are reminiscent of those of Tsx. KdgM (of Erwinia chrysanthemi; Blot
et al. 2002) acts as a monomer and forms an oligogalacturonate channel, and

a 14-stranded b-barrel is suggested (Pellinen et al. 2003). Hence, it appears that a

Tsx-like channel can be found in several bacteria.

6.4.2 FadL: The Porin for Hydrophobic Molecules

Another challenging task for bacteria is the uptake of long chain fatty acids

(LCFA). It is proposed that the need for this uptake is caused by the high energetic

costs of fatty acid synthesis and by the requirement of LCFAs as carbon sources

(e.g., Black 1991). However, hydrophobic molecules are generally not recognized

by the classical porins described above. Hence, a specific transporter for these

molecules exists in the outer membrane of many Gram-negative bacteria, namely

FadL (in E. coli (Black et al. 1987); also named TbuX in Ralstonia picketii (Kahng
et al. 2000), XylN and CymD in Pseudomonas putida (Kasai et al. 2001; Eaton

1997), SalD in Acinetobacter (Jones et al. 2000), and CumH in Pseudomonas
fluorescens (Habe et al. 1996)). This OMP acts in a consortium together with the

inner membrane-associated long-chain acyl-CoA synthetase FadD and the long-

chain acyl-CoA-responsive transcription factor FadR (Fig. 6.5a). The coaction of

these three components leads to the regulation of gene expression in response to

LCFA uptake (DiRusso and Black 2004).

FadL is a protein of 46 kDa which apparently exists as a monomer in the outer

membrane (Black and DiRusso 1994) forming a 14-stranded b-barrel (van den Berg
et al. 2004). The barrel is closed by an N-terminal compact domain of 42 amino

acids, which form three short helices. In comparison to the other substrate-specific

channels of the outer membrane, FadL exhibits a very high affinity for substrates;

the KD for oleate, for example, is 2 � 10�7 mol/L and mutagenesis experiments

revealed the binding side close to the C-terminus (Kumar and Black 1993). Inter-

estingly, oleoyl alcohol and methyl oleate are unable to compete for the binding of

FadL to oleate (Black 1990). This suggests that the carboxylate of the fatty acid is

required for this interaction and supports the idea that hydrophobic interactions

occur between the protein and the acyl chain of the fatty acid chain.

Based on the structure(s) determined, a model for the transport of LCFAs across

FadL has been proposed (Fig. 6.5b; van den Berg et al. 2004) and was recently

challenged and confirmed by molecular dynamics simulations (Zou et al. 2008). At

first the substrate is recognized by a hydrophobic groove (Fig. 6.5b, step 1) between

the extracellular loops L3 and L4. This in turn results in a high “local” concentra-

tion of the substrate. Second, the substrate diffuses into the binding pocket

(Fig. 6.5b, step 2). This is proposed to induce a structural change in the N-terminus,

which in turn is thought to lower the affinity for substrate and to create the first part

190 O. Mirus et al.



of the substrate channel (Fig. 6.5b, step 3). The initiated substrate movement is

proposed to induce additional conformational changes that create the final part of

the channel for substrate movement into the periplasm (Fig. 6.5b, step 4). Hence, in

contrast to the TonB-dependent transporters (see Sect. 6.3.3), the movement of the

hatch of FadL does not require an additional energy supply and might take the

energy for the structural rearrangements from the high affinity of the substrate

receptor interaction mentioned above. Thermal fluctuations in the structure are

probably sufficient not only to release the substrate from its binding site but also

to generate a passageway through the hatch domain (van den Berg et al. 2004). This

transport model is supported by molecular dynamics simulations, which revealed

multiple pathways for fatty acids through the pore (Zou et al. 2008). The model was

recently extended, as Hearn et al. (2009) propose a “lateral diffusion” transport

model. A kink in the transmembrane b-strand S3 creates a lateral opening in the

b-barrel, which facilitates the diffusion of hydrophobic substances into the outer

membrane (Fig. 6.5b, step 3). Alternatively, this pathway could also be envisioned

as an additional entrance for the fatty acids produced by OmpLA (see Sect. 6.2.3).

Hence, it might be possible that either the postulated pathways function in parallel

or that one of them has to be rejected by future analysis.

6.4.3 The TonB-Dependent Transporters in the Outer Membrane

Bacteria have to incorporate iron to avoid iron starvation. The outer membrane

hosts proteins specialized for this duty. Nevertheless, the iron concentration

Fig. 6.5 Functional model of FadL action. (a) FadL is located in the outer membrane and

recognizes long-chain fatty acids. The transfer of the long-chain fatty acid to the cytoplasmic

side of the plasma membrane remains elusive. In the cytosol the FadD attached to the inner

membrane removes the long-chain fatty acids from the inner membrane and converts them to long-

chain acyl-CoA. (b) Model of long-chain fatty acid transport across the FadL protein. At first the

substrate (green) binds into the low-affinity binding pocket (1) and then diffuses into the high-

affinity binding pocket (red, 2). For the subsequent transport two alternative routes were proposed.
On the one hand, a conformational change of the N-terminus of the “hatch” results in opening of a

passageway (3) and further conformational changes in the hatch lead to a channel formation (4) for
the transport into the periplasm. Alternatively (30) a barrel wall opening formed by the kink in

strand S3 results in substrate release to the outer membrane after conformational change of the

N-terminus of the “hatch.” The models presented were generated according to van den Berg (2005)

and Hearn et al. (2009). Abbreviations: PM, plasma membrane; OM, outer membrane
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within the cell is higher than in the surroundings and hence these transporters

actively pump siderophores against a concentration gradient into the periplasm.

They are supplied with energy from a cytoplasmic protein complex via TonB

(Faraldo-Gómez and Sansom 2003), which is important for the functionality of

the TonB-dependent outer membrane transporters (TBDTs) as tonB mutants are

unable to transport siderophores (Hantke and Braun 1975). Three large classes of

TBDTs are defined, namely transferrin/lactoferrin, porphyrin and siderophore

transporters (Braun and Killmann 1999). The transferrin or lactoferrin uptake is

mediated by the TBDTs TbpA and LbpA, respectively, which is assisted by the

extracellular outer membrane-localized TbpB and LbpB (Faraldo-Gómez and

Sansom 2003). Porphyrin-transporting TBDTs are, e.g., HasR, HgbA, HmbR,

which transport heme (Perkins-Balding et al. 2004), and BtuB, the transporter for

vitamin B12 (e.g., Ferguson and Deisenhofer 2002). The uptake of heme-type

solutes is especially important in bacterial pathogens, where various heme-contain-

ing compounds are utilized (Lee 1995).

The most common mechanism of bacterial iron acquisition is iron-chelator

(siderophore)-mediated. To avoid iron starvation, bacteria secrete low-molecular-

weight iron chelators (siderophores) under iron-limiting conditions to complex

environmental iron (e.g., Andrews et al. 2003). After association with iron, the

siderophore–iron complexes are bound by receptor proteins in the outer membrane

(e.g., Neilands 1995; Crosa and Walsh 2002; Wandersman and Delepelaire 2004).

TBDTs are also able to bind iron-free siderophores, but the biological function of

this interaction is still unknown (Schalk et al. 2004). The siderophore-dependent

iron transporters are usually subclassified according to their substrate. Siderophores

are divided into the classes of hydroxamates (ferrichrome), catecholates (e.g.,

enterobactin) or ferric citrate. Beside the ones for iron transport, TBDTs for

other molecules, e.g., sucrose (SuxA; Blanvillain et al. 2007), maltose (MalA;

Neugebauer et al. 2005), oligosaccharides (CsuF; Cheng et al. 1995), polysacchar-

ides (SusC; Reeves et al. 1996) and degradation products of proteins (RagA;

Nagano et al. 2007) have been described.

Many TonB-dependent iron transporters have been described and functionally

characterized (see Table 6.3). They all posses similar structural units, namely a

b-barrel spanning the outer membrane, a siderophore-binding pocket formed by the

extracellular loops, a plug domain within the barrel and a TonB box which

accomplishes the interaction with the periplasmic TonB (Fig. 6.6a). In general,

the molecular function and action of all these transporters is comparable and two

models for siderophore import have been proposed so far. On one hand, results of

fluorescence experiments indicate that the plug domain is totally removed from the

b-barrel domain in the case of FepA (Ma et al. 2007). On the other hand, a partial

unfolding of the plug domain forming a transient channel was observed for FhuA

(Eisenhauer et al. 2005). That such channel formation might be caused by TonB

exerting a pulling force via the TonB-box was suggested based on molecular

dynamics simulations of BtuB (Gumbart et al. 2007). These in silico experiments

revealed that the energy required to totally remove the plug domain is an order

of magnitude larger than the energy that can theoretically be provided by TonB.
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Fig. 6.6 TonB-dependent transporters. (a) The structure of BtuB (pdb: 2GSK; Shultis et al. 2006).

The b-sheet is shown in blue; the plug domain is shown as surface representation in green and the
TonB box as ribbon in green. The transporter is complexed with cobalamin shown in red and with
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Summarizing, these contradictory results might indicate that both import mechan-

isms are feasible. However, it remains to be investigated whether any TBDT is

capable of using both mechanisms or whether the TBDTs are rather split into two

groups either forming a transient channel or removing the plug domain from the

channel interior.

The majority of genes coding for TBDTs are expressed only under iron

deficiency in a Fur-regulated manner (Braun et al. 2003). At life-supporting intra-

cellular iron concentrations, the Fur protein – the global regulator of iron

metabolism – is complexed with Fe2+ (Bagg and Neilands 1987; Andrews et al.

2003). Fur–Fe2+ binds to promoter regions of genes/operons containing a specific

binding motif (Fur-box, e.g., Escolar et al. 1998) resulting in the downregulation of

expression. Under low intracellular iron conditions the Fe2+ dissociates from Fur

protein leading to its dissociation from the promoter and thereby to transcription of

the appropriate genes (Le Cam et al. 1994; Escolar et al. 1999). Hence, the cell

enriches TBDTs in the outer membrane in times of iron starvation.

A subclass of TBDTs also functions as signal transducers, which participate in

the transcriptional regulation of iron transport genes encoding the components of

their own iron transport system (Fig. 6.6b; Koebnik 2005). They are characterized

by a unique N-terminal extension or an N-domain upstream of the TonB box

reaching into the periplasm (Kim et al. 1997), which transduces information

about the extracellular binding of the substrate. In E. coli, only the FecA transporter

is such a signal transducer (Koebnik 2005). When ferric citrate binds to the FecA

receptors present in the outer membrane and when at the same time iron becomes

limited inside the cell, the inner membrane-spanning FecR antisigma factor is

synthesized (Enz et al. 2000). FecR then interacts in the periplasm with the

N-domain of FecA receiving a signal that ferric citrate siderophore is present in

the medium and bound to FecA. The signal is transferred from the FecR antisigma

factor to FecI, an extracytoplasmic function (FEC) s-factor (Lonetto et al. 1994).

The fecI gene is cotranscribed in the same Fur-regulated operon with fecR under

iron limitation (Braun 1997). FecI s-factor binds to an RNA polymerase, which

then transcribes the fecABCDE operon encoding the ferric citrate transport system

(Luck et al. 2001). This results in the coordination of the information about iron

limitation and siderophore supply.

<
Fig. 6.6 (continued) the N-terminal domain of TonB (cyan). (b) A model of the organization of

TonB-dependent transducer systems. A TonB-dependent transducer (dark blue) contains a plug

domain and the TonB box (green), as in all typical TBDTs, but in addition an N-terminal

extension. The TonB box interacts with the N-terminus of TonB (blue), which is part of a complex

together with the plasma membrane-inserted protein ExbB and the periplasmic protein ExbD,

which together form the “energizing complex.” The N-terminal extension of the transducer

interacts with a plasma membrane-localized antisigma factor (violet), which forms a complex

with a cytosolic ECF-subfamily sigma factor (orange). The figure was adapted from Koebnik

(2005). Abbreviations: PM, plasma membrane; OM, outer membrane
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6.5 Noncoding RNA’s: An Important Theme in Solute

Transport Regulation

Considering the importance of the outer membrane as the permeability barrier of

the cell it is logical that expression of many genes coding for OMPs is regulated in

an environmentally dependent manner. On the one hand, the folding status of OMPs

is monitored by the sE signaling system. The system is required to regulate gene

expression of omp genes both under envelope stress conditions and during normal

growth (Alba and Gross 2004; Ruiz and Silhavy 2005). Envelope stress is accom-

panied by the accumulation of misfolded OMPs upon envelope damage or exces-

sive OMP synthesis. In response to the accumulation of these nonfunctional OMPs

the sE system induces up-regulation of expression of factors that will counteract

damage. Further, many different kinds of nutrient limitations cause the production of

guanosine 30,50-bispyrophosphate (Magnusson et al. 2005). On the other hand, the

expression of several porins is regulated by the EnvZ–OmpR two-component system

composed of the sensor component EnvZ and the signal transducer OmpR. For

instance, under high osmotic conditions OmpR becomes phosphorylated, which

subsequently leads to the association with ompF and its expression (Pratt et al. 1996).

Regulation by both the sE-system and the EnvZ–OmpR two-component system

at least partially involves so-called small noncoding RNAs. Small noncoding RNAs

(sRNAs) play an important role in the regulation of gene expression in responses to

environmental stimuli (e.g., Storz et al. 2005; Gottesman 2005). In Gram-negative

bacteria these sRNAs are trans-acting and they inhibit translation by masking the

translation initiation region and thereby disturbing the ribosome binding (Marzi

et al. 2008). The base pairing of the sRNA with the target RNA is assisted by the

bacterial Sm-like protein, Hfq (Valentin-Hansen et al. 2004). Indeed, the first

discovered trans-encoded antisense sRNA was MicF (Mizuno et al. 1984) which

regulates the expression of the porin-encoding gene ompF (Schmidt et al. 1995) by

targeting the 50-region of ompF under high temperature, leading to the inhibition of

its translation (Delihas 1995). Since the discovery of MicF, the regulatory network

involving sRNA elements in regulation of the OMPs has been expanded. At least

eight different sRNA have been identified in E. coli and one additional in Salmo-
nella enterica serovar Typhimurium (Fig. 6.7). For many, but not all, even a

relation to the two main sensor systems has already been established.

At least three OmpR-dependent sRNA regulation regimes exist involving

OmrA/OmrB, MicF and MicC. The latter is about 100 base pairs long and encoded

between the ompN and ydbK genes (Chen et al. 2004). This sRNA specifically

interacts with the ompCmRNA leading to the repression of translation. However, in

contrast to OmrA/OmrB and MicF which are activated in an OmpR-dependent

manner, the action of MicC is repressed by OmpR (Chen et al. 2004). MicF

specifically targets ompF in response to many external stimuli. Beside the OmpR-

mediated response to osmolarity, a reaction in response to weak acids via MarA,

oxidative stress via SoxS and cationic peptides and antibiotics via RoB was

manifested (for more details see, e.g., Delihas and Forst 2001). Both sRNAs,
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MicF and MicC, were found to be highly specific for their targeted gene (Urban and

Vogel 2007). In contrast, OmrA and OmrB regulate several genes as determined by

the analysis of the changes in the global transcript level, namely the genes coding

for the outer membrane protease OmpT and the TBDTs CirA, FecA and FepA

(Guillier and Gottesman 2006). All targeted genes are negatively regulated by

mRNA destabilization (Guillier and Gottesman 2008). The existence of two almost

redundant sRNAs was discussed as an additionally regulatory circuit, as it is not

unique to an individual bacterial species (Papenfort and Vogel 2009).

The sRNAs known today to be regulated by the sE-system are, discovered at

stage, are MicA and RybB (Figueroa-Bossi et al. 2006; Johansen et al. 2006). RybB

is a global regulator of at least ten genes coding for OMPs (Papenfort et al. 2006),

which accumulates in the stationary phase (e.g., Wassarman et al. 2001). This

accumulation, however, is consistent with the observed increase in activity of the

sE-system during this phase (Testerman et al. 2002). However, RybB appears also

to be important for the “fine-tuning” of OMP production under all conditions of life,

as its deletion results in overproduction of the relevant proteins and hyperactivation

of the sE-system (e.g., Papenfort et al. 2006). Hence, the function of the sE-system

appears to be regulated by the RybB action, but in contrast to the OmrA/OmrB

system rather indirectly. MicA, which is also controlled by the sE-system, has

higher target specificity than RybB as it only targets ompA, lamB and ompX
(Udekwu et al. 2005; Rasmussen et al. 2005; Bossi and Figueroa-Bossi 2007;

Johansen et al. 2008). In line with this, decoupled expression of MicA reduces

the level of OmpA. The molecular mode of MicA action involves the formation of a

RNA duplex between a 17-nucleotide region of the 50 MicA-RNA and the ompA 50

UTR (Udekwu et al. 2005). This interaction results in a disturbance of the RNA

ribosome binding and subsequently destabilizes the mRNA. Summing up, these two

Fig. 6.7 The sRNA-based regulatory network of outer membrane proteins. The regulation of

genes encoding for outer membrane proteins is indicated. The top row shows the outer membrane

proteins which are targeted, the second row gives the names of the sRNAs involved in the

regulation of the appropriate genes. The regulatory imprint of the three regulatory systems, namely

OmpR, the sE-system and the cyclic AMP-dependent receptor CRP system, is shown, where

arrows indicate positive regulation and bars negative regulation. The relation of the OmpR and the

sE-system to the membrane integrity is depicted at the bottom
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sRNAs and thereby the sE-system regulate the OMP content in relation to the

cell stress and cell development and thereby prevents OMP synthesis in times

where they are not needed or when they cannot be assembled into the membrane

(Johansen et al. 2006).

Beside the sRNAs directly related to the two sensor systems, three additional

sRNAs involved in OMP synthesis have been identified, namely RseX, CyaR and

InvR. The latter, however, regulates the occurrence of OmpD and was only

identified in Salmonella (Pfeiffer et al. 2007). Hence, this sRNA might be specific

for this species. RseX was identified by interaction with ompA and ompC RNA and

the sRNA negatively regulates the expression of both genes (Douchin et al. 2006).

Strikingly, RseX was initially discovered as a multicopy suppressor of an RseP-

depleted strain. RseP is a plasma membrane protease involved in degradation of the

anti-sE factor RseA and subsequently in the regulation of the sE-system. Hence it

can be speculated that RseX serves as a fine-tuning or back-up element of the

sE-system. The sRNA CyaR is regulated by the cAMP receptor Crp and regulates

the expression of ompX (Johansen et al. 2008; Papenfort et al. 2008), but also of

genes coding for cytosolic proteins such as the quorum sensor LuxS and NadE

involved in NAD synthesis (De Lay and Gottesman 2009). Hence, this sRNA might

interlink the nutrition status of the cell with outer membrane expression.

Summarizing, the research of recent years has unraveled a complex regulatory

network of omp expression involving small RNAs. The understanding of this

regulation is variable as MicF-mediated regulation is quite well understood and

CyaR-mediated regulation is only just discovered. Hence, future work on the

regulatory network will be important for understanding the biogenesis of the outer

membrane proteome.

6.6 Outer Membrane Proteins Involved in Membrane

Biogenesis

6.6.1 Transporter Involved in Lipopolysaccharide Layer
Biogenesis

The lipid A transporter Imp/OstA. Two essential components of the asymmetric

outer membrane bilayer are synthesized on the cytoplasmic side of the plasma

membrane, namely lipid A and the capsular polysaccharides (CPS) (see below).

The synthesis of both components is well understood, but their transport to the outer

rim of the cell remained for a long time in the dark. However, recent discoveries

have unveiled the molecular players of these pathways.

Initially, it was discovered that lipid A and glycerophospholipids accumulate in

the inner membrane of E. coli carrying a temperature-sensitive msbA mutant at the

restrictive temperature (Zhou et al. 1998). This gene encodes for an ABC trans-

porter. The accumulated lipid A form was not modified by periplasmic enzymes,

indicating a defect of transport across the inner membrane (Doerrler et al. 2004).
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Currently it is proposed that the (soluble) periplasmic protein LptA (for LPS

transport) facilitates the transfer of lipid A across the periplasmic space (Sperandeo

et al. 2007), at least in E. coli. In the outer membrane the protein known as Imp or

OstA (organic solvent tolerance) is thought to export the lipid A to the outer face of

the outer membrane. Imp/OstA is essential in Escherichia coli and was first

discovered to modulate the outer membrane permeability while overexpressing

the gene (Sampson et al. 1989). In a conditional imp mutant, OMP abundance

was enhanced, which is indicative of an altered lipid/protein ratio (Braun and

Silhavy 2002). In the imp deletion mutant of Neisseria meningitidis (where Imp

is not essential) less than 10% of wild-type levels of LPS were produced but not

exported to the outside of the cell (Bos et al. 2004). A similar result was observed

with an E. coli imp depletion strain, where newly synthesized LPS can no longer be

exported after depletion of the gene (Wu et al. 2006). Based on these observations,

a function of Imp in the transport of LPS across the outer membrane can be proposed.

Furthermore, in E. coli, Imp forms a complex with the essential lipoprotein RlpB.

Depletion of RlpB resulted in a phenotype similar to that of depletion of Imp, for

instance in an increased total cellular LPS content (Wu et al. 2006). Even though the

exact function of the individual components of this cascade remains partially

unknown and no molecular details for the function of the Imp transporter can be

provided, initial steps have been taken to understand lipid A export.

Wza – the exporter of CPS. Many Gram-negative bacteria are covered by CPS,

which on one hand cloak the bacterial cellular surface, e.g. to evade the immune

system of the host, and which on the other hand form a hydro-gel layer essential for

maintaining the hydrated state of the cell (Whitfield and Roberts 1999). The

synthesis of the CPS starts at the cytosolic surface of the plasma membrane.

Consequently, the synthesized molecules have to be transported across the inner

and the outer membrane. This transport involves a molecular machine embedded in

both membranes (Fig. 6.8). The plasma membrane-localized enzyme WbaP cata-

lyses the transfer of galactose-1-phosphate from UDP-galactose to und-P. The

und-P-bound polysaccharide unit is then “flipped” from the cytoplasmic to the

periplasmic side of the inner membrane in aWzx-dependent manner. Subsequently,

the capsule polymer is assembled by addition of new repeat units to the polysac-

charide chain by the plasma membrane-localized polymerase Wzy (Drummelsmith

and Whitfield 1999). Two additional proteins are involved in this process, namely

Wzb andWzc (e.g., Reid andWhitfield 2005). Here, the phosphorylation of Wzc by

its autophosphorylation activity and its dephosphorylation by Wzb are regulatory

circuits of the polymerization and export process. Afterwards, high-molecular-

weight carbohydrate polymers are translocated across the outer membrane through

the outer membrane lipoprotein Wza (Beis et al. 2004).

Wza forms a multimer that remains stable in SDS and decomposes only after

additional incubation at temperatures >60�C (Drummelsmith and Whitfield 2000).

Wza assembles to an octamer which forms an elongated cylindrical structure, which

can further be dissected into four structural rings (Dong et al. 2006). A remarkable

and so far unique feature of Wza is its transmembrane segment, which forms an

a-helical barrel. The helices within the barrel are amphipathic to permit interaction
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with the outer membrane on one hand and the export of polysaccharides on the other

hand. Consistent with this notion, the a-barrel diameter is 1.7 nm and therefore

sufficient to accommodate CPS in an extended conformation. Furthermore, the cavity

formed by the Wza octamer is completely sealed and it was argued that this reduces

the need for desolvation of the polysaccharide during export. In line with this, Wza

forms a stable complex with Wzc initially identified by chemical crosslinking

(Nesper et al. 2003) and later confirmed by reconstitution and electron microscopy

analysis (Collins et al. 2007). The latter revealed a complex of 17 nm (length) �
12 nm (diameter), which is sufficient to span the periplasm. Therefore, to export the

CPLs, both proteins have to act in concert, similar to the TolC system (Sect. 6.7.1).

Even though the first structural insights into this fantastic machinery have been

obtained, the molecular mechanism of LPS export remains to be established.

6.6.2 Porin Insertion into the Outer Membrane Catalyzed
by Omp85

Omp85 proteins are involved in outer membrane biogenesis by mediating the

insertion of porins into the outer membrane, a function which can even be identified

Fig. 6.8 A functional model of the Wza translocon. The model of the Wza translocon is shown on

the left. Step 1 – und-PP-linked repeats are assembled by WbaP. Step 2 – they are subsequently

transferred to the outer leaflet of the plasma membrane and this process is utilized by Wzx. Further

polymerization is catalyzed by Wzy. Step 3 – transphosphorylation of Wzc and dephosphorylation

by Wzb are required for further polymerization. Step 4 – the polymer is subsequently translocated

by Wza, which acts as a channel. Wzi appears to be involved in surface association of group

1 capsules. On the right side the high resolution image of Wza (pdb: 2J58, Dong et al. 2006) is

shown. The reaction scheme was adapted from Whitfield (2006) and Collins and Derrick (2007)
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in endosymbiotically derived organelles (e.g., Schleiff and Soll 2005). The proteins

will first be translocated across the SecYEG channel hosted in the plasma mem-

brane, and periplasmic chaperones deliver them to the outer membrane. In E. coli,
SurA was identified to be the periplasmic chaperone involved in this process, which

can be chemically crosslinked to the E. coli Omp85 BamA (Sklar et al. 2007a).

Omp85-like proteins were initially discovered in Haemophilus influenzae as D15

protective surface antigen (D-15-Ag; Thomas et al. 1990), as Toc75 in plants

(Tranel et al. 1995) or as Oma87 in Pasteurella multocida (Ruffolo and Adler

1996). Subsequently, the protein was discovered in all branches of life (e.g.,

Moslavac et al. 2005; Bredemeier et al. 2007) and renaming was enforced by the

discovery of the protein in Neisseria meningitidis (Genevrois et al. 2003; Voulhoux
et al. 2003). The Omp85 protein belongs to the old inventory of the outer membrane

(e.g., Bredemeier et al. 2007), which is explained by its essential function during

insertion of outer membrane porins into the lipid bilayer (e.g., Genevrois et al.

2003; Voulhoux et al. 2003; Gerdes et al. 2003; Wu et al. 2005). It is proposed that

the Omp85 from E. coli forms a complex with additional lipoproteins (Wu et al.

2005; Malinverni et al. 2006; Charlson et al. 2006; Sklar et al. 2007b) and that the

protein is glycosylated in the outer membrane, at least in Porphyromonas gingivalis
(Nakao et al. 2008). However, both properties cannot yet be extended to the Omp85

homologs of other species.

The protein is composed of a 16-stranded b-barrel (postulated based on the

structure of FhaC; Clantin et al. 2007) and N-terminal polypeptide transport-

associated (POTRA) domains (Kim et al. 2007). The function of the b-barrel
domain remains partially unknown. On the one hand the function of the Omp85

in the insertion was proposed to be catalytic (Löffelhardt et al. 2007), because

SecA, a component of the plasma membrane translocon, is a multicopy suppressor

of a BamA mutant (Omp85 in E. coli; Doerrler and Raetz 2005). Hence, the

accelerated export of OMPs across the plasma membrane by enhanced levels of

SecA leads to a higher concentration of these proteins in the periplasm resulting in

bypassing the Omp85 action. On the other hand, the channel properties differ

between proteobacterial and cyanobacterial Omp85 homologs such that the channel

diameter of the proteobacterial Omp85 is considered too small to translocate a

polypeptide across the outer membrane (Bredemeier et al. 2007). Hence, further

molecular investigations are needed to distinguish between a chaperone-like func-

tion and a translocation across the membrane as seen in the case of autotransporters.

The POTRA domain is proposed to serve as a receptor for the incoming OMP and

as a docking site for complex components. An interaction between the PhoE signal

and the POTRA domain was demonstrated by NMR studies (Knowles et al. 2008).

In line with this, this domain of the cyanobacterial Omp85 is able to recognize

precursor proteins in a phenylalanine-dependent manner (Wunder et al. 2007),

which coincides with the requirement of a C-terminal-positioned phenylalanine

for the insertion of porins into the outer membrane (Struyvé et al. 1991). Further-

more, the N-terminal domain was required for oligomerization of the protein within

the membrane (Ertel et al. 2005; Bredemeier et al. 2007). Hence, the periplasmic

chaperone SurA binds to OMP after its transfer into the periplasm. This interaction
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is not directed toward the C-terminus of the OMP but rather to regions containing

clusters of aromatic residues (Hennecke et al. 2005). Therefore, the C-terminus of

the OMP remains accessible and after recognition of SurA by the Omp85 (complex)

the C-terminal phenylalanine will be recognized by Omp85. Indeed, in an elegant

study Ureta and coworkers demonstrated that the initial folding rate in vivo of the

porin LamB was reduced by a factor of 20 in a surAmutant and by a factor of 5 in a

mutant of yfgL which is a component of the Omp85 complex in E. coli (Ureta et al.
2007). Assembly of a trimeric LamB complex, however, was not significantly

altered in both mutants. This suggests that Omp85 itself catalyzes the protein

insertion into the outer membrane by an as yet unknown mechanism.

Strikingly, recent discoveries have revealed a species-specific complexity of the

Omp85 family. For example, in Anabaena sp. PCC 7120 at least three distinct genes

encoding for an Omp85 have been discovered (e.g., Moslavac et al. 2005) and in

E. coli a second gene coding for an Omp85-like protein was described (Stegmeier

et al. 2007). However, in contrast to YtfM, the Omp85 in E. coli, which is not

essential for cell viability, all three cyanobacterial genes are essential (Schleiff,

unpublished). Hence, it remains to be explored what the function of these proteins

might be.

6.7 One Two Three Four Five Six Seven . . . The Secretion
Systems

So far we have described the uptake of small organic compounds across membranes

(Sects. 6.3 and 6.4). However, solutes have also to be exported, e.g., for the

biogenesis of the outer membrane (Sect. 6.6). But export is not only limited to

biogenesis but also plays a role in pathogenicity or for the assembly of, e.g., flagella

or pili. Hence, in the following we will focus on such systems. In general, seven

protein secretion systems ranging from type I to type VII are known to date. Further

nonflagellar export systems besides types I to VII are the chaperone/usher and curli

systems. We will only focus on the type I secretion system (Sect. 6.7.1) and give a

brief overview of the other systems in Sect. 6.7.2; for more information, the reader

should refer to the literature cited in Sect. 6.7.2.

6.7.1 The TolC-Dependent System – Type I

The TolC-protein family of Gram-negative bacteria, first described by de Zwaig and

Luria as “tolerant to colicin mutant” (TolC) (de Zwaig and Luria 1967) has a low

sequence identity but is highly conserved on the structural level. In contrast to porins

it consists of a homotrimer forming a single channel-tunnel with a membrane-

inserted b-barrel and a periplasm-spanning a-helical barrel, which is a unique

structural feature among membrane proteins (Fig. 6.9) (Koronakis et al. 2000).
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Fig. 6.9 Type I secretion system – TolC. (a) Crystal structure of the E. coli TolC homotrimer with

the outer membrane-inserted b-barrel (top) and the periplasm-reaching a-helical barrel (bottom).
The contribution of a-helices and b-sheets from one monomer to the full homotrimer is high-

lighted. (b) Schematic representation of the E. coli TolC monomer (protomer). The a-helices H3/
H4 (yellow/orange) and H7/H8 (green/red) form the interface for complex assembly of the

AcrAB-secretion complex and are involved in the iris-like gating mechanism from the closed-

to-open state of TolC. (c) Members of the TolC protein family are involved in the formation of

different secretion complexes. The ArcAB–TolC and the MacAB–TolC belong to a superfamily of

multidrug secretion systems and are involved in secretion of toxic substances such as membrane-

permeable antibiotics. For both systems a different arrangement of the corresponding membrane

fusion protein (MFP) was proposed. While AcrA interacts with the binding groove of H3/H4 and

H7/H8 of the TolC a-barrel, MacA is believed to form a hexameric ring structure, which has to

interact (due to its diameter) in a tip-to-tip-like fashion with TolC. Depending on the subclass

(RND, MF, SMR or ABC) of efflux pumps, either a proton motive force (PMF) or ATP hydrolysis

is utilized as energy source. In contrast, type I secretion systems are involved in secretion of

protein toxins like hemolysin A for the HlyBD–TolC secretion system and have ATP-binding

cassettes (ABC), which are in many cases expressed as an operon with the transmembrane protein

and the MFP of the secretion complex
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Each protomer contributes four antiparallel b-sheets and four a-helices (H3, H4,
H7, H8) to form the barrel-shaped channel-tunnel. Even though the a-helical part of
the TolC protomer is sufficient to promote cytosolic trimerization, the Omp85-

homolog BamA (see Sect. 6.5.2) is needed for OM insertion in E. coli (Masi et al.

2009). TolC proteins have been described as an outer membrane factor (OMF) as

part of three different secretion systems which bypass the periplasm to release

substrates directly into the media. Firstly, as part of the type I secretion system,

TolC interacts with different inner-membrane ABC transporters and is involved in

secretion of protein toxins such as E. coli haemolysin A, extra cellular proteases,

lipases or cell wall components (Duong et al. 1994; Akatsuka et al. 1995; Awram

and Smit 1998). Recently, a TolC homologue in cyanobacteria has also been

described to be involved in heterocyst development (Moslavac et al. 2007). Sec-

ondly, it functions as OMF for different superfamilies of multidrug efflux pumps

such as the resistance–nodulation–cell division type (RND) AcrAB in E. coli (Saier
et al. 1994; Touzé et al. 2004). They contribute to multidrug resistance by extrusion

of membrane-soluble cytotoxic substances like acridin or different antibiotics

(Seeger et al. 2008; Pos 2009). Thirdly, it has been described as part of cation

efflux pumps for extrusion of toxic metal ions (Goldberg et al. 1999). All these

systems have in common a tripartite arrangement of the secretion complex com-

prising the plasma membrane-localized transporter TolC as the OMF and a peri-

plasmic membrane fusion protein (MFP) which stabilizes the complex. The energy

– in terms of ATP hydrolysis or by utilizing an ion-gradient – as well as the

substrate specificity is provided by the plasma membrane transporter (Saier et al.

1999). In contrast to previous assumptions, recent molecular dynamics simulations

suggest that TolC is not just a passive pore in the outer membrane but rather

contributes to substrate secretion by undergoing a peristaltic constriction along

the whole channel-tunnel which supports substrate extrusion in a “swallowing out”

fashion (Vaccaro et al. 2008). In addition, extended loops between b-sheets facing
the external environment might function as a gating mechanism to regulate sub-

strate secretion or prevent intrusion of toxins.

To meet the requirements of a general OMF in different secretion systems, TolC

must have a flexible docking interface to facilitate the transient interaction with

different inner membrane transporters. The best-described model by far for TolC-

secretion complex assembly is the tripartite AcrAB–TolC system (Fralick 1996).

The currently favored model by Lobedanz and coworkers suggests a transient

recruitment of TolC by the transporter AcrB which is enforced by the plasma

membrane-anchored MFP AcrA upon substrate interaction (Lobedanz et al.

2007). Based on chemical crosslinking experiments and crystallization of TolC

mutants it could be demonstrated that a weak interaction of AcrB with TolC

a-helices H3/H4 induces a twisting movement of the iris-like a-barrel. This leads
to a partially open state with the formation of a binding groove between H3/H4 and

H7/H8 for AcrA interaction. AcrA acts as an energy transducer and facilitates the

closed-to-open-state transition of the iris-like a-helical barrel by a further twisting

movement of the a-helices (Bavro et al. 2008; Symmons et al. 2009). Based on this

data an equimolar stoichiometry of TolC protomer and MFPs is favored. In contrast
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to this model, Xu and Yum describe, based on crystallization packaging and

electron microscopy data, the formation of a hexameric ring structure for MacA,

the MFP of the MacAB–TolC complex, and suggest a tip-to-tip arrangement of the

MacA-ring and TolC which would exclude a MacB–TolC interaction as described

for the AcrB–TolC complex (Xu et al. 2009; Yum et al. 2009). Even though the

understanding of complex formation has significantly increased in the last few

years, it is still unclear how TolC recruitment by the right transporter at the right

situation is regulated.

6.7.2 The Other Secretion Systems

The nonflagellar protein secretion systems are divided into two groups: one group

depends on the Sec translocon to translocate their substrates; the other group

provides their own translocation system in the plasma membrane. Type II (T2SS)

and V secretion systems (T5SS) and the chaperone/usher and curli systems are Sec-

dependent (Fig. 6.10). T2SS is also termed the main terminal branch of the Sec-

dependent secretion pathway (Sandkvist 2001). Folded proteins are translocated

across the outer membrane. The inner membrane component of T2SS assembles a

pilus, which probably pushes substrates, delivered by the Sec complex, through the

outer membrane complex (Chen and Dubnau 2004). An example of T2SS is

Fig. 6.10 An overview of known Sec-dependent secretion systems. Sec-dependent secretion

systems of types II, V and the chaperone/usher and curli pathway are shown schematically. The

asterisk indicates that PapE of the type P pilus occurs in 5–10 copies in the tip fibrillum, whereas

only one FimF copy is present in the type 1 pilus. The figure was adapted from Henderson et al.

(2004), Gerlach and Hensel (2007), and Fronzes et al. (2008). Abbreviations: OM, outer mem-

brane; PM, plasma membrane
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pullulanase (PulA) secretion from Klebsiella oxytoca (Takizawa and Murooka

1985; Cao and Cover 2002). It has been demonstrated that T2SS also secretes

proteins, which were transported into the periplasm via the twin-arginine translo-

cation (Tat) system (Voulhoux et al. 2001; De Buck et al. 2008).

Three subtypes of T5SS exist. Type A and C are the autotransporter pathways.

An autotransporter contains a transmembrane b-barrel (b-domain) at the C-terminal

end and a so-called passenger domain as the N-terminal part (a-domain). Several

models for the translocation of the passenger domain across the outer membrane

exist (Dautin and Bernstein 2007). A typical example for T5SS-A is the monomeric

autotransporter NalP from Neisseria meningitidis (Oomen et al. 2004). In contrast,

T5SS-C autotransporters form a trimeric pore, which has been shown for bacterial

adhesion-mediating autotransporter Hia from Haemophilus influenzae (Meng et al.

2006). T5SS-B is the two-partner secretion (TPS) pathway (Jacob-Dubuisson et al.

2004, 2009; Mazar and Cotter 2007). In general, the translocation pore is termed

TpsB and the translocated protein TpsA. A prominent example is FhaC, which

mediates the secretion of Bordetella pertussis filamentous hemagglutinin (FHA,

Clantin et al. 2007).

Adhesive fibers, called pili or fimbriae, are assembled via the chaperone/usher

(CU) pathway (Sauer et al. 2004). These fibers are virulence factors and mediate

host recognition and attachment, invasion, and biofilm formation. The OMP PapC,

which secretes these fibers, has recently been crystallized (Remaut et al. 2008).

With its 24 transmembrane b-strands it is the largest b-barrel known to date. The

active form of PapC is a dimer, but only one monomer secretes the fiber subunits

while the other one catches the fiber subunits bound to chaperones (PapD:A

complex) in the periplasm and passes them on to the secreting monomer. Another

class of bacterial filaments called curli at the outer membrane of Enterobacteriaceae

(Olsén et al. 1989; Barnhart and Chapman 2006) contributes to bacterial pathogen-

esis (Gophna et al. 2001; Lundmark et al. 2005). Curli are the major proteinaceous

constituent of the extracellular matrix of Enterobacteriaceae (Barnhart and Chap-

man 2006). CsgA and CsgB are secreted by the outer membrane lipoprotein CsgG

(Robinson et al. 2006). The minor curli subunit, CsgB, is associated with the

membrane and multiple copies of the major subunit, CsgA, stack onto CsgB to

form curli (Hammar et al. 1995, 1996; Chapman et al. 2002). The periplasmic

factors CsgE and CsgF are required for fiber assembly (Robinson et al. 2006).

The Sec-independent secretion systems are type I (see Sect. 6.7.1), III, IV, VI,

and VII (Fig. 6.11). T3SS, T4SS and T6SS assemble needle-like structures, which

puncture the target membrane and provide a channel for the injection of substances

into the host cell. More than 20 proteins are involved in assembly of the injectisome

of T3SSs (Cornelis 2006). A hollow structure (PrgJ) spans the periplasmic space

linking the complexes in the plasma membrane and outer membrane (Kubori et al.

1998; Marlovits et al. 2004). The extracellular “needle” is a hollow, filamentous

structure formed by PrgI (Marlovits et al. 2004). A distinct tip complex is located at

the distal end of the needle, which is involved in pore formation in the target

membrane, for which additional components are assembled upon membrane

contact (Derewenda et al. 2004; Mueller et al. 2005; Deane et al. 2006). In the
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pathogen Yersinia spp. T3SS is responsible for secretion of Yop proteins (Michiels

et al. 1990). T4SSs are ancestrally related to bacterial conjugation systems (Fronzes

et al. 2008) and are utilized for protein and nucleoprotein complex secretion

(Juhas et al. 2008). The pili of T4SSs are classified into IncF-like (long) and

IncP-like (short) pili (Bradley 1980; Lawley et al. 2003). Using these two pili

types, the T4SSs are grouped into IncP-type (IVa) and IncF-type T4SSs (IVb).

Typical examples are the Agrobacterium tumefaciens nucleoprotein T-DNA trans-

fer system and the Ptl (pertussis toxin) system from Bordetella pertussis (Farizo
et al. 2000). T6SSs gene clusters contain IcmF, a gene known from T4SSs, but the

other genes of T6SSs share no homology with known secretion systems (Das and

Chaudhuri 2003). The T6SS has so far been found in many pathogens such as

Fig. 6.11 An overview of known Sec-independent secretion systems. The Sec-independent

secretion systems of types I, III, IV, VI and VII are shown schematically. T3SS, T4SS and

T6SS penetrate the host membrane (target cell membrane) with needle-like structures. The

T7SS of mycobacteria is separated from the other systems of Gram-negative bacteria; the light
grey layer represents the mycolic acid layer of the mycomembrane, the dark grey layer on top

represents the outer leaflet (more precisely the headgroup region) of the mycomembrane contain-

ing various free, mostly mycobacteria-specific lipids intercalated with mycolic acids (Abdallah

et al. 2007). A working model of the mycobacterial ESX1 system is shown on the right. A
transporter of T7SS in the mycomembrane has not so far been identified (marked by question
mark, Abdallah et al. 2007). The figure was adapted from Abdallah et al. (2007), Gerlach and

Hensel (2007), Pukatzki et al. (2009). Abbreviations: MM, mycomembrane (Bayan et al. 2003);

OM, outer membrane; PM, plasma membrane
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Salmonella typhimurium, Vibrio cholera and Yersinia pestis (Cascales 2008;

Pukatzki et al. 2009). Hcp proteins probably form a needle-like structure for

puncturing the target membrane. Proteins of the VgrG family, which contains

effector domains (e.g., actin cross-linking, Sheahan et al. 2004), might form the

tip of the needle. Hcp and VgrG are translocated in an ATP-dependent manner by

the plasma membrane complex of T6SSs (Filloux et al. 2008). Putative T6SS

effector proteins identified to date are EvpP (Zheng and Leung 2007), RbsB

(Bladergroen et al. 2003; James et al. 2006) and TssM (Schell et al. 2007). The

T7SSs (ESX systems) have so far been identified in mycobacteria and Gram-

positive bacteria only (Abdallah et al. 2007). Some T7SSs are involved in pathoge-

nicity of, e.g.,Mycobacterium marinum and Staphylococcus aureus (Abdallah et al.
2006; Burts et al. 2005). Although T7SSs share no homologous sequences with

other secretion systems, interesting functional parallels to T4SSs were discovered

(Abdallah et al. 2007 and references therein). CFP-10 and ESAT-6, forming a tight

dimer, seem to depend on each other for translocation. CFP-10 – like substrates of

T4SSs (Nagai et al. 2005; Vergunst et al. 2005) – contains an unstructured C-

terminal secretion signal, which is recognized by Rv3871. In the same way, EspA

might use Rv3615c, which contains the aforementioned C-terminal signal, to

translocate in tandem across the plasma membrane (Abdallah et al. 2007). A

transporter of T7SS in the mycomembrane has so far not been identified (marked

by “?” in Fig. 6.11, Abdallah et al. 2007).

6.8 Conclusions

The general genetic and structural base for many – but still not all – OMPs is now

available. At present we are approaching a molecular understanding of porin-like

systems and improved bioinformatic procedures in particular will allow new

insights in the molecular mechanism of substrate processing. However, many varia-

tions on a common theme exist and the transfer of knowledge for one species is not

always valid. In particular, the reason for the variation of the number of porin-

encoding genes in different species is not yet understood. A further unsolved

question concerns the integration of proteins into the outer membrane. Even though

the identification of the OMPs of the Omp85 family (Sect. 6.4.2) and of proteins

involved in the folding (Mogensen and Otzen 2005) resulted in models for protein

insertion, we are far from understanding the molecular mechanism behind this

process. In addition, even though it has been investigated for a long time, the

regulatory network behind outer membrane biogenesis appears to be rather complex

and many issues have to be clarified. Hence, more work is required to provide a

detailed picture of outer membrane proteome function. Nevertheless, there is no

doubt that we have reached a structural and molecular understanding of the pro-

cesses, which enables us to approach specific drug development for individual targets

at the outer membrane, and this will be one major aspect of future investigations.
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Alice AF, López CS, Lowe CA, Ledesma MA, Crosa JH (2006) Genetic and transcriptional

analysis of the siderophore malleobactin biosynthesis and transport genes in the human

pathogen Burkholderia pseudomallei K96243. J Bacteriol 188:1551–1566
Andersen C, Jordy M, Benz R (1995) Evaluation of the rate constants of sugar transport through

maltoporin (LamB) of Escherichia coli from the sugar-induced current noise. J Gen Physiol

105:385–401

Andersen C, Cseh R, Schulein K, Benz R (1998) Study of sugar binding to the sucrose-specific

ScrY channel of enteric bacteria using current noise analysis. J Membr Biol 164:263–274

Andersen C, Rak B, Benz R (1999) The gene bgIH present in the bgl operon of Escherichia coli,
responsible for uptake and fermentation of beta-glucosides encodes for a carbohydrate-specific

outer membrane porin. Mol Microbiol 31:499–510

Andrews SC, Robinson AK, Rodriguez-Quinones F (2003) Bacterial iron homeostasis. FEMS

Microbiol Rev 27:215–237

Ankenbauer RG, Quan HN (1994) FptA, the Fe(III)-pyochelin receptor of Pseudomonas aerugi-
nosa: a phenolate siderophore receptor homologous to hydroxamate siderophore receptors. J

Bacteriol 176:307–319

Arora A, Rinehart D, Szabo G, Tamm LK (2000) Refolded outer membrane protein A of

Escherichia coli forms ion channels with two conductance states in planar lipid bilayers. J

Biol Chem 275:1594–1600

Arora A, Abildgaard F, Bushweller JH, Tamm LK (2001) Structure of outer membrane protein A

transmembrane domain by NMR spectroscopy. Nat Struct Biol 8:334–338

Awram P, Smit J (1998) The Caulobacter crescentus paracrystalline S-layer protein is secreted by
an ABC transporter (type I) secretion apparatus. J Bacteriol 180:3062–3069

Bagg A, Neilands JB (1987) Ferric uptake regulation protein acts as a repressor, employing iron

(II) as a cofactor to bind the operator of an iron transport operon in Escherichia coli.
Biochemistry 26:5471–5477

Barnhart MM, Chapman MR (2006) Curli biogenesis and function. Annu Rev Microbiol 60:

131–147

Bauer K, Struyve M, Bosch D, Benz R, Tommassen J (1989) One single lysine residue is

responsible for the special interaction between polyphosphate and the outer membrane porin

PhoE of Escherichia coli. J Biol Chem 264:16393–16398

6 Outer Membrane Proteins 211



B€aumler AJ, Hantke K (1992) Ferrioxamine uptake in Yersinia enterocolitica: characterization of

the receptor protein FoxA. Mol Microbiol 6:1309–1321

B€aumler AJ, Norris TL, Lasco T, Voight W, Reissbrodt R, Rabsch W, Heffron F (1998) IroN, a

novel outer membrane siderophore receptor characteristic of Salmonella enterica. J Bacteriol
180:1446–1453
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Chapter 7

Cell Envelopes of Methanogens

Harald Claus and Helmut König

7.1 Introduction

The domain Archaea is divided into four kingdoms, Euryarchaeota, Crenarchaeota,
Korarchaeota and the recently described Nanoarchaeota (Woese 2007). Methane-

producing anaerobes (methanogens), which are the main group of the Euryarch-

aeota, have been shown to be phylogenetically and physiologically distinct from all

other cell types, and are the founding members of the Archaea (Woese 1987; Woese

et al. 1990). Methane formation is the last step in anoxic biodegradation of organic

compounds where electron acceptors other than CO2 are limiting. The typical

growth substrates of methanogens are H2 and CO2, acetate, methanol or methyla-

mines. Methane is a greenhouse gas and important in the global carbon cycle.

Approximately 80% to 85% of the global annual production of methane is biogenic.

Methanogens are involved in the production of methane in biogas plants, an

important source of renewable energy. Natural habitats for methanogens include

anoxic freshwater swamps, ocean and lake sediments, hydrothermal vents, animal

digestive tracts (e.g. cattle, termites, and humans), and within the cytoplasm of

anaerobic protozoa. They are morphologically and phylogenetically very diverse

and are divided into five orders: Methanobacteriales, Methanococcales, Methano-

microbiales, Methanosarcinales and Methanopyrales (Ferry and Kastead 2007;

Kletzin 2007). The phylogenetic diversity of methanogens is also represented in

various cell envelope types.
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7.2 Pseudomurein

The orders Methanobacteriales and Methanopyrales contain different genera with

anaerobic rod- or lancet-shaped bacteria or cocci. They live under conditions

which range from mesophilic to hyperthermophilic temperatures. The cells of this

orders exhibit cell wall sacculi with a thickness of about 15–20 nm, a density of

1.39–1.46 g/cm3 and a unit cell dimension of 4.5 � 10 � 21–22.5 Å. Conforma-

tional energy calculations suggested a similar secondary structure as the eubacterial

murein (Leps et al. 1984a, 1984b). Due to its chemical and three-dimensional

structure this cell wall polymer has to be classified as a peptidoglycan, which

means that glycan and peptides each constitute about 50% of this polymer. The

archaeal peptidoglycan was named pseudomurein, and possesses structural simila-

rities, but also differs significantly from the eubacterial murein (Kandler and König

1978, 1985, 1993). The glycan consists of alternating b(1!3)-linked N-acetyl-D-
glucosamine and N-acetyl-L-talosaminuronic acid residues (Fig. 7.1). The glycan

strands are cross-linked by peptide subunits, which are often composed of a set of

three L-amino acids: glutamic acid, alanine, and lysine. The main differences

between pseudomurein and murein are the occurrence of talosaminuronic acid

instead of muramic acid, the presence of a b(1!3) linkage instead of a b(1!4)

linkage of the glycan components (Leps et al. 1984a, 1984b), the partial replace-

ment of glucosamine by galactosamine, the lack of D-amino acids, and the accumu-

lation of e- and g-peptide bonds (Kandler and König 1978; König and Kandler

1979; König et al. 1983). Chemical modifications are found in the glycan as well as

in the peptide moiety.

The pathways of the biosynthesis of archaeal cell wall polymers exhibit simila-

rities, but also striking differences to the well-known biosynthetic pathways of

structurally related bacterial and eukaryotic glycoconjugates. A pathway for the

Fig. 7.1 Proposed chemical structure of the pseudomurein (from Kandler and König 1993)
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biosynthesis of the pseudomurein has been proposed (König et al. 1994). The bio-

synthesis of the glycan intermediates starts with UDP-N-acetylglucosamine and

UDP-N-acetyltalosaminuronic acid, which form the disaccharide UDP-GlcNAc

(3.1)b-NAcTalNA (Fig. 7.2). The biosynthesis of UDP-N-acetyltalosaminuronic

acid is achieved by epimerization and oxidation of UDP-N-acetylgalactosamine,

where UDP-N-acetylaltrosaminuronic acid forms an intermediate. In parallel, a

Stage I.

UDP-D-GlcNAc

UDP-D-GalNAc Na-P-Glu

Na-UDP-Glu

Na-UDP-Glu–gÆAla

Na-UDP-Glu–gÆAla-eÆLys

Na-UDP-Glu– gÆAla-e Æ Lys Æ Ala

UDP-D-GlcNAc-(3¨1)-b-L-NAcTalNA

UdP-PP-D-GlcNAc-(3 ¨1)-b-L-NAcTalNA

L-NAcTalNA-b-(1Æ3)-D-GlcNAc-PP-Udp

UDP-L-NAcAltNA

UDP-L-NAcTalNA

UDP-D-GlcNAc-(3¨1)-b-L-NAcTalNA

Stage II.

Stage III.

Glu

Glu
g

Lys ¨ g -Glu

Ala

Ala

g

e

Glu

Glu–g ÆLys

Glu

Lys¨ g -Glu

Ala

Ala¨ – –Ala

Ala

NH2

+

g

g

e

e

+

Fig. 7.2 Proposed biosynthetic pathway of the pseudomurein (from König et al. 1994) Udp =

undecaprenyl
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UDP-activated pentapeptide is formed. The biosynthesis of the pentapeptide starts

with Na-P-glutamic acid, wich is transformed to Na-UDP-glutamic acid, to which

the amino acid residues of alanine, lysine, and glutamate are subsequently linked.

The formation of a nucleotide-activated oligosaccharide and a nucleotide-activated

pentapeptide are novel features of oligosaccharide and peptide biosynthesis, showing

that a common origin of the archaeal pseudomurein and the eubacterial murein is

unlikely. The convergent evolution hypothesis of murein and pseudomurein is

supported by the results of genome sequencing projects. In the last decade, exten-

sive data have been published on the enzymes and the encoding genes that are

involved in murein biosynthesis and assembly (Scheffers and Pinho 2005). No gene

homologues or similar pathways have been identified in genomes of microorgan-

isms that contain a pseudomurein cell wall, which implies that a completely

different set of enzymes is involved in the pseudomurein turnover of Archaea.
Prokaryotic cell wall components such as murein or lipopolysaccharides exhibit

a series of biological activities. Like murein, the pseudomurein causes antigenic

recations in animals. Immunological characterization with monoclonal antibodies

has revealed four distinctive determinants, namely the three glycan components

GlcNAc, GalNAc and NacTalNA, and the C-terminal g-glutamyl-alanine bond

(Conway de Macario et al. 1983). Pseudomurein also causes somnogenic effects

and pyrogenic effects. Intravenous injections with suspensions of pseudomurein in

rabbits alter sleep and brain temperature (Johannsen et al. 1990). Acute inflamma-

tion was caused in a rat arthritis model (Stimpson et al. 1986).

As a consequence of its composition, which differs from the murein, the pseudo-

murein is resistant to cell-wall antibiotics such as b-lactams. Furthermore, it was

shown that b-lactamases are absent from different species of methanogenic and

halophilic Archaea, where glycoprotein S-layers, methanochondroidin, or pseudo-

murein serve as constituents of the rigid cell wall instead of murein (Martin and

König 1996). Pseudomurein is also insensitive to lysozymes and common proteases.

Methanobacterium bryantii undergoes spontaneous lysis when the NH4
+ or Ni2+

ions are exhausted in the culture medium (Jarrel et al. 1982). In the presence of

D-sorbitol, Methanobacterium thermoautotrophicum forms protoplasts after addi-

tion of lysozyme to growing cells (Sauer et al. 1984). The target of the added

lysozyme was not determined. An extracellular enzyme from a streptomycete was

found to lyse Methanobacterium formicicum (Bush 1985).

Lysis of the pseudomurein sacculi also leads to a disruption of the cells. An

autolytic enzyme which hydrolyzes the pseudomurein sacculi after depletion of the

energy source could be induced in Methanobacterium wolfei. The lytic enzyme was

found to be a peptidase hydrolysing the e-bond between an alanine and a lysine

residue of the peptide subunit (König et al. 1985; Kiener et al. 1987). At present, two

enzymes, PeiW and PeiP, originating from M. wolfeii and Methanothermobacter
marbugiensis prophages are known to hydrolyse pseudomurein and function as

autolysins (Luo et al. 2002). Both pseudomurein endoisopeptidases (PEI) contain a

cysteine protease catalytic domain that cuts the linker peptide of pseudomurein.

PeiW and PeiP contain different N-terminal pseudomurein cell wall binding

domains, with homologues found in the genomes of Methanothermobacter
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thermoautotrophicus and Methanosphaera stadtmanae (Steenbakkers et al. 2006).
Treatment of cells with PEI has been shown to improve 16S rRNA-targeting

fluorescence in situ hybridization (FISH) analysis of methanogens (Nakamura

et al. 2006).

7.3 Surface Layer

Regular ordered crystalline surface protein or glycoprotein layers (S-layers) are

common structures of the prokaryotic cell envelope (Baumeister et al. 1989;

Messner and Sleytr 1992; Sleytr et al. 1994; Sleytr 1997; Sleytr and Beveridge

1999; Sára and Sleytr 2000; Claus et al. 2005). The morphological building blocks

are composed of six, four, three or two (glyco)protein subunits. Accordingly, the

symmetry axis is p6, p4, p3 or p2. The molecular masses of the surface (glyco)

proteins range from 40 to 200 kDa (Messner and Sleytr 1992; Claus et al. 2005).

Many Archaea possess S-layers as the sole cell wall component (see Eichler

Chap II.10. and Rachel Chap II.12; König et al. 2004, 2007) which must therefore

integrate the basic function of mechanical and osmotic cell stabilization (Engelhard

2007). In most Crenarchaeota the S-layer is anchored by an elongated, filamentous

protrusion, spanning the quasi-periplasmatic space between the S-layer and the

cytoplasmic membrane. The centre-to-centre spacings vary between 11 and 30 nm

among the known genera and species. Within the methanogenic Archaea, S-layers

have been decribed for the generaMethanococcus (Kandler and König 1978, 1985,
1993; Nußer and König 1987), Methanocorpusculum (Zellner et al. 1987), Metha-
noculleus (Bayley and Koval 1994), Methanogenium (Zellner et al. 1989), Metha-
nomicrobium (Kandler and König 1978),Methanolacinia (König and Stetter 1982),
Methanolobus (König and Stetter 1982), Methanoplanus (Wildgruber et al. 1982),

Methanosarcina (Mayerhofer et al. 1998) andMethanothermus (Stetter et al. 1981;
Bröckl et al. 1991). In addition, at least a corresponding gene has been found in

Methanobacterium (Akca et al. 2002).

7.3.1 S-layer from Methanothermus fervidus

The hyperthermophilic methanogenMethanothermus fervidus has a double-layered
cell envelope. The pseudomurein is covered by an S-layer in hexagonal arrange-

ment (p6) with a 20 nm distance between the subunits (Stetter et al. 1981; Nußer

et al. 1988; Bröckl et al. 1991; Kandler and König 1993; Kärcher et al. 1993; König

et al. 2007). The S-layer (glyco)protein could be extracted with a solution of

trichloroacetic acid and reverse-phase chromatography with aqueous formic acid

as eluant. The mature protein consists of 593 amino acids. Compared to mesophilic

S-layer (glyco)proteins a significant higher amount of, e.g., isoleucine, asparagine

and cysteine and also 14% more b-sheet structure is present. The glycoprotein also
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possesses a typical leader peptide and 20 sequon structures as potential N-glycosyl-
ation sites. One type of oligosaccharide is present consisting of D-3-O-MetMan,

D-Man and D-GalNAc (Kärcher et al. 1993; Fig. 7.3). It is linked via N-acetylga-
lactosamine to asparagine residues of the peptide moiety.

7.3.2 S-layer from Methanococcales

All species belonging to the order Methanococcales possess hexagonal S-layers

with an average centre-to-centre subunit distance of 11 nm as exclusive cell-wall

components outside the cytoplasma membrane (Nußer and König 1987). As the

Methanococcales include mesophilic, thermophilic and hyperthermophilic species,

they represent an ideal model system for studying thermal adaptation of S-layer

(glyco)proteins. The special features of these S-layers are described below in more

detail (Table 7.1).

Fig. 7.3 Proposed structure of the oligosaccharide of the S-layer (glyco)protein of Methanother-
mus fervidus (from Kärcher et al. 1993)

Table 7.1 Cell envelopes of selected methanogens

Genus Cell Envelope Types References

Methanobacterium Pseudomurein/gene of

S-layer protein

Kandler and König 1978; Akca

et al. 2002

Methanobrevibacter Pseudomurein Kandler and König 1978

Methanocaldococcus S-layer Kandler and König 1978; Nußer and

König 1987; Akça et al. 2002

Methanococcus S-layer Kandler and König 1978; Nußer and

König 1987; Akça et al. 2002

Methanocorpusculum S-layer Zellner et al. 1987

Methanoculleus S-layer Bayley and Koval 1994

Methanogenium S-layer Kandler and König 1978

Methanomicrobium S-layer Kandler and König 1978

Methanolacinia S-layer Zellner et al. 1989

Methanolobus S-layer König and Stetter 1982

Methanoplanus S-layer Wildgruber et al. 1982

Methanopyrus Pseudomurein Kurr et al. 1991

Methanosaeta Sheath Patel and Sprott 1990

Methanothrix Sheath Kandler and König 1985

Methanosarcina Methanochondroitin/

S-layer

Kreisl and Kandler 1986; Mayerhofer

et al. 1998

Methanosphaera Pseudomurein König 1986

Methanospirillum Sheath Southam et al. 1993

Methanothermococcus S-layer Kandler and König 1985; Nußer and

König 1987; Claus et al. 2005

Methanothermus Pseudomurein/S-layer Stetter et al. 1981; Bröckl et al. 1991

Methanotorris S-layer Claus et al. 2005
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Primary structure and glycosylation.The first Methanococcales S-layer gene

sequence was from the mesophile, Methanococcus voltae (Konisky et al. 1994).

Additional putative S-layer genes have been identified in the complete genome

sequences of the mesophile Methanococcus maripaludis (Zhang et al. 2004) and

the hyperthermophile Methanocaldococcus jannaschii (Bult et al. 1996). Based on

the conserved N-terminal region, primers were constructed for PCR amplification

and sequencing of previously unidentified S-layer genes from the mesophile

Methanococcus vannielii, the thermophile Methanothermococcus thermolithotro-
phicus, and the hyperthermophile Methanotorris igneus (Table 7.2).

The identity of the presumptive S-layer gene was confirmed by purification of

the corresponding protein and sequence determination of their N-termini (Akca

et al. 2002, Claus et al. 2005; König et al. 2007).

Molecular characteristics of S-layer (glyco)proteins from Methanococcales

were deduced from their gene sequences (Table 7.3). They are all slightly acidic

proteins with molecular masses ranging from 56 to 61 kDa. Thermal stabilization of

S-layer proteins may be attributed to post-translational modifications (e.g. glyco-

sylation, phosphorylation), covalent cross-linking, or salt-bridging (Engelhardt and

Table 7.3 Molecular features of S-layer (glyco)proteins from selected mesophilic and (hyper)

thermophilic Methanococcales

Species Size

(aa)

Mass

(Daltons)

pI N-glyco-
sylation

sites

Cys

(mol

%)

Ala

(mol

%)

Asp

+Glu

(mol %)

Arg

+Lys

(mol %)

Methanotorris igneus 519 55669 4.68 8 0.4 9.4 15.4 11.2

Methanocaldococcus
jannaschii

558 60547 4.27 8 0.4 9.9 20.4 10.8

Methanothermococcus
thermolitho-
trophicus

559 59225 4.30 5 – 12.2 18.2 10.2

Methanococcus
vannielii

566 59064 4.29 – – 16.3 14.3 8.1

M. voltae 565 59707 4.15 2 – 14.0 18.6 8.7

M. maripaludis 575 58948 3.90 – – 17.6 16.9 5.7

Table 7.2 S-layer genes from mesophilic and (hyper)thermophilic Methanococcales

Species Growth

optimum (�C)
Gene Nucleotide

Acc. No.

Protein

Acc. No.

Methanotorris igneus 88 slmi 1 AJ564995b Q6KEQ4a

Methanocaldococcus jannaschii 85 slmj 1 AJ311636b Q58232a

Methanothermococcus
thermolithotrophicus

65 slmt 1 AJ308554b Q8X235a

Methanococcus vannielii 37 slmv 1 AJ308553b Q8X234a

Methanococcus voltae 37 sla M59200b Q50833a

Methanococcus maripaludis 37 slp NC_005791c NP_987503c

aUniProt/SwissProt
bEMBL database
cGenBank/NCBI

7 Cell Envelopes of Methanogens 237



Peters 1998). Glycosylation of S-layer proteins is generally well characterized

(Messner and Schäffer 2003), e.g. for the hyperthermophilic methanogenic species

Methanothemus fervidus andMethanothermus sociabilis (Nußer et al. 1988; Bröckl
et al. 1991; Kärcher et al. 1993).

A higher number of N-glycan sites are predicted in the primary amino acid seq-

uences of S-layer (glyco)proteins from the hyperthermophilicMethanocaldococcus
jannaschi compared with their mesophilic relatives (Akca et al. 2002, Claus et al.

2002). The same was found for the S-layer protein of the hyperthermophilic

Methanotorris igneus (Claus et al. 2005) suggesting a role for glycosylation

in the thermostabilization of these proteins. Although conventional staining meth-

ods for the detection of glycoproteins (PAS) were negative, positive signals were

obtained with more sensitive immunoblots. In addition the S-layer proteins

of Methanococcales revealed apparent higher molecular masses in SDS-PAGE

than expected from their gene sequences. Additional indirect evidence for post-

translational modification is indicated by the smaller size of the S-layer (glyco)

protein from Methanocaldococcus jannaschii when heterologously expressed in

Escherichia coli (König et al. 2007).

Recently, it has been demonstrated that flagellin proteins, and probably the

S-layer protein of Methanococcus voltae, are glycosylated (Jarrel et al. 2007).

The glycan structure of the flagellin elucidated by NMR analysis was shown to

be a novel trisaccharide composed of b-ManpNAcA6Thr-(1-4)-b-GlcpNAc3NacA-
(1-3)-b-GlcpNac linked to Asn (Voisin et al. 2005). This low degree of glycosyla-

tion might not be detected by less sensitive glycoprotein-staining methods.

In addition to post-translational modifications, intrinsic features of the polypep-

tide chain contribute to thermostabilization of proteins. Sequences of 115 proteins

(S-layer proteins were not included) from Methanocaldococcus jannaschii were
compared with homologues from mesophilic Methanococcales (Haney et al. 1999).
Characteristics of the proteins from thermophiles included higher residue volume

and hydrophobicity, a higher percentage of charged amino acids (especially Glu,

Lys and Arg) and a lower percentage of uncharged polar residues (Ser, Thr, Asn and

Gln). In a similar study a large number of proteins from mesophilic and thermo-

philic to extreme thermophilic Bacillus and Methanococcales species were com-

pared (McDonald et al. 1999). An increase of Ile, Glu, Lys and Arg and a decrease

in Met, Asn, Gln, Ser and Thr was observed in the thermophilic methanococcal

proteins. In several studies the complete genome sequences of mesophiles and

thermophiles were analysed (Cambillau and Claverie 2000; Chakravarty and

Varadarajan 2000). A large difference between the proportions of charged versus

polar (noncharged) amino acids was found to be a common signature of all hyper-

thermophilic organisms. Ionic interactions may provide a mechanism for thermo-

stabilization (Haney et al. 1999) and the proportional increase of oppositely charged

residues in hyperthermophiles may provide a thermodynamic advantage due to the

increased stability of coulombic interactions with temperature (Cambillau and

Claverie 2000).

These structural features are also present in S-layer (glyco)proteins of Metha-

nococcales. The S-layer (glyco)proteins of the thermophilic and hyperthermophilic
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methanococci exhibited an increase in basic amino acids and a reduction of some

amino acids with nonpolar side chains, e.g. alanine compared to their mesophilic

counterparts. The overall hydrophobicity is higher for the S-layer (glyco)proteins

from the mesophilic strains indicating that they do not play a major role in

adaptation to high temperatures in Methanococcales.

An increase of solvent-accessible surfaces in proteins of hyperthermophiles has

been described (Cambillau and Claverie 2000). Thus, the increase in charged amino

acids, especially lysine, in the S-layer (glyco)proteins of Methanothermococcus
thermolithotrophicus, Methanocaldococcus jannaschii and Methanotorris igneus
could contribute to their increased thermal stability (Akca et al. 2002, Claus et al.

2002; König et al. 2007). An increase in charged residues is also present in the

S-layer (glyco)proteins of Methanosarcina mazei (mesophilic) < Methanothermo-
bacter thermoautotrophicus (thermophilic) < Methanothermus fervidus (hyper-

thermophilic). Another significant feature of the S-layer (glyco)proteins from the

hyperthermophiles Methanocaldoccus jannaschii and Methanotorris igneus is the
occurrence of cysteine, which has only been detected in a few S-layer (glyco)

proteins (Sleytr et al. 1994; Sleytr 1997; Sleytr and Beveridge 1999). Intramolecu-

lar disulfide bridges may be another factor involved in the thermal stability of this

surface (glyco)protein.

Secondary structures. A higher content of ordered structures (e.g. helical

conformations), and fewer loops are predicted in S-layer (glyco)proteins from the

mesophilic Methanococcus voltae and Methanococcus vannielii compared to

Methanothermococcus thermolithotrophicus and Methanocaldococcus jannaschii
(Table 7.4). In contrast to most common conceptions of factors determinating

protein thermostability, the relatively low extent of ordered secondary structures

in the S-layer (glyco)proteins of the hyperthermophilic members of the Methano-
coccales suggests that they are flexible molecules. This might explain their unusual

behaviour in SDS-PAGE, where they often appear in several conformational states

in response to cations, pH and temperature (König et al. 2007).

Signal sequences for secretion.Most S-layer (glyco)proteins contain N-terminal

signal sequences which allow their secretion across the cytoplasmic membrane by

the general secretory pathway (Boot and Pouwels 1996; Fernandez and Berenguer

2000, Pohlschröder and Dilks 2007). The putative 28-amino-acid-leader-peptides of

proteins from the Methanococcales are highly conserved (Akca et al. 2002; Claus

et al. 2002; König et al. 2007). They display typical characteristics of a signal

Table 7.4 Secondary structures of S-layer (glyco)proteins from selected methanogensa

Species Helices Sheets Loops

Methanotorris igneus 14 41 46

Methanocaldococcus jannaschii 22 25 51

Methanothermococcus thermolithotrophicus 27 28 46

Methanococcus vannielii 45 19 36

Methanococcus voltae 36 27 36

Methanococcus maripaludis 17 37 46
apredicted by the PHD program, represented as percentage of total structural features
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sequence with a non-hydrophobic (n)-region, a hydrophobic (h)-core, and a charged

(c)-region with an alanine residue at the peptide cleavage site (Fig. 7.4; Bendtsen et al.

2004).

The 22- and 30-amino-acid-long signal peptides of Methanothermus fervidus
(Bröckl et al. 1991) and Methanosarcina mazei (Yao et al. 1994), respectively, are

not homologous with signal peptides of the Methanococcales. In addition to S-layer

(glyco)proteins, archaeal flagellins possess leader peptides (Correia and Jarrell

2000; Albers and Driessen 2002; Bardy et al. 2003). However, these short posi-

tively charged leader peptides consist of only 4–14 (in many cases 12) amino acids,

with an invariant glycine at the cleavage site, and have little similarity with the

signal peptides of S-layer (glyco)proteins.

Several bacteria produce excess amounts of S-layer (glyco)proteins to ensure

complete coverage of the cells during all phases of growth. The thermophilic

eubacterium Geobacillus stearothermophilus appears to produce an S-layer

(glyco)protein pool in the peptidoglycan layer (Breitwieser et al. 1992). Several

eubacteria have been reported to shed S-layer material into the culture medium

(Boot and Pouwels 1996). For the eubacterium, Acinetobacter, this occurs as a

result of an overproduction of new S-layer protein (Thorne et al. 1976). Consider-

able quantities of S-layer proteins (between about 14% and 50% of the total S-layer

protein) are released into the culture medium from Methanococcus vannielii,
Methanothermococcus thermolithotrophicus and Methanocaldococcus jannaschii
(Claus et al. 2001). For Methanothermococcus thermolithotrophicus this com-

mences early and continues throughout the growth phase. A similar pattern was

observed with the other two methanogens (data not shown).

Sequence comparisons. In general, minor structural differences were observed

in the primary and secondary structures of the S-layer (glyco)proteins of mesophilic

and hyperthermophilic Methanococcales. Most striking differences were found in

respect of the occurrence of cysteine, the amount of basic amino acid residues and

the degree of hydrophobicity.

Apart from the leader peptides, sequence alignments revealed a notable degree

of homology between the S-layer (glyco)proteins of the mesophilic up to the

thermophilic and hyperthermophilic Methanococcales especially at the N- and

C-termini. The S-layer genes of the Methanococcales shared a significant homo-

logy with the presumptive S-layer genes of the hyperthermophilic heterotrophs

Methanotorris igneus
Methanocaldococus jannaschii
Methanothermococcus thermo lithotrophicus
Methanococcus vannielii
Methanococcus voltae
Methanococcus maripaludis

MAMSLXKIGAI ⎤ AVGGAMVASA ⎤ LASGVMA ↓ ATTIG
MAMSLKKIGAI ⎤ AVGGAMVATA ⎤ LASGVAA ↓ EVTTS
MAMSLKKIGAI ⎤ AVGGAMVASA ⎤ LASGVMA ↓ ATTSG
MAMSMKKIGAI ⎤ AVGGAMVASA ⎤ LATGALA ↓ AEKVG
MAMSLKKIGAI ⎤ AAGSAMVASA ⎤ LATGVFA ↓ VEKIG
MAMSMKKIGAI ⎤ AVGGAMVASA ⎤ LATGAFA ↓ AEKVG

∗∗∗            ∗∗∗∗∗  ⎤  ∗ ∗∗∗∗∗∗          ⎤ ∗∗ ∗       ∗ ↓
n–region h–region c–region

∗

Fig. 7.4 Comparison of the leader peptides of the S-layer (glyco)proteins of Methanococcales

(from König et al. 2007)
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Pyrococcus abyssi and Pyrococcus horikoshii. No significant similarity was found

to any other archaeal S-layer (glyco)protein (Table 7.5).

Another group is formed by the S-layer (glyco)proteins of Methanosarcina
mazei and the Gram-positive methanogens Methanothermobacter thermoautotro-
phicus,Methanothermus fervidus andMethanothermus sociabilis which are related
to each other and to the sulfate-reducing hyperthermophilic Archaeoglobus fulgidus
(Claus et al. 2002).

Regulatory sequences. Putative regulatory sequences involved in transcription

and translation were examined in S-layer genes from members of the four genera,

Methanococcus, Methanothermococcus, Methanocaldococcus and Methanotorris
(Table 7.6, Claus et al. 2002; König et al. 2007). The TATA box and the “factor B

recognition element” (BRE) of the S-layer genes matched the consensus sequence

for methanogenic Archaea (Thomm 1996), however it seems they are located at

different positions within the S-layer gene sequences of the Methanococcales
(Claus et al. 2002; König et al. 2007). Several promotors have been described for

the S-layer gene of Methanococcus voltae (Kansy et al. 1994).

The putative translation start and the Shine–Dalgarno sequences have been

identified downstream from the transcription start site. The ribosome binding site

of Methanocaldococcus jannaschi, usually localized 3–9 nucleotides upstream of

the translation start site (Dalgaard and Garrett 1993), was found to be complemen-

tary to a region at the 30 terminus of the corresponding 16S rRNA. Translation is

terminated with a series of stop codons, which is a common feature of methano-

genic Archaea (Dalgaard and Garrett 1993). They are followed by a poly A/poly T

sequence, which probably leads to formation of a hair-pin structure and terminates

transcription (Akca et al. 2002; Claus et al. 2002; König et al. 2007.

Crystallization experiments. The limited number of crystal structures from

thermophiles and hyperthermophiles has hampered detailed structural comparisons

with mesophiles. Up to now it has not been possible to obtain crystals for X-ray

studies from complete S-layer (glyco)proteins. We selected the S-layer (glyco)

protein of Methanothermus fervidus for our crystallization experiments. This

species has been isolated from an Icelandic hot solfatara field. It grows optimally

Table 7.5 Sequence homology of selected S-layer (glyco)proteinsa

Species M. vol. M. van. M. the. M. jan. M. ign. P. aby. P. hor.

Methanococcus voltae (M. vol.) 44 48 38 31 23 28

Methanococcus vannielii (M. van.) 47 49 44 31 24 31

Methanothermococcus
thermolithotrophicus (M. the.)

50 49 53 40 26 29

Methanocaldococcus jannaschii
(M. jan.)

40 44 53 35 25 33

Methanotorris igneus (M. ign.) 34 35 43 39 n.d. n.d.

Pyrococcus abyssii (P. aby.) 24 25 26 26 n.d. 79

Pyrococcus horikoshi (P. hor.) 27 32 29 29 n.d. 79
aAlignments of amino acid sequences (BLAST 2.0), represented as % amino acid identity; n.d. =

not determined
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at 85�C and its S-layer may serve as a model to study the molecular strategies for

survival at high temperatures. The gene (slgA) encoding the S-layer (glyco)protein

has been sequenced (Bröckl et al. 1991) and the chemical structure of the hetero-

saccharide has been elucidated (Kärcher et al. 1993). The mature peptide is

predicted to consist of 593 amino acids resulting in a molecular mass of 65 kDa

(Bröckl et al. 1991). With mass spectroscopy (MALDI) a molecular mass of 83 kDa

was determined for the the mature glycoprotein indicating that the glycan moiety

accounts for 22%. The derived amino acid composition contains high amounts of

Asn. The heterosaccharide is composed of 3-O-methylmannose, mannose and

Table 7.6 Putative regulatory sequences for S-layer genes

Region Sequence Positiona

Promotor

a. BRE-box –CGAAA–b

Methanocaldococcus jannaschii –CGTAA– �33 to �29

Methanotorris igneus –CGTAA– �35 to �31

Methanothermococcus thermolithotrophicus –CGTAA– �35 to �31

Methanococcus vannielii –CGTAA– �40 to �36

M. voltae I –CGTAA– �34 to �30

M. voltae II –CGTAA– �33 to �29

b. TATA-box

Methanocaldococcus jannaschii –TTTATATA– �26 to �19

Methanotorris igneus –TTTATATA– �28 to �29

Methanothermococcus thermolithotrophicus –TATATATA– �28 to �21

Methanococcus vannielii –TATAATAA– �32 to �25

M. voltae I –TATATATA– �27 to �20

M. voltae II –AATAAAA– �26 to �19

Transcription start –A/TTGC–b

Methanocaldococcus jannaschii –ATAC– 1

Methanotorris igneus –ATCG– 1

Methanothermococcus thermolithotrophicus –ATCC– 1

Methanococcus vannielii –ATAC– 1

M. voltae I –ATTT– 1

M. voltae II –ATAC– 1

Shine–Dalgarno sequence

Methanocaldococcus jannaschii –AGGTGAT– 33–39

Methanotorris igneus –AGGTGAT– 37–43

Methanothermococcus thermolithotrophicus –AGGGTGA– 64–70

Methanococcus vannielii –AGGTGAA– 60–66

M. voltae I –AGGTGAT– 444–450

M. voltae II –AGGTGAT– 204–210

Translation start

Methanocaldococcus jannaschii –ATG– 45

Methanotorris igneus –ATG– 49

Methanothermococcus thermolithotrophicus –ATG– 77

Methanococcus vannielii –ATG– 72

M. voltae I –ATG– 456

M. voltae II –ATG– 216
aposition relative to the transcription start
bconsensus sequence
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N-acetylgalactosamine. For X-ray analysis it is essential to get crystals with high

quality. Crystallization experiments were conducted under microgravity conditions

(Evrard et al. 1999) using the Advanced Protein Crystallization Facilities developed

by Dornier. The crystals were successfully grown during flight STS-05 of the Space

Shuttle Discovery. Hanging drop reactors (HD-80) were used. One of the crystals

with dimensions of 30 � 20 � 5 mm was selected for X-ray analysis. The diffrac-

tion experiments were performed at the EMBL DESY synchrotron facility in

Hamburg. The crystal system is monoclinic and has the space group C2. In subse-

quent experiments we also obtained crystals from the S-layer (glyco)protein of the

mesophilic bacterium Bacillus sphaericus during flight STS-101 (Claus et al. 2001;
Debaerdemaeker et al. 2002). Peptide domains from the S-layer (glyco)protein of

Methanocarcina mazei were also successfully crystallized (Jing et al. 2002).

7.4 Methanochondroitin

Cells of Methanosarcina often form large cuboid aggregates. The shape-maintain-

ing component is a fibrillar nonsulfated polymer composed of an uronic acid and

two N-acetylgalactosamine residues (Fig. 7.5). A trimer was identified as being

the building block of the glycan (Kreisl and Kandler 1986). This polymer forms a

compact or sometimes loose matrix. Because of its resemblance to eukaryotic

tissue, especially to chondroitin sulfate, it was named “methanochondroitin”. Mod-

ifications of the methanochondroitin are due to the additional occurrence of galac-

turonic acid in the two species Methanosarcina mazei and Methanosarcina sp. G1.
Electron microscopical investigations indicated that in some species an S-layer may

be located between the cytoplasmic membrane and the methanochondroitin matrix.

Methanosarcina mazei occurs in three morphological forms: single cells, laminae

and packets (Mayerhofer et al. 1992, 1998). Since the methanochondroitin matrix

is degraded during the life cycle, leading to single disaggregated cells, the

methanochondroitin matrix is responsible for the aggregate formation (Boone and

Mah 1987).

The biosynthesis of methanochondroitin starts with the formation of UDP-

N-acetylchondrosine and UDP-glucuronic acid, followed by the transfer of

N-acetylchondrosine to UDP-N-acetylgalactosamine, thus yielding a UDP-acti-

vated trisaccharide, which possess the same structure as the repeating unit of

methanochondroitin (Fig. 7.6, König et al. 1994). The trisaccharide is subsequently

linked to the lipid carrier undecaprenol via pyrophosphate, transferred through the

cytoplasmic membrane and polymerized.

In substrate-depleted cultures of Methanosarcina barkeri, the cell wall matrix

is lost yielding spontaneous protoplasts (Archer and King 1984). During the life

cycle of Methanosarcina mazei, the matrix material is degraded leading to a

Fig. 7.5 Proposed structure of the repeating units of methanochondroitin (from König et al. 1994)
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disaggregation of the cells. For complete disaggregation, elevated concentrations of

substrate (100 mmol/L acetate or methanol) and divalent cations (Ca++) were

required (Boone and Mah 1987).

7.5 Proteinaceaous Sheaths

The filamentous chains of Methanospirillum hungatei and Methanosaeta concilii
(formerly Methanothrix soehngenii) (Patel and Sprott 1990) are held together by

a proteinaceous fibrillary sheath (Zeikus and Bowen 1975). Each single cell of

Methanospirillum is surrounded by a separate electron-dense layer. Standard tech-

niques for cell wall isolation provide pure preparations of sheath material (Kandler

and König 1978). Freeze-etched specimens showed each fibril to be composed of

two subfibrils. The isolated sheath material is resistant to detergent, chaotropic

agents and common proteases.

Isolated sheaths (Kandler and König 1978; Sprott and McKellar 1980) are

composed of amino acids and neutral sugars. Computer image processing of

tilted-view electron micrographs of isolated, negatively stained sheaths revealed a

two-dimensional S-layer-like paracrystalline structure. The structure consisted of

subunits with P1 symmetry with cellular dimensions of a ¼ 12.0 nm, b ¼ 2.9 nm,

and g ¼ 93.7� (Shaw et al 1985), or subunits arranged on a lattice with P2 symme-

try and cells with a ¼ 5.66 nm, b ¼ 2.81 nm, and g ¼ 85.6�. Treatment of isolated

sheaths at 90�C with a combination of b-mercaptoethanol and sodium dodecyl

sulfate under alkaline conditions results in the solubilization of “glue peptides” and

the liberation of single hoops, the essential structural component of the cylindrical

sheaths (Sprott et al. 1986). Imaging the inner and outer surfaces of isolated sheaths

UDP-GalNAc

UDP-GalNAc

Udp-P

UDP-GalNAc-(3 1)-GlcA

1)-GlcA

1)-GlcA

UDP-GalNAc-(4

Udp-PP-GalNAc-(4

UDP-GlcA

1)-GalNAc-(3

1)-GalNAc-(3

Fig. 7.6 Proposed biosynthetic pathway of methanochondroitin (from König et al. 1994) Udp =

undecaprenyl
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with a bimorph scanning tunneling electron microscope confirmed that the sheaths

form a paracrystalline structure, and that they consist of a series of stacked hoops of

c. 2.5 nm in width (Beveridge et al. 1990). This study also showed that the sheath

possesses minute pores and therefore is impervious to solutes with a hydrated radius

of >0.3 nm.

In cross-sections of M. concilii, the envelope appears as a double track about

25 to 30 nm in width, with a very dark inner and a more electron-transparent outer

layer. Only the inner layer participates in septum formation during cell division.

Hence, it may be assumed that only the outer, electron-transparent layer represents

a striated sheath that embraces many cells, whereas the inner layer represents a rigid

cell wall sacculus surrounding individual cells (Zeikus and Bowen 1975; Huser

et al. 1982). They also show striation not only at the cylindric part of the sacculi, but

also at the septa. This indicates that both layers seen in cross-sections of whole

cells belong to the same morphological entity, which therefore may not fit the

definition of a sheath in the strict sense of the word. Chemical analysis of isolated

envelopes revealed a complex amino acid pattern and the presence of neutral

sugars (mainly glucose and mannose), resembling the composition of the sheath

of Methanospirillum hungatei (Kandler and König 1978; Sprott and McKellar

1980). After hydrozinolysis of sheath preparations from Methanosaeta concilii
strain FE, an asparagine-rich glycoprotein fraction was obtained. This is indicative

of the presence of asparaginylrhamnose linkages on Asn-X-Ser glycosylation sites

in the sheath glycoprotein.

7.6 Conclusions

The morphological and physiological diversity of methanogens is reflected in a

remarkable diversity of their cell envelope types which are composed of different

polymers essentially composed of glucans and/or proteins (Fig. 7.7). These cell

envelopes are the result of an evolutionary adaptation to their specific environmen-

tal conditions which seem to be extreme, at least from a human point of view,

for several members of the Methanococcales. Thus, they may serve as models

to elucidate survival strategies of natural compounds and may give clues about

molecular mechanisms of resistance against high temperature, low and high pH and

high salt concentrations.

S-layers represent the most common cell wall structure of Archaea. They are the

simplest biological membranes found in nature. Some important structural differ-

ences were observed in the primary and secondary structures of the S-layer (glyco)

proteins of mesophilic and hyperthermophilic methanococci. Most striking differ-

ences were found with respect to the amount of cysteines, charged residues and

degree of hydrophobicity. One important point to consider is that the common

ancestor of Methanococcales was probably a thermophile (Keswani et al. 1996).

This pattern supports the hypothesis that mesophily is a modern adaptation and
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thermophilic structures are still conserved in mesophilic proteins. An exchange of

an amino acid in mesophilic proteins may then be simply the result of a relaxation

of selection against this amino acid which may be of importance in the hyperther-

mophilic counterparts (McDonald et al. 1999).

A wide spectrum of applications for S-layers have already emerged. Isolated

S-layer subunits assemble into monomolecular crystalline arrays in suspension, on

surfaces and interfaces. These lattices have functional groups on the surface in an

identical position and orientation in a nanometer range.These features have led to

different applications as ultrafiltration membranes, immobilization matrices for

functional molecules, affinity microcarriers and biosensors, conjugate vaccines,

carriers for Langmuir–Blodgett films and reconstituted biological membranes and

pattering elements in molecular nanotechnology (Sleytr et al. 1994). In the past, the

applied investigations have almost exclusively been performed with eubacterial

S-layers. Since archaeal S-layer (glyco)proteins resist extreme conditions, a new

spectrum of future developments with them should be found.

So far no genes of enzymes involved in the cell wall biosynthesis have been

unambigously assigned. The knowledge of the complete genome may be helpful in

the identification of special enzymes involved in the biosynthesis and degradation

of cell wall polymers.

Fig. 7.7 Cell wall profiles of methanogens. CM cytoplasmic membrane, GG glutaminylglycan,

HP heteropolysaccharide, MC methanochondroitin, PM pseudomurein, PS protein sheath, SL
S layer
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Kärcher U, Schröder H, Haslinger E, Allmeier G, Schreiner R, Wieland F, Haselbeck A, König H

(1993) Primary structure of the heterosaccharide of the surface glycoprotein of Methanother-
mus fervidus. J Biol Chem 268:26821–26826

248 H. Claus and H. König



Keswani J, Orkand S, Premachandran U, Mandelco L, Franklin MJ, Whitman WB (1996)

Phylogeny and taxonomy of mesophilic Methanococcus spp. and comparison of rRNA,

DNA hybridization, and phenotypic methods. Int J Syst Bacteriol 46:727–735

Kiener A, König H, Winter J, Leisinger Th (1987) Purification and use of Methanobacterium
wolfei pseudomurein endopeptidase for lysis of Methanobacterium thermoautotrophicum.
J Bacteriol 169:1010–1016

Kletzin A (2007) General characteristics and important model organisms. In: Cavicchioli R (ed)

Archaea – molecular and cell biology. ASM Press, Washington, DC, pp 14–92

König H (1986) Chemical composition of cell envelopes of methanogenic bacteria isolated from

human and animal feces. Syst Appl Microbiol 8:159–162

König H, Kandler O (1979) The amino acid sequence of the peptide moiety of the pseudomurein

from Methanobacterium thermoautotrophicum. Arch Microbiol 121:271–275

König H, Stetter KO (1982) Isolation and characterization of Methanolobus tindarius, sp. nov., a
coccoid methanogen growing only on methanol and methylamines. Zbl Bakt Hyg I Abt Orig C

3:478–490

König H, Semmler R, Lerp C, Winter J (1985) Evidence for the occurrence of autolytic enzymes in

Methanobacterium wolfei. Arch Microbiol 141:177–180
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Chapter 8

The Cell Envelopes of Haloarchaea: Staying

in Shape in a World of Salt

Jerry Eichler, Mehtap Abu-Qarn, Zvia Konrad, Hilla Magidovich,

Noa Plavner, and Sophie Yurist-Doutsch

8.1 Introduction

The dawning of the genome era served to firmly establish the concept of living

organisms as belonging to one of three distinct groups, namely the Eukarya, the

Bacteria, or the Archaea (Woese and Fox 1977; Woese et al. 1990; Graham et al.

2000). Previously, when the sequencing of even single genes was considered a

significant achievement, the Archaea had been largely distinguished through the

analysis of selected molecular markers, including traits associated with their cell

envelopes (Kandler and K€onig 1978, 1985, 1993; K€onig 2001). Of the various

archaeal phenotypes, the cell surfaces of halophilic archaea were amongst the best

studied, possibly due to interest on the part of researchers from a variety of

scientific disciplines in the light-driven proton pump, bacteriorhodopsin, and the

purple membrane of Halobacterium halobium (Oesterhelt and Stoeckenius 1971;

Henderson 1975), as well as other haloarchaeal retinal proteins.

Indeed, despite lying on the fringes of mainstream research (probably due to their

survival being dependent on the presence of molar salt concentrations), halophilic

archaea have served as a rich source of novel biological information. This is

particularly true of their membranes and envelopes. The unique nature of archaeal

ether-based membrane lipids was first discerned in Halobacterium cutirubrum in

1963 (Kates et al. 1963), well before the recognition of Archaea as comprising a

distinct life form. Analysis of haloarchaeal cell envelopes offered the first example

of a non-eukaryal N-glycosylated glycoprotein in the form of the Halobacterium
salinarum surface (S)-layer glycoprotein (Mescher and Strominger 1976a, b).

Studies addressing the Hbt. salinarum S-layer glycoprotein (Zeitler et al. 1998),

moreover, demonstrated the glycosylation of Asn residues other than those found in

the classic Asn-X-Ser/Thr sequon motif, where X is any residue but Pro (Gavel and
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von Heijne 1990). Furthermore, halophilic archaea have provided examples of

heterosaccharide-based cell walls not seen elsewhere (Niemetz et al. 1997).

The results of earlier biochemical and structural studies, together with today’s

availability of complete genome sequences, have served to provide considerable

insight into the biogenesis, molecular composition and roles served by the cell

envelopes surrounding different halophilic archaea. In this chapter, selected aspects

of haloarchaeal cell envelope biology will be considered.

8.2 Surface (S)-Layers

Surface (S)-layers correspond to two-dimensional crystalline arrays that, in several

haloarchaea, comprise the sole layer surrounding the cell beyond the plasma

membrane. Of the various cell envelope types reported for haloarchaea, S-layers

have been studied in most detail.

8.2.1 Structure of the Haloarchaeal S-Layer

As long ago as 1956, electron microscopy had shown the surface of Hbt. halobium
cells to be covered by a hexagon-patterned monolayer, comprising morphological

units with a spacing of approximately 17 nm (Houwink 1956). Subsequent analy-

sis of thin-sectioned haloarchaeal cells revealed the presence of a 17 nm thick cell

wall outside the plasma membrane (Stoeckenius and Rowen 1967; Steensland and

Larsen 1969; Kirk and Ginzburg 1972). Using X-ray diffraction, Blaurock

et al. (1976) demonstrated the presence of an outer protein layer lying some

8 nm from the haloarchaeal plasma membrane, with morphological subunits

assuming an inverted-parabola shape, thereby creating a periplasmic-like space.

Lactoperoxidase-catalyzed iodination of Hbt. salinarum surface proteins, together

with proteolytic treatment, revealed the S-layer to be essentially composed of

the S-layer glycoprotein (Mescher and Strominger 1976a). Indeed, while the

glycoprotein-based composition of the Halobacterium cell envelope had been

previously suggested (Koncewicz 1972; Mescher et al. 1974), it was Mescher and

Strominger (1976b) who purified and characterized the Hbt. salinarum S-layer

glycoprotein, at the same time presenting the first example of a non-eukaryal

N-glycosylated protein.

Once theHbt. salinarum S-layer had been shown to be important for maintaining

the proper shape of the cell (Mescher and Strominger 1976a), later efforts offered

a more refined view of the structure of the haloarcheal S-layer. By considering

the primary sequence of the Hbt. salinarum S-layer glycoprotein (Lechner

and Sumper 1987) and the earlier X-ray diffraction data, and with electron

microscopic images of negatively-stained cell envelopes from Halobacterium
(Haloferax) volcanii, a three-dimensional reconstruction of the haloarchaeal
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S-layer glycoprotein and cell envelope was proposed (Kessel et al. 1988). In this

model (Fig. 8.1), based on reconstruction to a resolution of 2 nm, six S-layer

glycoproteins are organized into a 4.5 nm thick dome-shaped pore around a narrow

opening at its outermost face, widening as one approaches the membrane. The

C-terminal transmembrane domain of each S-layer glycoprotein is thought to

anchor the structure to the membrane, while an O-glycosylated domain of the

S-layer glycoprotein lying upstream of the transmembrane domain is proposed to

act as a spacer unit, propping up the domed structure. The forces responsible for

maintaining the integrity of these assemblies are not known, although it has been

shown that divalent cations are somehow involved (Mescher and Strominger

1976a; Kessel et al. 1988). Subsequent tomographic reconstruction of the Hbt.
salinarum S-layer offered a more realistic portrayal of the haloarchaeal cell

envelope, given the use of intact cells maintained in their growth medium and the

high degree of sample preservation afforded by the rapid freezing associated with

this experimental technique (Trachtenberg et al. 2000). Such studies showed the

Hbt. salinarum cell envelope to assume the same basic architecture as the Hfx.
volcanii S-layer, to a resolution of 2 nm, with both species relying on a hexagonal

arrangement of the same basic morphological unit, presenting identical sixfold

symmetry and the same domed shape, with identical 15 nm center–center spacing

in both cases (Fig. 8.2). Despite these similarities in S-layer architecture, Hbt.
salinarum and Hfx. volcanii cells nonetheless assume very different shapes, with

the former appearing as rods and the latter as indented disks, implying that other

factors apart from the S-layer affect cell shape.

Fig. 8.1 Schematic model of the haloarchaeal S-layer, incorporating data collected from X-ray

analysis of cell envelopes, S-layer glycoprotein amino acid sequence information, and three-

dimensional electron microscopy reconstruction. The dome-shaped regions formed by the

N-terminal regions of the S-layer glycoprotein are separated from the plasma membrane by

O-glycosylated, threonine-rich domains of the S-layer glycoprotein that serve as “spacers.”

Reprinted from Kessel et al. (1988), with permission requested from the Nature Publishing

Group
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8.2.2 Haloarchaeal S-Layer Glycoproteins

Haloarchaeal S-layers are thought to be formed from a single glycoprotein species,

the S-layer glycoprotein (Mescher and Strominger 1976b; Sumper et al. 1990).

While genes encoding S-layer glycoproteins have been detected in those haloarch-

aeal species for which complete genome sequence information is available, only the

S-layer glycoproteins from Hbt. salinarum and Hfx. volcanii, and to a lesser extent,
that of Haloarcula japonica (Wakai et al. 1997), have been studied in detail

(cf. Eichler 2003).

a c

b d

Fig. 8.2 A three-dimensional density map of negatively stained Hfx. volcanii envelopes, as

calculated from the data of Kessel et al. (1988). (a) Top view of the S-layer. Each unit of the

six-fold symmetrical structure is marked with an asterisk. (b) View of the S-layer domes, looking

from the plasma membrane outwards. (c) Section through the S-layer domes, looking from the

outside. (d) Section through the S-layer domes, looking from the plasma membrane. Reprinted

from Trachtenberg et al. (2000), with permission from Elsevier
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The Hbt. salinarum S-layer glycoprotein is an 818 amino acid residue-long

polypeptide, synthesized as a preprotein that includes a 34 amino acid signal

peptide (Lechner and Sumper 1987). The Hfx. volcanii S-layer glycoprotein is a

794 amino acid residue-long polypeptide, and is also synthesized as a preprotein

that includes a 34 amino acid signal peptide (Sumper et al. 1990). While these

proteins are predicted to have molecular masses of 86.5 and 81.7 kDa, respectively,

both migrate at the ~190 kDa position in SDS-PAGE due to an abundance of

negatively-charged residues, an adaptation of haloarchaeal proteins that allows

proper folding in hypersaline surroundings (Lanyi 1974; Fukuchi et al. 2003).

Each protein experiences both N- and O-glycosylation, although the two polypep-

tides differ in terms of their glycosylation profiles. The Hbt. salinarum S-layer

glycoprotein contains 11 putative N-glycosylation sites, with only three sites have

been experimentally verified as being modified (Paul et al. 1986; Lechner and

Sumper 1987). An additional putative N-glycosylation site at Asn-17 was shown

to be nonmodified (Lechner and Sumper 1987). The glycoprotein is, moreover,

modified by two different N-linked glycan moieties. While Asn-2 is linked to a

repeating sulfated pentasaccharide moiety through an N-acetylgalactosamine resi-

due, other Asn residues in the protein are modified by a glucose-linked, sulfated

polysaccharide unit (Fig. 8.3). By contrast, the Hfx. volcanii S-layer glycoprotein
contains seven putative N-glycosylation sites, two of which were reported to be

modified by a linear string of glucose subunits (Sumper et al. 1990; Mengele

and Sumper 1992), although this has recently been brought into question (Abu-

Qarn et al. 2007). The glycan profiles of other Hfx. volcanii S-layer glycoprotein
N-glycosylation sites have been partially characterized, with evidence for the

presence of glucose, galactose, mannose, and idose being offered (Sumper et al.

1990; Mengele and Sumper 1992). Thus, despite their similarities at the amino acid

level (40.5% identity), the S-layer glycoproteins of the two species present very

different glycosylation profiles. Accordingly, it had been proposed that the enhanced

negative character and subsequent increase in surface charge density resulting from

the sulfated nature of the Hbt. salinarum S-layer glycoprotein N-linked glycans,

relative to their nonsulfated counterparts in Hfx. volcanii, represents an adaptation

to the enhanced saline surroundings encountered by the former species (Mengele and

Sumper 1992).

In addition to N-glycosylation, both the Hbt. salinarum and Hfx. volcanii S-layer
glycoproteins also experience O-glycosylation. In each case, glucose–galactose

pairs have been reported as decorating clustered threonine residues lying upstream

of the proposed single membrane-spanning domain located just before the

C-terminus of each protein (Lechner and Sumper 1987; Sumper et al. 1990).

8.2.2.1 Glycosylation of Haloarchaeal S-Layer Glycoproteins

With the identification of the Hbt. salinarum S-layer glycoprotein as a true

N-glycosylated polypeptide, studies aimed at defining the pathway of haloarchaeal

N-glycosylation were undertaken. These revealed significant similarities between
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the archaeal process and the well-characterized eukaryal N-glycosylation pathway

(Sumper 1987; Lechner and Wieland 1989).

In higher Eukarya, a dolichol pyrophosphate lipid carrier is sequentially charged

with seven soluble nucleotide-activated sugar subunits on the cytoplasmic face

of the endoplasmic reticulum (ER) membrane. Following a reorientation of the

lipid-linked heptasaccharide to face the ER lumen, seven more sugar subunits are

added, each delivered from their own individual dolichol pyrophosphate carrier,

previously charged in the cytoplasm and “flipped” to face the ER lumen. Once the

14-member oligosaccharide has been assembled, the entire polymer is transferred,

en bloc, to select Asn residues of nascent polypeptide targets translocating across

the ER membrane via the Stt3 subunit of the oligosaccharide transferase complex

(for review, see Burda and Aebi 1999; Helenius and Aebi 2004).

Like those involved in the eukaryal N-glycosylation process, mono- and poly-

saccharide-charged dolichol carriers have also been detected in Hbt. salinarum
(Mescher et al. 1976). The involvement of such dolichol pyrophosphate sugar

carriers in haloarchaeal S-layer glycoprotein N-glycosylation was implied from

the inhibition of this post-translational modification by bacitracin, an antibiotic

Fig. 8.3 Schematic depiction of the glycosylation experienced by the Hbt. salinarum S-layer

glycoprotein. Portrayed is the topology of the S-layer glycoprotein, the positions of the 11 Asn

residues believed to undergo N-glycosylation, as well as the heavily O-glycosylated Thr-rich

region between Thr-755 and Thr-779, as proposed (Lechner and Sumper 1987; Lechner and

Wieland 1989; Mengele and Sumper 1992). The composition of the oligosaccharide moieties

bound to the protein are presented in the inset. Abbreviations used: G, glucose; GA, glucaronic

acid; Gal, galactose; GalA, galacturonic acid; Galf, galactofuranose; GalN, N-acetylgalactosa-
mine; GN, N-acetylglucosamine; Ome, O-methyl; SO4, sulfate. Approximately one third of the

glucaronic acid units shown may be replaced by iduronic acid units. Reprinted from Eichler and

Adams (2005), with permission from the American Society for Microbiology
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that selectively interferes with the regeneration of pyrophosphate-containing

dolichols (Mescher and Strominger 1976a). The observation that membrane-

impermeant bacitracin prevented glycosylation at the Asn-2 position of the Hbt.
salinarum S-layer glycoprotein points, moreover, to a process involving steps that

occur on the outer surface of the plasma membrane, the topological homolog of

the lumen-facing leaflet of the ER membrane. Furthermore, the inability of

bacitracin to affect Hfx. volcanii S-layer glycoprotein N-glycosylation fits with

the presence of mono- and polysaccharide-charged phosphodolichol rather than

pyrophosphodolichol carriers in this species, the former not being susceptible to

the effects of bacitracin (Kuntz et al. 1997; Eichler 2001). Further evidence

pointing to the outer membrane surface as the site of S-layer glycoprotein

N-glycosylation came with the modification of membrane-impermeant, synthetic

glycosyl acceptor peptides (Lechner et al. 1985a). Later studies employing the

glucosyltransferase inhibitors amphomycin, PP36 and PP55 also concluded that

glycosylation of Hfx. volcanii glycoproteins, including the S-layer glycoprotein,

occurs on the outer cell surface (Zhu et al. 1995). By contrast, the sulfation

experienced by a lipid-linked oligosaccharide in Hbt. salinarum, identical in

composition to the sulfated oligosaccharides decorating the S-layer glycoprotein,

is thought to take place in the cytoplasm (Lechner et al. 1985a). Similarly, the

transient methylation experienced by the lipid-bound sulfated oligosaccharide is

also predicted to occur in the cytoplasm. While the role of this transient methyla-

tion is not known, its prevention hindered Hbt. salinarum S-layer glycoprotein

glycosylation (Lechner et al. 1985b). Moreover, such modification of a lipid-

linked polysaccharide prior to its assumed transfer to the target protein seems to

be unique to Archaea, as such processing does not occur in Eukarya (Varki 1998).

Other aspects of the N-glycosylation process unique to Archaea include the ability

of the Hbt. salinarum machinery to modify glycosylation motifs apart from the

classic Asn-X-Ser/Thr sequon, where X is any residue but proline (Gavel and von

Heijne 1990), demonstrated by the modification of the S-layer glycoprotein Asn-2

position despite the Ser residue found at position 4 being replaced by Val, Leu or

Asn residues (Zeitler et al. 1998).

More recently, detailed efforts at deciphering the process of S-layer glycoprotein

N-glycosylation at the level of individual pathway components have been initiated,

using Hfx. volcanii as the model system. Abu-Qarn and Eichler (2006) scanned the

Hfx. volcanii genome sequence for homologs of genes whose products are involved

in N-glycosylation in Eukarya or in the recently described parallel process in

Bacteria. Homologs of genes encoding participants in both systems were thus

identified. In some cases, only single Hfx. volcanii homologs were detected,

whereas in other instances, families of homologous sequences were detected.

Reverse-transcriptase polymerase chain reactions confirmed the transcription of

the vast majority of these sequences in cells grown to exponential phase in rich

medium, indicative of the identified sequences corresponding to true genes. Differ-

ential transcription of these genes in response to other growth paradigms suggests

that N-glycosylation may serve an adaptive role in Hfx. volcanii (see below).

Employing a gene deletion approach recently developed for use with Hfx. volcanii
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(Allers et al. 2004), together with a variety of biochemical detection techniques,

direct demonstration of the involvement of several of the identified genes in

N-glycosylation was provided. Finally, the finding that homologs of the various

Hfx. volcanii sequences shown to be or suspected of being involved in N-glycosyla-
tion are also present in other haloarchaea, namely Halobacterium sp. NRC-1 (Ng

et al. 2000), Haloarcula marismortui (Baliga et al. 2004), and Natronomonas phar-
aonis (Falb et al. 2005), implies that those gene products implicated in N-glycosyla-
tion in Hfx. volcanii may also serve similar roles in other halophilic archaea.

Of the different Hfx. volcanii genes implicated in N-glycosylation, experimental

evidence for specific roles of several of the encoded proteins is now beginning

to emerge. Relying on glycostaining, lectin-binding or radiolabeled sugar incorpora-

tion, it could be shown that deletion of aglD affected glycosylation of the S-layer

glycoprotein (Abu-Qarn and Eichler 2006; Abu-Qarn et al. 2007). Mass

spectrometry, however, offers the strongest support for the involvement of AglD

in the N-glycosylation of the Hfx. volcanii S-layer glycoprotein. Mass spectrometry

analysis of protease-generated S-layer glycoprotein peptides revealed the presence

of a novel pentasaccharide, comprising two hexoses, two hexuronic acids and

an additional 190 Da saccharide, decorating at least two of the seven putative

N-glycosylation sites of the S-layer glycoprotein and not identified in earlier

characterization of the protein (Sumper et al. 1990; Mengele and Sumper 1992).

When, however, the glycan moiety decorating the same S-layer glycoprotein-

derived peptides from cells lacking AglD was considered, the final hexose subunit

of the pentasaccharide was shown to be absent (Abu-Qarn et al. 2007). Thus, AglD

is involved in adding the ultimate sugar unit to this oligosaccharide. Similarly,

mass spectrometry analysis failed to observe N-glycosylation of the same S-layer

glycoprotein-derived peptides from cells deleted of aglB, encoding the Hfx.
volcanii Stt3 homolog and sole component of the oligosaccharide transferase in

Archaea, the eukaryal version of which is responsible for transferring assembled,

lipid-linked oligosaccharides to target protein asparagine residues (Abu-Qarn et al.

2007).

Examination of the effects of aglB and aglD deletion on S-layer architecture

and integrity suggests that proper N-glycosylation is important for the assembly

and stability of the Hfx. volcanii cell envelope (Abu-Qarn et al. 2007). In cells

lacking AglB and hence unable to perform N-glycosylation, the S-layer glycopro-
tein is released into the growth medium both more rapidly and to a greater extent

than what is observed in the background strain. On the other hand, cells lacking

AglD present a less-ordered S-layer than do either cells fully able to N-glycosy-
late proteins, i.e., the background strain, or cells incapable of performing this

post-translational modification, i.e., cells lacking AglB, as revealed by electron

microscopy and tomography (Fig. 8.4). Finally, cells in which either AglB or

AglD are absent grow slower than do background cells as the salt concentration in

the growth medium rises from 1.7 to 4.5 M NaCl. Taken together, these findings

imply that proper N-glycosylation of the S-layer glycoprotein represents a molec-

ular adaptation designed to encourage haloarchaeal survival in hypersaline

conditions.
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8.2.2.2 Lipid Modification of Haloarchaeal S-Layer Glycoproteins

In addition to glycosylation, haloarchaeal S-layer glycoproteins also experience

post-translational lipid modification. This was clearly shown when incubation of

Hbt. salinarum with [3H]-mevalonate, as well as with other tritiated lipid tracers,

led to selective incorporation of radiolabel into the S-layer glycoprotein (Kikuchi

et al. 1999). Mass spectrometric analysis of the linked radioactive entity revealed it

to be a novel diphytanylglycerol phosphate. Attempts to define the site of this

modification localized the added lipid to a 28 kDa trypsin-generated fragment

derived from the C-terminal region of the protein (residues 731–816). While the

mode of lipid attachment to the S-layer glycoprotein remains unknown, it is thought

to involve phosphodiester-based linkage to either a Ser or Thr residue. As such, it

appears that in addition to the single predicted membrane-spanning domain located

close to the C-terminus of the haloarchaeal S-layer glycoproteins, a lipid-based

moiety also anchors the protein to the membrane. Furthermore, given the sequence

similarity of the same C-terminal region in the Hfx. volcanii and Haloarcula
japonica S-layer glycoproteins (Lechner and Sumper 1987; Sumper et al. 1990;

Wakai et al. 1997), it was predicted that these two proteins also experience

similar lipid modification (Kikuchi et al. 1999). Indeed, in the case in Hfx. volcanii,
lipid modification was subsequently demonstrated (Eichler 2001; Konrad and

Eichler 2002).

Fig. 8.4 Modified S-layer glycoprotein N-glycosylation affects Hfx. volcanii S-layer architecture.
Left panels: Hfx. volcanii WR536 cells (bkgnd); middle panels: the same cells lacking AglD

(–aglD); right panels: the same cells lacking AglB (–aglB). Top panels: Electron micrographs of

cells envelopes. Bottom panels: X–Y slices, 6.5 nm in thickness, from tomograms of intact cells. In

each panel, the arrow points to the plasma membrane while the arrowhead points to the outer edge
of the surface layer. The bar in both left panels corresponds to 100 nm. Parts of this figure were

previously published in Abu-Qarn et al. (2007) and are reproduced with permission
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Further advances in understanding the process of lipid modification of haloarch-

aeal S-layer glycoproteins came from later studies addressing the biogenesis of

the Hfx. volcanii S-layer glycoprotein. Relying on [35S] pulse-chase metabolic

radiolabeling and treatment with the ribosome-directed antibiotic, anisomycin,

the S-layer glycoprotein was shown to undergo a maturation step on the outer

surface of the plasma membrane, reflected as an increase in the hydrophobicity and

apparent molecular weight of the protein (Eichler 2001). The subsequent finding

(Konrad and Eichler 2002) that (1) growth in the presence of [3H] mevalonic acid

resulted in radiolabel being incorporated into the S-layer glycoprotein (Fig. 8.5),

and (2) mevinolin, an inhibitor of 3-HMG-CoA reductase (the enzyme responsible

for converting acetyl-CoA into mevalonic acid), is able to prevent the maturation of

the S-layer glycoprotein as described above, both point to lipid attachment being a

late step in the biogenesis of the protein, occuring following its translocation across

and insertion into the plasma membrane. Moreover, lipid anchor attachment does

not occur in the absence of Mg2+ (Eichler 2001), the presence of which is important

for maintaining haloarchaeal S-layer integrity (Mescher and Strominger 1976a;

Kessel et al. 1988). Finally, the finding that the Hbt. salinarum S-layer glycoprotein

undergoes a similar lipid modification maturation step (Konrad and Eichler 2002)

suggests that this process may be a step common to S-layer glycoprotein biogenesis

in haloarchaea.

Fig. 8.5 The Hfx. volcanii
S-layer glycoprotein is

lipid-modified. Aliquots of

Hfx. volcanii cells grown in

the presence of [3H]

mevalonic acid were

separated by SDS-PAGE and

examined by fluorography

([3H]mevalonic acid),

immunoblotting with

anti-S-layer glycoprotein

antibodies (anti-SLG) or

periodic acid–Schiff reagent

glycostaining (PAS). The

positions of 250, 150, 100 and

75 kDa molecular weight

markers are shown on the

right
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8.2.2.3 A Periplasmic Space in Haloarchaea

As discussed above, the architecture of the haloarchaeal S-layer in at least two

species, namely Hbt. salinarum and Hfx. volcanii, implies the existence of a

periplasmic space between the plasma membrane and the inner surface of the

S-layer surrounding the cell. The presence of such a structural compartment carries

implications for a variety of cell processes in haloarchaea, including the post-

translational modification and oligomerization of proteins. Although the presence

of multimeric protein machines on the outer surface of the haloarchaeal plasma

membrane has not been reported, it is conceivable that such complexes would

exploit the existence of a physical barrier, i.e., the S-layer, to prevent the diffusion of

any exported complex subunits, thereby encouraging controlled oligomer assembly.

The existence of a periplasmic space would also permit the agents of post-

translational modification to act on target proteins in an orderly fashion, possibly

distinct from the process of protein translocation and folding. As such, the demand

for multiple protein processing events to occur simultaneously or within the short

window of time before a secreted substrate is released to the extracellular world

would be circumvented. Moreover, the existence of a periplasmic space in

haloarchaea could represent a compartment where elaborate nutrient capture,

breakdown, and uptake machines could work in tandem. Indeed, such coupled

strategies in the early phases of nutrient metabolism have been proposed to occur

in other archaeal phenotypes (Albers and Driessen 2005).

8.3 Other Haloarchaeal Cell Envelopes

In addition to relatively simple S-layers, other cell envelope structures are used by

halophilic archaea, although such structures have been less well studied to date.

Nonetheless, what is presently known reveals the great variety possible in haloarch-

aeal cell envelope composition.

8.3.1 The Heteropolysaccharide Cell Wall of Halococcus
morrhuae

Halococcus morrhuae are coccoid haloarchaea surrounded by an electron-dense

layer some 50–60 nm wide, forming a rigid cell wall sacculus (cf. Kandler and

K€onig 1993). The realization in the early 1970s that these cells walls did not contain
peptidoglycan, a major component of bacterial cell walls, was an initial pillar on

which the establishment of the Archaea as a distinct phylogenetic kingdom

rested (cf. Wolfe 2006). The chemical composition of purified cell walls

from H. morrhuae stain CCM 859 has since been determined (Steber and Schleifer

1975; Schleifer et al. 1982) and shown to contain glucose, mannose, galactose,
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glucuronic acid, galacturonic acid, glucosamine, and gulosaminuronic acid, an

aminouronic acid. While its structure has yet to be fully solved (Kandler and

K€onig 1998), the heteropolysaccharide is thought to be arranged into three domains

(Schleifer et al. 1982) and to include sulfated subunits and N-acetylated amino

sugars (Fig. 8.6a). In addition, this rigid cell wall also contains significant amounts

of glycine, proposed to bridge the amino groups of glucosamines and the carboxyl

groups of uronic or gulosaminuronic acid residues in the glycan strands (Steber and

Schleifer 1979). Presently, nothing is known of the biosynthesis of this sulfated

heterosaccharide.

8.3.2 The Cell Wall of Natronococcus occultus Contains
a Novel Glycoconjugate

Natronococcus occultus is a haloalkalophile, optimally surviving in hypersaline

environments with pH values between 8.5 and 10 (Tindall et al. 1984) and

surrounded by a cell wall unique amongst the Archaea, comprising L-glutamate,

N-acetyl-D-glucosamine, N-acetyl-D-galactosamine, D-galacturonic acid, D-glu-

curonic acid, and D-glucose in a molar ratio of 5:7:1:8:0.5:0.3 (Niemetz et al.

1997). The novel glycoconjugate comprising this cell wall polymer is formed

from a 60 residue-long poly(g-L-glutamine) chain linked to two distinct hetero-

saccharides via N-amide linkages to the a-carboxylic group of the glutamine

residues (Fig. 8.6b). Alternatively, two different poly(g-L-glutamine) chains may

be linked to either heterosaccharide moiety. Here too, nothing is known of the

biosynthesis of the cell wall polymer.

8.3.3 A Water-Enriched Capsule May Surround Haloquadratum
walsbyi Cells

Most thalassic (seawater-derived) NaCl-saturated environments are dominated by

Haloquadratum walsbyi, the recently isolated and sequenced square, nonmotile

pigmented halophilic archaeon (Oren et al. 1996; Anton et al. 1999; Benlloch et al.

2001; Bolhuis et al. 2004, 2006; Burns et al. 2004). With an ability to tolerate up to

2 M MgCl2, H. walsbyi can survive conditions of very low water activity and, as

such, is the last living organism remaining in crystallizer ponds before they turn

into sterile, magnesium-saturated pools (Javor 1984; Oren 2002). The success of

H. walsbyi in such low water environments may be related to a cell envelope that

includes halomucin, a protein reminiscent of animal mucins in terms of amino acid

sequence and domain organization (Bolhuis et al. 2006). Halomucin may thus

correspond to a specific adaptation to desiccation stress, functioning much like

the mucin-based cocoon of lungfish, able to avoid dehydration and stay alive even

after prolonged periods outside water (Chew et al. 2004). Consistent with its
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sequence and possible functional resemblances to mucins, halomucin contains

numerous putative N-glycosylation and sulfation sites. It is thought that such

modifications would further contribute to the overall negative charge of the protein,

thereby encouraging the creation of an aqueous shield to cover H. walsbyi cells.

a

b

Fig. 8.6 The proposed structures of haloarchaeal cell wall polymers. (a) Proposed structure of

the sulfated heterosaccharide comprising the Halococcus morrhuae cell wall, based on Schleifer

et al. (1982) and Kandler and K€onig (1993). Abbreviations used: Gal, galactose; GalNAc,

N-acetylgalactosamine; Glc, glucose; GlcNAc, N-acetylglucosamine; Gly, glycine; GulNAc,

N-acetylgulosaminuronic acid; Man, mannose; UA, uronic acid. The three domains of the

polymer are denoted. (b) Proposed structure of the polyglutamine-linked heterosaccharide

comprising the Natronococcus occultus cell wall, based on Niemetz et al. (1997) and Kandler

and K€onig (1998), complete with linkages. Abbreviations used: GalNAc, N-acetylgalactosamine;

Glc, glucose; GlcNAc, N-acetylglucosamine; GalA, galacturonic acid; Gln, glutamine
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Indeed, a similar role has been attributed to the glycan moieties attached to the

major glycosylated membrane-bound protein species coating the cell-wall-lacking

thermoacidiphilic archaeon Thermoplasma acidophilum (Yang and Haug 1979). As

noted above, the increased negative charges emanating from sulfation of Hbt.
salinarum S-layer glycoprotein glycan moieties has also been cited as contributing

to the ability of this species to survive in hypersaline surroundings (Mengele and

Sumper 1992). Animal mucins also often contain sialic acids, compounds which

form rigid structures capping the end of the polysaccharide side chains decorating

mucins (Sheehan et al. 1991). Although widespread in Eukarya (Sheehan et al.

1991; Sampathkumar et al. 2006) and reported in some Bacteria (Vimr et al. 2004),

sialic acids have yet to be detected in archaea. Thus, despite the fact that

the H. walsbyi genome includes homologues of the two essential sialic acid

biosynthesis genes, i.e., neuA and neuB (Bolhuis et al. 2006), it remains to be

determined whether halomucin contains sialic acids. H. walsbyi also encodes two

shorter homologues of halomucin and at least fourteen S-layer glycoprotein

homologues that may also participate in the cell envelope of this species. Finally,

H. walsbyi may also be surrounded by a poly-g-glutamate capsule, given the

presence of genes homologous to bacterial sequences involved in the biosynthesis

of this polymer (Ashiuchi and Misono 2002).

8.4 Conclusions

Over some three decades, the haloarchaeal cell envelope has provided novel insight

into a wide range of biological processes in archaea, and, indeed, across evolution.

There is no reason to doubt that future studies relying on this amazing biological

structure as a model system will continue to reveal new information. With the ever-

increasing availability of genome- and proteome-wide analytic tools, such investi-

gations will be able to follow changes in the composition, behavior and stability of

the haloarchaeal cell envelope in response to a variety of environmental and

physiological challenges, thereby providing a deeper understanding of this frontier

between the haloarchaeal cell and its hypersaline surroundings.
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Chapter 9

Cell Envelopes of Crenarchaeota

and Nanoarchaeota

Reinhard Rachel

9.1 Introduction

Within the domain Archaea, the Crenarchaeota are a well-defined kingdom, based

on sequence data and biochemical and physiological investigations. This kingdom

comprises, according to our current knowledge, at least three orders: the Sulfolo-

bales, the Thermoproteales, and the Desulfurococcales. Essentially, this classifica-

tion was suggested more than ten years ago (Burggraf et al. 1997), and was based on

phylogenetic analyses by 16S rRNA sequence comparisons. The current phyloge-

netic status of all microbial species which – based on the same criterion – belong to

the Crenarchaeota is perfectly in line with the earlier data and was recently

summarized (Huber 2006). In this compilation, six genera were allocated to the

order Sulfolobales, six genera to the Thermoproteales, and 13 to the Desulfurococ-

cales. In addition, Ignisphaera aggregans (Niederberger et al. 2006) was described
and, arbitrarily, affiliated with the Desulfurococcales; in fact, its affiliation to this

group is still uncertain, and might be re-evaluated when more isolates of this genus

or related to this genus are known and characterized. Preliminary ultrastructural

data confirm its similarity to other Crenarchaeota (A. Klingl, H. Morgan, and

R. Rachel, unpublished).

In general, phylogenetic comparison of microorganisms, based on ribosomal

RNA sequence data, is a reliable and robust method for most genera. It can be

performed fairly easily nowadays, a large database is available (Ludwig et al.

2004), and the data correlate well with phylogenetic data based on other genes.

Early protein sequence comparisons were performed on the sequence of the a and

the b subunits of the H+-ATPase, providing a first hypothesis of the possible root of

the phylogenetic tree (Gogarten et al. 1989; Iwabe et al. 1989). Later, detailed
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analyses were carried out, e.g. with concatenated sequence data of ribosomal

proteins or the full sequence of the elongation factor 2 (EF2; Waters et al. 2003;

Elkins et al. 2008). More recently, even whole genomes have been compared (Snel

et al. 2005). Essentially, the same phylogenetic tree was obtained for the crenarch-

aeal genera known today, underlining the validity of the current model.

Additional microorganisms have been described which – according to genome

data – belong to or are in close vicinity to the Crenarchaeota. At present, a deep

branch is emerging, the non-thermophilic terrestrial and marine Crenarchaeota

(Schleper et al. 2005; Leininger et al. 2006). These are isolates whose relationship

to the Crenarchaeota is solely based onmolecular data, e.g. the sequence of the rRNA

and of amoA, a gene coding for ammonia monooxygenases, enzymes important in

ammonium oxidation. The isolates are “Candidatus Cenarchaeum symbiosum”

(Preston et al. 1996; Hallam et al. 2006), “Candidatus Nitrosopumilus marinus”

(Könnecke et al. 2005), and “Candidatus Nitrososphaera gargensis” (Hatzenpichler
et al. 2008). The question was raised whether they are part of the branch of the

Crenarchaeota, or whether they form an independent branch or even kingdom, for

which a new name was proposed (“Thaumarchaeota”; Brochier-Armanet et al.

2008). At present, this is under discussion. No ultrastructural data for these species

are published yet, which would provide a detailed view of their cell wall structure.

Therefore, no structural details are included in this review.

Two other isolates are different in their genomes, physiology, and morphology,

and are, therefore, not attributed to the Crenarchaeota. Supposedly, they are mem-

bers of novel kingdoms. These are Nanoarchaeum equitans, of the Nanoarchaeota
(Huber et al 2002), and “Candidatus Korarchaeum cryptofilum”, of the Korarch-

aeota (Elkins et al 2008).

9.2 General Considerations on the Cell Envelope

The focus of this chapter is on the organization of the cell envelope and the

molecules involved. According to earlier papers and reviews, we define as cell

wall the lipid membrane and all macromolecules outside of the membrane. Since

the first studies, some dating back to the 1950s, it has become evident that Archaea

are fundamentally different to Bacteria in the components and architecture of the cell

envelope: they contain isoprenyl di- and tetraether glycerol-based lipids (Boucher

2007); they lack muramic acid and a lipopolysaccharide-containing outer membrane

(Kandler and Hippe 1977; Kandler and König 1978, 1993); and cells of Halobacter-
ium (Houwink 1956) and of Sulfolobus (Weiss 1973, 1974) were found to be covered

by a regular surface layer (S-layer). The surface layer glycoprotein ofHalobacterium
salinarum was the first glycoprotein discovered in prokaryotes (Mescher and

Strominger 1976a; Mescher and Strominger 1976b). The phylogenetic diversity

of all Archaea is reflected in a large diversity of cell envelope types, which have

been summarized in various reviews, e.g. recently in König et al. 2007 (see

also Baumeister et al 1989; Eichler 2003; Kandler and König 1993; Lechner and
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Wieland 1989; Messner and Schäffer 2003). Initially, the novel cell wall structures

were viewed as curiosities, and their taxonomic significance was not realized until

the concept of the Archaea was published (Woese 1987). In fact, the results of cell

wall studies correlate with our current view of the phylogeny of the prokaryotes.

Within the Archaea, many species possess proteinaceous surface layers (Baume-

ister and Lembcke 1992; Beveridge and Graham 1991; Kandler and König 1993;

Messner and Sleytr 1992; Sumper and Wieland 1995).

If the view is restricted, as for the purpose of this article, to the domain of the

Crenarchaeota, it is evident that for almost all species known today – with two notable

exceptions, Thermosphaera aggregans and all species of the genus Ignicoccus –

S-layers are distinct and prominent parts of the cell envelope. S-layers, by definition,

are surface layers: regular, two-dimensional crystalline arrays of proteins. They are

directly associated with or anchored in the cytoplasmic membrane (Fig. 9.1) and

composed of many identical copies of a single or of two protein species, which are

often glycosylated. For the species of the Crenarchaeota described, the S-layers

(König et al. 2007) were shown to contain morphological building blocks, each of

which is composed of six, four, or three subunits of one type of a (glyco-)protein.

Accordingly, the symmetry axis with the highest symmetry is p6, p4, or p3 (Fig. 9.2;

Table 9.1). In most species, the S-layer is the sole cell wall polymer; it is anchored

into the cytoplasmic membrane by an elongated, filamentous protrusion, spanning the

quasi-periplasmic space between the S-layer and the membrane (Fig. 9.1).

c

a b

Fig. 9.1 Ultrathin sections of cells of (a) Metallosphaera sedula, (b) Pyrobaculum aerophilum
and (c) Simplified model of the cell wall profile of the Crenarchaeota known today. SL, S-layer,

Pp, periplasm, CM, cytoplasmic membrane. Bar: 200 nm
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a b c

Fig. 9.2 “Correlation averages” deduced from electron micrographs of negatively stained S-layer

sheets from (a) a Sulfolobus strain, (b) an Aeropyrum strain, and (c) a Pyrobaculum strain. Dark:
negative stain; white: protein. The images show the representative arrangement of S-layer sub-

units. Type of symmetry: (a) p3; (b) p4; (c) p6

Table 9.1 Characteristic features of crenarchaeal S-layers

Genus/species Symmetry Center–center

(nm)

Width of

periplasm (nm)

Sulfolobales

Sulfolobus sp. p3 20–21 20–25

Metallosphaera sp. p3 21 25

Acidianus brierleyi p3 21 25

Thermoproteales

Pyrobaculum organotrophum p6 ~30 25

Pyrobaculum islandicum p6 ~30 25

Thermoproteus tenax p6 ~30 25

Thermofilum sp. p6 27 25

Desulfurococcales

Desulfurococcus mobilis p4 18 30

Staphylothermus marinus p4 36 60–70

Aeropyrum pernix p4 19 30

Pyrolobus fumarii p4 18.5 45

Pyrodictium sp. p6 21 35

Hyperthermus butylicus p6 25 20 (?)

Ignicoccus sp. – – 20–400

Candidatus “Cenarchaeum
symbiosum”

? ? ?

Candidatus “Nitrosopumilus

marinus”

? ? ?

Candidatus “Nitrososphaera
gargensis”

? ? ?

Nanoarchaeum equitans p6 16 20

Candidatus “Korarchaeum
cryptofilum”

p6? ~14 ?
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The center-to-center spacing varies among the known genera and species between

about 18 nm (Desulfurococcus mobilis; Wildhaber et al. 1987), about 21 nm (species

of the Sulfolobales), about 30 nm (most species of the order Thermoproteales, such as

Thermoproteus tenax (Messner et al. 1986; Wildhaber and Baumeister 1987) or

Pyrobaculum islandicum (Phipps et al. 1990)), and up to 36 nm (Staphylothermus
marinus; Peters et al. 1995). The molecular masses of the surface proteins range from

40 to 325 kDa (Messner and Sleytr 1992).

For one crenarchaeal species, a strain of Sulfolobus, a first detailed characteriza-
tion of the S-layer was published in the early 1980s (Taylor et al. 1982). Soon, the

technique of protein electron crystallography became routinely applicable, and a

number of structural studies were conducted on the cell wall of various crenarchaeal

isolates, belonging to all three orders, the Sulfolobales, the Thermoproteales, and

the Desulfurococcales. Today, the two- and three-dimensional structures of isolated

S-layer sheets have been studied in numerous species by electron crystallogra-

phy: S. acidocaldarius (Deatherage et al. 1983; Lembcke et al. 1990; Taylor et al.

1982), S. solfataricus (Prüschenk and Baumeister 1987), Sulfolobus shibatae
(Lembcke et al. 1993), Acidianus brierleyi (Baumeister et al. 1991), T. tenax
(Messner et al. 1986; Wildhaber and Baumeister 1987), P. islandicum (Phipps

et al. 1990), Pyrobaculum organotrophum (Phipp et al. 1991), Desulfurococcus
mobilis (Wildhaber et al. 1987), Pyrodictium occultum (Hegerl and Baumeister

1988), Pyrodictium brockii (Dürr et al. 1991), and Hyperthermus butylicus
(Baumeister et al. 1990). Complementary structural information was obtained

by studying freeze-fractured or freeze-etched cells, ultrathin sections, and freeze-

dried and heavy-metal-shadowed isolated S-layer sheets. Structural information at

lower resolution is available for some newer isolates such as Pyrobaculum aero-
philum (Völkl et al. 1993), Pyrodictium abyssi (Rieger et al. 1995), and Pyrolobus
fumarii (Blöchl et al. 1997). In some studies, the arrangement of the subunits is

characteristic of the genus (e.g. Pyrodictium vs. Pyrolobus vs. Hyperthermus).
In other cases, it is similar or identical in all species of the genera belonging to a

family (Thermoproteus and Pyrobaculum within the Thermoproteaceae; Sulfolo-
bus, Acidianus and Metallosphaera within the Sulfolobaceae). These results

indicate that, at least for the phylogenetic group discussed here, the domain

Crenarchaeota, the S-layer structure correlates with the organism’s phylogeny

(Baumeister and Lembcke 1992), as determined by sequencing the ribosomal

DNA. As far as is known today, this similarity in the quarternary structure, as

observed by TEM, is not reflected in a similarity on the gene or protein level of the

major S-layer protein (Veith et al. 2009, under revision).

These electron microscopy studies revealed the structural data available today.

Structural data are missing so far for Candidatus Cenarchaeum symbiosum, for

Candidatus Nitrosopumilus marinus, and for Candidatus Nitrososphaera gargensis.
Preliminary data are available for CandidatusKorarchaeum cryptofilum: these cells

possess an S-layer with unknown symmetry (possibly p6), and a lattice constant of

16 nm (Elkins et al. 2008). The biochemical structure of a crenarchaeal S-layer

glycoprotein has been determined in detail for Staphylothermus marinus (Peters

et al. 1995), and for three Sulfolobales species (Veith et al 2009, under revision).
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In the following sections, the S-layer structures of Crenarchaeota are described in a

phylogenetic context.

9.3 The S-Layers of Crenarchaeota

9.3.1 Sulfolobales

The S-layer of Sulfolobus acidocaldarius (Weiss 1973, 1974) was first isolated by

lysing the cells with SDS (0.15%), DNase digestion, and repeated treatment of the

S-layer sheets with SDS. Following disintegration in phosphate buffer pH 9 at

60�C, the solubilized S-layer protein was purified by size-exclusion chromatogra-

phy (Michel et al. 1980). Chemical analysis revealed the S-layer to be composed of

a single glycoprotein occurring in two modifications of apparent molecular masses

of about 140 and 170 kDa, respectively. The glycoproteins contained high levels of

serine and threonine and low levels of basic amino acids and dicarboxylic amino

acids (Michel et al. 1980). Evidence was provided for the presence of a second

protein subunit which may anchor the S-layer into the cell membrane of S. acido-
caldarius (Grogan 1996).

The first electron micrographs of purified S-layers of S. acidocaldarius were

interpreted such that the subunits were arranged on a hexagonal lattice, with a two-

sided plane group p6, and a 22-nm unit cell dimension. The three-dimensional

structure of the S-layer, elucidated in one of the first electron crystallography

studies on biological objects (Deatherage et al. 1983; Taylor et al. 1982), showed

dimeric building blocks, arranged to form a series of hexagonal and triangular

holes. This first 3D structure of an archaeal S-layer identified a feature that has

subsequently been found to occur in many archaeal S-layers: the external surface is

fairly smooth, while the surface facing to the interior of the cell appears “rough”,

exhibiting large dome-shaped cavities and protruding “pedestals”, which are known

to anchor the S-layer into the lipid bilayer of the cytoplasmic membrane (Baumeister

and Lembcke 1992). The protein substructure consists of three types of globular

domains, diad (D), triad (T), and ring region (R), connected by narrow bridges.

These may act as “hinges,” allowing the S-layer to form a curved surface (Sulfolobus
cells are lobed) and to follow the movements of the cell surface during growth.

Similar results were subsequently obtained for the S-layer of Sulfolobus solfataricus
(Prüschenk and Baumeister 1987). It is noteworthy that the larger pores of the

S-layer have the same diameter as pili (Weiss 1973). Pili have been observed that

might attach cells to sulfur crystals (Weiss 1973), and, recently, that are involved in

cell–cell contacts: Sulfolobus treated with UV radiation formed aggregates (Fröls

et al. 2007), and, concomitantly, pili were observed on cell surfaces.

The interpretation that the S-layers of Sulfolobus species had sixfold symmetry

was later shown to be preliminary (Baumeister and Lembcke 1992; Lembcke et al.

1990, 1993). By improving the technique of sample preparation, image recording
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using cryo-electron microscopy, and refining the image processing methods of the

electron micrographs (including image classification), it became clear that the

S-layer of S. acidocaldarius had “only” threefold symmetry (Lembcke et al. 1990).

The S-layer of S. shibatae was also found to have p3 symmetry and the same fine

structure (distribution of protein mass) as determined for S. acidocaldarius. The
protein complexes were found to be arranged as in a mosaic, with frequent occur-

rence of twin boundaries (neighboring unit cells are rotated by 120�) and distortions
(unit cells on one lattice line are slightly displaced and rotated relative to each other)

(Lembcke et al. 1993).

It has now been established that the S-layers of the phylogenetically related

organisms of this order (Fig. 9.3), S. acidocaldarius, S. solfataricus, S. shibatae,
A. infernus (see Figs. 9.2a and 9.4a; R. Rachel and H. Huber, unpublished results),

A. brierleyi (Baumeister et al. 1991), Metallosphaera sedula, and Metallosphaera
prunae (Fuchs et al. 1995), all have a distinctive structural similarity to each

other. Their fine structure and mass distribution, the unique p3 symmetry, the

center-to-center distance of about 21 nm, and the width of their periplasm (about

25 nm) are almost identical (Baumeister and Lembcke 1992). These structural

characteristics appear to be common to many, if not all species belonging to the

crenarchaeal order Sulfolobales.

Sulfolobus,
Metallosphaera,
Acidianus:
p3, ~ 21 nm

Thermoproteus,
Pyrobaculum:
p6, 30 nm

Thermococcales

Methanococcales

Ignicoccus:
outer membrane,
no S-layer

Pyrolobus:
p4, 18.5 nm
Pyrodictium:
p6, 21 nm

Nanoarchaeum:
p6, 16 nm

other Euryarchaeota

Crenarchaeota

Korarchaeum:
p6, 16 nm

Fig. 9.3 Phylogenetic tree of those Archaea which have been cultivated and characterized, with a

focus on the Crenarchaeota, based on 16S rDNA sequences. Data compilation by Harald Huber

and Reinhard Rachel
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9.3.2 Desulfurococcales

For Desulfurococcus mobilis, the S-layer was shown to exhibit p4 symmetry and a

rather open meshwork of protein, with a lattice of 18 nm (Wildhaber et al. 1987).

Two other species in this order also have an S-layer with p4 symmetry, although

with a different fine structure. Pyrolobus fumarii, an archaeon with a Tmax of 113
�C,

has an S-layer with a lattice of 18.5 nm; it encloses a 40-nm-wide “quasi-periplas-

mic space” (Blöchl et al. 1997). The Staphylothermus marinus S-layer is composed

of a unique glycoprotein, named “tetrabrachion”, which was intensively studied by

biochemical methods, gene sequencing, and electron microscopy (Peters et al.

1995, 1996). The morphological subunits appear as a branched filiform meshwork.

They form a canopy with a distance of about 70 nm from the cell membrane, thus

enclosing a fairly large “quasi-periplasmic space” (Mayr et al. 1996). The morpho-

logical subunit is a tetramer of polypeptides (Mr 92 kDa), forming a parallel, four-

stranded a-helical rod, 70 nm long. It separates at one end into four strands, or

straight arms; hence the name “tetra-brachion”, “four arms”. Each polypeptide arm

has a mass of 85 kDa, and is 24 nm in length. It is composed of b-sheets and

provides lateral connectivity to neighboring morphological subunits by end-to-end

a b

c d

Fig. 9.4 Transmission electron micrographs of different Crenarchaeota, prepared by freeze-

etching. (a) Metallosphaera sedula – p3 symmetry; (b) Aeropyrum pernix – p4 symmetry;

(c) Thermoproteus tenax – p6 symmetry; (d) Thermofilum pendens – p6 symmetry. All bars: 0.2 mm
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contacts (Peters et al. 1996). Attached to the middle of each stalk, i.e. about in the

middle of the periplasmic space, are two copies of a protease, that provide an

exodigestive function related to the heterotrophic energy metabolism of the organ-

ism (Mayr et al. 1996). Both proteins, the tetrabrachion and the protease, exhibit an

unusually high thermal stability (Peters et al. 1995, 1996).

Recently, freeze-etching was used for investigating the fine structure of cells of

Aeropyrum pernix, a closely related Aeropyrum isolate, and three other isolates

(CB9, HVE1, CH11), which were obtained from hot springs (R. Rachel, I. Wyschk-

ony, H. Schmidt, and H. Huber; unpublished results). The physiological characteri-

zation of the three new isolates is incomplete. According to their 16S rRNA gene

sequence, they all belong to the Desulfurococcales. Electron micrographs of freeze-

etched cells (Fig. 9.4b) revealed that they have S-layers with p4 symmetry and a

lattice of about 18–19 nm, with obvious differences in their surface relief and in the

mass distribution of the protein complexes. An S-layer with p4 symmetry, an open

network of protein, and a comparably large quasi-periplasmic space (30–70 nm) is a

common feature of these organisms; in these features, they have a certain degree of

similarity to three other species, Desulfurococcus mobilis, Staphylothermus mar-
inus, and Pyrolobus fumarii.

In contrast to the Aeropyrum-related strains, cells of the genera Hyperthermus
and Pyrodictium (Fig. 9.5) have S-layers with p6 symmetry. For all isolates of the

genus Pyrodictium, P. occultum, P. abyssi, P. abyssi strain TAG11 and P. brockii,
the center–center distance of the S-layer is about 21 nm. Their mass distribution,

surface reliefs and 3D structures are almost indistinguishable (Dürr et al. 1991;

Hegerl and Baumeister 1988; Rieger et al. 1995). However, distribution of protein

mass and surface relief of the H. butylicus S-layer is clearly different to that of the

Pyrodictium species (Baumeister et al. 1990); also its center–center distance of

25 nm is significantly larger than for cells of the genus Pyrodictium. This shows that
the phylogeny in this family, as determined by the sequence of the 16S rDNA,

correlates with S-layer ultrastructure.

9.3.3 Thermoproteales

T. tenax (Fig. 9.4c) and Thermofilum pendens (Fig. 9.4d) possess extraordinarily
rigid S-layer sacculi of hexagonally arranged subunits that are resistant to detergent

and protease treatment (Zillig et al. 1981, Zillig et al. 1982). The S-layer can easily

be isolated by disrupting the cells using sonication followed by incubation with

DNase and RNase, SDS treatment (2% SDS, 80�C or even 100�C, 30 min), and

differential centrifugation (König and Stetter 1986; Wildhaber and Baumeister

1987). In Termoproteus tenax, the 25 nm wide interspace is due to long protrusions

that extend from the relatively thin (3–4 nm) filamentous network of the outer

surface of the S-layer toward the cytoplasmic membrane. The distal ends of these

pillar-like protrusions most likely penetrate the membrane, thus serving as mem-

brane anchors (Messner et al. 1986; Wildhaber and Baumeister 1987). The same
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S-layer structure as determined for T. tenax is also found in three species belonging
to the genus Pyrobaculum, P. islandicum (Phipps et al. 1990), P. organotrophum
and P. aerophilum (Völkl et al. 1993). Again, it consists of a delicate but thermo-

stable protein meshwork with a center-to-center distance of about 30 nm; long

protrusions serve as membrane anchors that enclose a 25-nm-wide periplasm.

Preliminary investigations with cells of two Thermofilum species showed a similar

S-layer fine structure, with p6 symmetry and a center–center distance of 27 nm

(R. Rachel, unpublished results).

9.4 Gene and Protein Sequences

9.4.1 Sequences

Crenarchaeal S-layer protein sequences have so far only been analyzed in a few

cases. The only one analyzed thoroughly is from the species Staphylothermus
marinus (Peters et al. 1995, 1996). In this case, the single gene and the two highly

Fig. 9.5 Transmission electron micrograph of a cell of P. occultum, after freeze-etching, exhibiting
an S-layer with p6 symmetry. Bar: 0.2 mm. The tubes are extracellular cannulae, which intercon-

nect the cells and are made of glycoproteins; this is a specific feature of the genus Pyrodictium
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glycosylated proteins (both derived from the precursor protein) were both

sequenced, and in addition the whole protein complex was investigated by electron

microscopy and by analysis of its secondary structure. The results have been

published in several articles and are, therefore, only briefly summarized here. The

protein is composed of the S-layer as such, which builds a kind of canopy, and

includes a long a-helical stalk. A protease is found to be associated with the stalk,

which, therefore, is located in the periplasm of the cells. The sequence of the

tetrabrachion protein of S. marinus suggests the presence of a characteristic

N-terminal signal sequence (Bendtsen et al. 2004; Peters et al. 1996), with a non-

hydrophobic (n)-region, a hydrophobic (h)-core, a charged (c)-region and an ala-

nine residue at the peptide cleavage site. The signal peptide allows its secretion

across the cytoplasmic membrane by the general secretory pathway (Boot and

Pouwels 1996; Fernandez and Berenguer 2000; Sára and Sleytr 2000). The putative

leader peptide of 26 amino acids was predicted on the basis of its sequence, but

could not be identified directly, because the protein was found to be N-terminally

blocked. The example of the S.marinus S-layer shows that extensive posttransla-

tional modification by glycosylation and proteolytic processing can occur (and

probably are a common feature) of (cren-)archaeal S-layers (see also: Eichler

2001, 2003).

In addition, the S-layer protein of Sulfolobus acidocaldarius was chemically

analyzed (Michel et al. 1980; Grogan 1996), but, at that time, no gene sequencing

was performed, nor were the genomes available for these studies. Later, the putative

S-layer gene of S. acidocaldarius DSM 639 was identified in the published whole

genome sequence (Claus et al. 2005). The main protein consists of 1,424 amino

acids, corresponding to a molecular mass of 151 kDa. A putative leader peptide of

29 amino acids would be cleaved after membrane translocation to obtain the mature

protein. Cysteine is present, as was found in S-layer (glyco)proteins from other

hyperthermophiles. In a recent study, S-layer proteins and genes of three Sulfolo-

bales species, Acidianus ambivalens, Sulfolobus solfataricus, and Metallosphaera
sedula, were compared in detail. The S-layers are built of two proteins, a large one

and a smaller one. SlaA builds the outer S-layer sheet, and SlaB, the stalk protein,

anchors SlaA into the cytoplasmic membrane (Veith et al 2009, under revision).

The slaAB genes, coding for the two proteins, are arranged in one operon in the

genome: they are co-transcribed in distinct amounts, as shown by PCR analysis.

The arrangement of the genes is conserved in all Sulfolobales species. SlaB proteins

of Sulfolobales show a high degree of similarity in their primary structure, while the

SlaA proteins exhibit a low degree of similarity, if any.

9.4.2 Glycosylation

Glycosylation of S-layer proteins is generally well characterized (Messner and

Sleytr 1992) among Euryarchaeotes, e.g. for the hyperthermophilic methanogenic

species M. fervidus and Methanothermus sociabilis (Bröckl et al. 1991; Kärcher
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et al. 1993; Nußer et al. 1988). The S-layers of S. marinus and Sulfolobus species
are also glycosylated. In addition, Sulfolobus acidocaldarius is sensitive to tunica-

mycin (Eichler 2001). Experiments with exogenously added peptides with an

N-glycosylation site, which cannot penetrate the cytoplasmic membrane, indicated

an oligosaccharide transfer outside of the cytoplasmic membrane (Lechner and

Wieland 1989), because oligosaccharides were linked to these peptides by the cells.

The proteins can also undergo further posttranslational modifications, which may

include isoprenylation (Konrad and Eichler 2002) or linkage of diphytanylglyceryl

phosphate residues (Kikuchi et al. 1999).

9.4.3 Secondary Structures

The stalk of the S. marinus S-layer was shown to be composed of a tetrameric bundle

of a-helices (Peters et al. 1996). In fact, the ultrastructure of the cells, as visualized
in ultrathin sections, shows the presence of a periplasmic space in almost all species,

strongly suggesting that such stalks are a common structural part of crenarchaeal

S-layers. It is tempting to speculate that they are all arranged in a similar way, as a

bundle of intertwined a-helices. On the basis of structural predictions using a variety
of programs, this was recently suggested for the stalks, i.e. SlaB proteins, of three

different Sulfolobales species (Veith et al. 2009, under revision). Nevertheless, a

thorough genome and protein analysis needs to be done in order to be verify whether

this is a general feature of many or most species of the Crenarchaeota.

9.4.4 Sequence Comparison

In this respect, analysis for crenarchaeal S-layers and in particular comparison of

proteins from different organisms is scarce. While a comparison of methanococcal

S-layer genes was carried out some time ago (Akca et al. 2002), no comparative

analyses of crenarchaeal S-layers has yet been performed. Beside the S-layers of

Sulfolobus and Staphylothermus, no other primary structures of crenarchaeal

S-layer proteins have yet been directly identified on the protein level and analyzed.

From the data available, it is deduced that the S-layer proteins of halobacteria and of

the hyperthermophilic crenarchaeon Staphylothermus marinus share no homologies

with the S-layers from Thermococcales or methanogens (Claus et al. 2001, 2002).

9.5 Extracellular Cannulae of the Genus Pyrodictium

Pyrodictium species typically grow at temperatures between 75 and 110�C under

anoxic conditions. The cells are covered by an S-layer with hexagonal symmetry

and a lattice constant of ~21 nm (Fig. 9.5). The dome-shaped complexes are
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anchored to the cytoplasmic membrane by filiform stalks and span the periplasmic

space with a constant width of approximately 35 nm (Rieger et al. 1995; Dürr et al.

1991; Hegerl and Baumeister 1988). During growth on elemental sulfur, Pyrodic-
tium cells form an extracellular matrix, in which the cells are entrapped. This matrix

is an extended network of hollow cylinders consisting of helically arranged subunits

(König et al. 1988; Rieger et al. 1995). Each of the cannulae – outer diameter 25 nm

(Fig. 9.5) – is made up of (at least) three homologous glycoproteins. In vivo

observations of growing Pyrodictium cells at 90�C under anoxic conditions demon-

strated that this network is dynamic; cell division and synthesis of the cannulae are

directly linked (Horn et al. 1999). After cell division, the daughter cells remain

interconnected by cannulae loops. Multiple generations result in the formation of a

colony of cells entrapped in a dense cannulae network, in which each cell has

connections with its neighbors. Analysis of dual-axis tilt series in cryo-electron

tomography helped to reveal that the cannulae interconnect individual cells with

each other, but only on the level of the periplasmic spaces of the cells; the cannulae

do not enter the cytoplasm (Nickell et al. 2003).

9.6 The Cell Envelopes of Ignicoccus and of Nanoarchaeum

From a sample taken at a hydrothermal vent of the Kolbeinsey Ridge, north of

Iceland, a co-culture of two coccoid, hyperthermophilic Archaea was obtained

(Huber et al. 2002). Based on 16S rRNA gene sequences, one belongs to the genus

Ignicoccus, while the other was so different that it was attributed to a new phylum,

Nanoarchaeota. Cells of Ignicoccus can be cultivated independently under strictly

anaerobic conditions, and thrive by sulfur-hydrogen autotrophy. However,

Nanoarchaeum equitans can only be grown in co-culture with, and in close contact

to, cells of Ignicoccus sp. strain KIN4I. Ignicoccus cells are unique among the

Archaea in two important ways (Rachel et al. 2002): (1) they have a huge periplasm

with variable width (20–500 nm), which contains vesicles; (2) cells do not possess an

S-layer or any other cell wall polymer but have a unique outer membrane (Burghardt

et al. 2007). Freeze-etching experiments revealed that the Ignicoccus outer mem-

brane fractures into two halves (Fig. 9.6). This type of behavior is similar to the way

in which many biological lipid membranes respond during freeze-etching. The outer

membrane is a highly dynamic structure: periplasmic vesicles can be observed in

various stages of a fusion process, and vesicles are also released into the culture

medium (Näther and Rachel 2004). The outer membrane is tightly packed with

protein complexes, although there is no indication for crystallinity and the proteins

are currently being investigated (Burghardt et al. 2008; Junglas et al. 2008).

Ignicoccus sp. strain KIN4I and N. equitans both contain qualitatively identical

amounts of glycerol ether lipids, archaeol and, to a minor degree, caldarchaeol

(Jahn et al. 2004). Cells of N. equitans are the smallest archaeal cocci presently

known and their ability to reproduce relies on the direct interaction with Ignicoccus
cells. The reliance on a host is reflected in its genome sequence, which lacks genes
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for many important metabolic pathways (Waters et al. 2003). The ultrastructure of

N. equitans is similar to many Archaea. The cytoplasmic membrane is surrounded

by a quasi-periplasmic space of constant width (20 nm), and covered by an S-layer

with sixfold symmetry and a lattice constant of about 15 nm (Huber et al. 2003).

Future investigations of the unusual symbiosis of these two hyperthermophilic

Archaea aim at elucidating which proteins of both cell envelopes are directly

involved in the physical interaction and in the exchange of metabolites from one

cell to the other (Burghardt et al. 2008).

9.7 Conclusions

The cell envelopes of the Crenarchaeota are often directly exposed to extreme

environmental conditions and they cannot be stabilized by cellular factors, like

chaperonins. Adaptation to the same type of extreme environment has not led to the

evolution of similar cell surface structures; see, for example, the different cell

surface architecture of Pyrolobus fumarii and Ignicoccus pacificus (both from the

Pacific), or Aquifex pyrophilus (a hyperthermophilic bacterium) and Ignicoccus
hospitalis (both from the Kolbeinsey Ridge north of Iceland), which all thrive in

similarly hot, deep marine biotopes. On the contrary, an almost identical S-layer

Fig. 9.6 Transmission electron micrographs of cells of the genus Ignicoccus. (a) Half of a freeze-
etched cell; (b) ultrathin section of half a cell. Bar: 0.5 mm

284 R. Rachel



architecture, as found for the various members of the Thermoproteales or of the

Sulfolobales, does not reflect a similar biotope or lifestyle.

Differences in cell surface structures also exist for other Crenarchaeota. Therefore,

they provide a range of models for elucidating survival strategies of extracellular

biopolymers, and may give clues about molecular mechanisms of resistance against

high temperature, high pressure, or extreme pH (Evrard et al. 1999; Eichler 2003).

In future studies, the analysis of the primary and secondary structure of the

proteins will be greatly facilitated by the increased knowledge of full genomes

which have now become publicly available. The genes of some archaeal S-layer

proteins have been characterized (Akca et al. 2002; Bröckl et al. 1991; Claus et al.

2001, 2002, 2005; Lechner and Sumper 1987; Sumper et al. 1990; Yao et al. 1994),

and complete genome sequences have been published for many of the species

described in this chapter (Chen et al. 2005; Fitz-Gibbon et al. 2002; Kawarabayasi

et al. 1999, 2001; She et al. 2001; Waters et al. 2003). To date, most genes involved

in cell wall biosynthesis have not been unambigously defined. Knowledge of the

complete genome may be helpful for identifying special enzymes involved in the

biosynthesis and degradation of cell wall polymers.

For further analyses, improved tools for secondary structure predictions are

now available (among many other sites, see e.g. http://bp.nuap.nagoya-u.ac.jp/sosui;

http://www.ebi.ac.uk/Tools/; http://www.expasy.ch; see also Veith et al. 2009, under

revision). The high-resolution structural analysis of the tertiary and quarternary

structure is far more challenging. Considerable work needs to be done to overcome

technical limitations and to reach atomic resolution, which has, for archaeal S-layers,

not yet been achieved. Two routes can be envisaged, either electron crystallography

(Glaeser et al. 2007) or X-ray crystallography (Drenth 2007). For bacterial S-layers,

one exceptional study has reached this goal, although not with the native protein

complex; a high resolution map of a truncated version of the Geobacillus S-layer
protein SbsC was published recently (Pavkov et al. 2008).

Through studies of their cell surfaces, these investigations may lead to appli-

cations of new biomaterials. S-layers represent the most common cell surface

structure of Crenarchaeota, can easily be isolated, and are the simplest biological

membranes found in nature. A wide spectrum of applications for S-layers has

emerged. Isolated S-layer subunits assemble into monomolecular crystalline arrays

in suspension, on surfaces and interfaces. These lattices have functional groups on

the surface in an identical position and orientation in the nanometer range. These

characteristics have led to their application as ultrafiltration membranes, immobili-

zation matrices for functional molecules, affinity microcarriers and biosensors,

conjugate vaccines, carriers for Langmuir–Blodgett films, and reconstituted

biological membranes and patterning elements in molecular nanotechnology

(Sleytr et al. 1994).

In the past, applied studies have been performed almost exclusively with bacte-

rial S-layers. Since crenarchaeal S-layer (glyco-)proteins are resistant to extreme

conditions, a broad spectrum of future developments can be envisaged.

The resolution of the 3D structure will be necessary to obtain a better knowledge

of the molecular stabilization mechanisms of hyperthermophilic S-layer proteins.
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The first successful crystallizations indicate that this goal is indeed achievable

(Claus et al. 2001; Debaerdemaeker et al. 2002; Evrard et al. 1999; Pavkov et al.

2008).
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Niederberger TD, Götz DK, McDonald IR, Ronimus RS, Morgan HW (2006) Ignisphaera
aggregans gen. nov., sp. nov., a novel hyperthermophilic crenarchaeote isolated from hot

springs in Rotorua and Tokaanu, New Zealand. Int J Syst Evol Microbiol 56:965–971

Nußer E, Hartmann E, Allmeier H, König H, Paul G, Stetter KO (1988) A glycoprotein surface

layer covers the pseudomurein sacculus of the extreme thermophileMethanothermus fervidus.
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Chapter 10

Immunochemistry of the Cell Walls of

Methanogenic Archaea: A View from the Past

into the Future

Everly Conway de Macario and Alberto J.L. Macario

10.1 Introduction

Cells walls occur in archaea (Kandler and König 1978; Kandler 1981, 1982),

bacteria (Buynak 2007; Lange et al. 2007), fungi (Coronado et al. 2007; Funkhouser

and Aronson 2007), algae (Domozych et al. 2007; Kodama and Fujishima 2007),

plants (Dvorakova et al. 2007; Pauly et al 1999), and some protists (Harold 2002;

Milligan and Morel 2002). The composition and structure of the archaeal cell walls

varies, depending on taxonomic group (Claus et al. 2002, 2005; Firtel et al. 1993;

Hartmann and König 1990; Kandler 1981, 1982; Kandler and König 1978, 1985,

1998; König et al. 1982, 1983; König 1986). The major common characteristic of

these cell walls is that they are made of polymers such as pseudopeptidoglycan,

polysaccharides, or S-layers (Claus et al. 2005; Kandler 1982; Kandler and König

1985, 1998; König et al. 1982; König 1986; Messner et al. 1997). The latter are

composed of proteins with sugars, i.e., they are mostly built of glycoproteins, in

which the sugars are in various proportions, depending on the organism (Claus et al.

2002; Firtel et al. 1993; Messner et al. 1997).

Cell walls are studied by numerous means, including immunological methods

(Bryniok and Trösch 1989; Conway de Macario and Macario 1986; Macario and

Conway de Macario 1985a; Southam and Beveridge 1991). These methods allow

identification of immunotypes, classification of phenotypes, manipulation of micro-

bial populations, and many other studies in basic and applied fields (Conway de

Macario and Macario 1986; Macario and Conway de Macario 1985a, b, c). The

advent of monoclonal antibodies provided powerful tools for immunochemical

dissection of the cell walls of a variety of organisms belonging to the three evolutio-

nary domains, Bacteria, Archaea, and Eukaryota. In turn, cell wall immunochemistry
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provides basic information on the antigenic composition of any given organism,

and on the immunochemical structure of any given antigenic determinant (also

named epitope). The information obtained completes and expands data from chem-

ical and biochemical analyses, and thus provides a solid basis to develop strategies

and methods for identification, classification, modification, and manipulation

of microbes. For example, identification of archaeal immunotypes will allow a

correlation between them and other parameters of biotechnological or clinical

importance, such as functional performance in a bioreactor or, pertinent to clinical

sciences, participation in pathogenicity (see Conclusion). For these and other

applications, antibodies have no equal and are not only indispensable but also

irreplaceable. An antibody is most useful and efficient when it is well characterized,

i.e., its specificity spectrum, molecular specificity, and binding affinity are defined.

Specificity spectrum refers to the range of different species/strains with which the

antibody reacts after proper calibration. The molecular specificity is defined by

the molecules of known structure that are recognized by the antibody and that

tell the composition/structure of the epitope recognized by the antigen-binding site

of the antibody. The strength of the interaction between the antibody and the

epitope(s) it recognizes defines its binding affinity.

In this Chapter, we shall discuss our studies on the cell wall immunochemistry of

various methanogens performed with panels of calibrated monoclonal antibodies,

correlate the findings with what is known about the chemical make-up of the

archaeal cell walls, and draw conclusions pertaining to future developments within

basic and applied fields.

10.2 Antigenic Mosaic of Methanogens Elucidated

by Monoclonal Antibodies

The following is an example of how the use of antibodies contributes to the

elucidation of antigenic mosaics. A panel of monoclonal antibodies was generated

against methanogens of four genera from the families Methanobacteriaceae, Metha-

nococcaceae, and Methanomicrobiaceae (Conway de Macario et al. 1982). Their

specificity spectra were determined and those recognizing only the immunizing

organisms were identified. In addition, the immunochemical specificities of four

of these monospecific antibodies were determined, each made against a representa-

tive species of the four genera, Methanobacterium thermoautotrophicum Delta H

(now designated Methanothermobacter thermautotrophicum Delta H), Methanobre-
vibacter arboriphilus DH1, Methanococcus vannielii SB, and Methanospirillum
hungatei JF1 (for current information on the nomenclature and classification of

methanogens visit http://www.the-icsp.org/subcoms/Methanogens.htm#taxa).

Immunochemical specificities were determined by inhibition-blocking experiments

with compounds of known structure. The antibodies against the two species from the

Methanobacteriaceae, which have pseudomurein in their cell walls (Kandler 1982;
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Kandler and König 1978, 1985, 1998; König et al. 1982, 1983), were inhibited by

compounds representing pseudomurein components. In contrast, these compounds

were not recognized by the other antibodies made against organisms from the

Methanococaceae and Methanospirillaceae, which do not have pseudomurein

(Claus et al. 2002; Firtel et al. 1993; Kandler 1982; Kandler and König 1978,

1985, 1998; Messner et al. 1997; Southam and Beveridge 1991). Detailed descrip-

tions of the antigenic mosaics of methanogens follows.

10.3 Antigenic Mosaic of Methanothermobacter
thermoautotrophicus

The antigenic mosaic of Methanothermobacter thermautotrophicum Delta H (pre-

viously known as Methanobacterium thermoautotrophicum Delta H; http://www.

the-icsp.org/subcoms/Methanogens.htm#taxa) was analyzed with a panel of six

monoclonal antibodies of which three (4A, 4B, and 4C) reacted with the immuniz-

ing organism, Delta H, and with the crossreactive strain GC1; one (4D) reacted only

with GC1, and two (4E and 4F) reacted only with Delta H, i.e., the immunizing

organism (Conway de Macario et al. 1983). They were calibrated as shown in

Fig. 10.1, using as antigen the strain Delta H, or the strain GC1 in the case of
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Fig. 10.1 Monoclonal antibody calibration. A series of twofold dilutions of each antibody was

assayed against the immunizing strain Delta H, or the crossreactive strain GC1 in the case of

antibody 4D. The shaded box indicates the range of calibration within which all antibodies were

used for the comparative analyses of their specificity spectra and molecular specificities. Anbiody

4A, closed circles; 4B, closed triangles; 4C, open circles; 4E, squares; 4F, open triangles. Details
and methods are provided in the text and in the original reference (Proc Natl Acad Sci USA 80:

6346–6350, 1983) from which the figure was reproduced with permission from the copyright owner
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antibody 4D. The immunochemical specificity of these six antibodies was deter-

mined by inhibition-blocking assays, using a series of compounds of known

structure, some of which are shown in Fig. 10.2. An example of inhibition-blocking

results is presented in Fig. 10.3, and the results for all antibodies and compounds are

shown in Fig. 10.4. Five distinct epitopes could be identified on the Delta H cell

wall. GlcNAc, GalNAc, and g-Glu–Ala are involved in the make-up of three of

these five determinants. Since the acetylated and non-acetylated forms of the

analogs were inhibitory, it is likely that the hydroxyl groups of carbons 3 and 4

of the amino sugar are part of two of these three determinants while the carboxyl

terminus of the peptide is involved in the make-up of the third epitope. A fourth

determinant includes TalNu and the fifth epitope does not include any of the amino

sugars tested or g-Glu–Ala.
Antibody 4A recognized on strain Delta H a determinant containing GlcNAc,

which is present also on strain GC1. However, the determinant is not exactly the

same on Delta H and GC1 in terms of antigenicity with regard to the assays

performed, although structurally it could be the same. The different antigenicity

of the Delta H epitope as compared with the GC1 counterpart could be due to
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Fig. 10.2 Primary structure of murein (left) and pseudomurein (right). The boxed structures were
used in the inhibition-blocking experiments. (a) GlcNAc; (b) GalNAc; (c) gamma-Glu–Ala; (d)

pseudomurein glycan; and (e) murein glycan. Details and methods are provided in the text and in

the original reference (Proc Nac Acad Sci USA 80:6346–6350, 1983) from which the figure was

reproduced with permission from the copyright owner
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differences in their topological availability on the cell surface rather than to

structural differences.

Antibodies 4B and 4E identified a determinant containing NAc–g-Glu–Ala. The
data do not elucidate whether the antibodies recognize different portions of one

determinant or different determinants altogether. Antibody 4B reacted with Delta H

and GC1, while antibody 4E reacted only with Delta H, but it was not determined

whether both antibodies recognize the same determinant on Delta H.

Antibody 4C identified a determinant that contains GalNAc, on Delta H and

GC1, and also in Methanobacterium formicicum MF, which is known to have

pseudomurein in its cell wall like Methanothermobacter thermoautrophicum
(Kandler 1982; Kandler and König 1978, 1985, 1998; König et al. 1983). However,

the determinant on each of these organisms is likely not the same. The data indicate

a greater similarity between the determinants on strains GC1 and MF than between

the determinants on these two strains and that on Delta H. The determinant

recognized by antibody 4C is probably strongly immunogenic as suggested by the

chemical composition of the Delta H glycan strands and the inhibition-blocking

results. The strong immunogenicity of the epitope seems to occur in spite of its

relative low concentration in the cell wall of the immunizing organism, i.e., Delta H

that was used to produce antibody 4C. This observation, and its occurrence in all

three methanogens investigated, indicate that this epitope is widely distributed in

nature and may have key biologic-evolutionary roles.

Antibody 4D identified a determinant that, although exposed on GC1, is masked

on the immunizing strain, Delta H. This determinant does not include any of the

compounds tested, at least not as immunodominant component.
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Fig. 10.3 Example of quantitative inhibition–blocking experiment. A series of samples from a

calibrated aliquot of antibody 4B was incubated with an array of doses of NAc–g-Glu–Ala and

centrifuged. The supernatants were assayed with the immunizing organism, Delta H (open
squares) or the crossreactive strain GC1 (closed squares). Details and methods are provided in

the text and in the original reference (Proc Natl Acad Sci USA 80:6346–6350, 1983) from which

the figure was reproduced with permission from the copyright owner
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Antibody 4F recognized a determinant including TalNU, a structure that occurs

only in the peptidoglycan of the Methanobacteriaceae (Kandler 1982; Kandler and

König 1978, 1985, 1998; König et al. 1982, 1983) and which, according to the

results provided by antibody 4f, is immunogenic.

The data suggest that the epitopes identified by antibodies 4E and 4F are strain

Delta H specific; the epitopes identified by antibodies 4A, 4B, and 4D are species

(M. thermautotrophicum) specific; and the determinant identified by antibody 4C is

a common antigen.

10.4 Antigenic Mosaic of Methanococcus vannielii

A panel of six monoclonal antibodies was calibrated and used to study the antigenic

mosaic of Methanococcus vannielii strain SB (Conway de Macario et al. 1984).

M. vannielii is a representative of the familyMethanococcaceae ( http://www.the-icsp.

org/subcoms/Methanogens.htm#taxa), whose members do not have pseudomurein

in their cell walls (Claus et al. 2002; Kandler 1982; Kandler and König 1978, 1985,

1998; König 1986; Messner et al. 1997). These antibodies were made against

M. vannielii SB, the immunizing strain, and four (5C–5F) were found to react

only with SB, while the other two (5A and 5B) reacted with strain SB and the

crossreactive M. voltae PSv. Inhibition-blocking experiments with a set of com-

pounds of known structure or composition revealed six distinct epitopes, each

identified by one antibody in the panel. No sugars could be detected in the make-

up of these determinants, which confirmed pre-existing biochemical data showing

that M. vannielii does not have sugars in its envelope, or if it has them, they are

present in very minimal amounts (Claus et al. 2002; Kandler 1982; Kandler and

König 1978, 1985, 1998; Messner et al. 1997).

To elucidate further the antigenic mosaic of M. vannielii SB, proteins from the

S-layer isolated from this organism and separated by electrophoresis were tested

with two of the antibodies, 5D and 5E. Six distinct protein bands were resolved by

SDS-PAGE. While the epitope recognized by antibody 5E was present in all the

protein bands, the epitope recognized by 5D was present only in five of the six

proteins. In conclusion, the epitopes recognized by the antibodies are in the S-layer,

are proteinic in nature, and are exposed to the outside of the cells as demonstrated

by direct binding assays with whole cells fixed and unfixed, and by immunoelectron

microscopy.

10.5 Antigenic Mosaic of Methanogenium Species

The antigenic mosaic of Methanogenium species was studied with a panel of

calibrated polyclonal antibodies and with two monoclonal antibodies made against

M. cariaci JR1(Macario et al. 1987). Two determinants were identified with the

monoclonal antibodies (Fig. 10.5). Antibody 7A was consistently inhibited–
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blocked only by L-allanyl-glycyl-L-seryl-L-glutamic acid. In contrast, antibody 7B

was inhibited–blocked by this compound and also by others, but none were sugars

(Fig. 10.5). These results also corroborate that the S-layer of Methanogenium
species (Claus et al. 2002; Kandler 1982; Kandler and König 1978, 1985, 1998;

Messner et al. 1997) does not contain carbohydrates, or if it does contain sugars

they must be present in very minimal quantities and/or they are very poor immu-

nogens. The data also demonstrate that the epitopes recognized by antibodies 7A

and 7B are proteinic in nature. The two determinants were found expressed on the

surface ofM. cariaci JR1 as demonstrated by indirect immunofluorescence with the

monoclonal antibodies. The whole array of determinants identified on Methano-
genium species with the poly- and monoclonal antibody probes is displayed in

Table 10.1.

The molecular specificity of antibody 7A was further investigated to identify the

protein components in the S-layer ofM. cariaci JR1 that reacted with it (Conway de
Macario et al. 1986). The results are shown in Fig. 10.6 and Table 10.2. The epitope

recognized by antibody 7A was present in all five protein components resolved by

SDS-PAGE of S-layer fromM. cariaci JR1. Nevertheless, 7A did not react with any

other organism, even those known to be antigenically related as shown by cali-

brated polyclonal antibody probes, emphasizing the remarkable monospecificity of

the antibody as regards a particular epitope. The data also dramatically illustrate the

fact that a monoclonal antibody can recognize more than one protein even if it is

very specific for a single epitope; all proteins, no matter how different overall from

one another, will react with the antibody as long as they all share the epitope
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Fig. 10.5 Molecular specificity of monoclonal antibodies 7A (a) and 7B (b) made against

Methanogenium cariaci JR1. Inhibition-blocking assays were carried out with the following

compounds: (1) glycyl-L-glutamic acid; (2) L-alanyl-glycyl-L-seryl-L-glutamic acid; (3) L-gluta-

myl-L-alanyl-L-glutamyl-L-asparagine; (4) L-alanyl-L-glutamic acid; and (5) others (all were non-

inhibitory when tested separately in independent assays) listed in the original reference. Bars

represent arithmetic mean � range (n ¼ 3–5). Details and methods are provided in the text and in

the original reference (J Bacteriol 169:666–669, 1987) from which the figure was reproduced with

permission from the copyright owner
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recognized by the antibody (Macario and Conway de Macario 1985a). It remains to

be established whether the five proteins bearing the epitope recognized by antibody

7A are different proteins altogether, or are fragments or processing stages of one (or

fewer) protein precursors.

Table 10.1 Antigenic mosaic of Methanogenium species

Organism Determinanta

7a 7b I II III IV

M. cariaci JR1 þ þ þ – þ þ
M. marisnigri JR1 – – þ þ þ þ
M. thermophilicum CR-1 – – þ þ – þ
M. thermophilicum Ratisbona – – – – – þ
M. tatti DSM 2702 – – – – – þ
M. bourgense MS2 – – – – – þ
M. aggregans MSt – – – – – þ
H2-oxidizing – – – – – – (þ)b

Methanospirillum hungatei JF1 – – – – þ –

Methanomicrobium mobile BP – – þ – – þ
a7a and 7b were identified by monoclonal antibodies 7A and 7B, respectively (see text and original

reference). I, II, III, and IV, were identified by polyclonal antibody probes for M. cariaci JR1,
M. marisnigri JR1, Methanospirillum hungatei JF1, and Methanomicrobium mobile BP, respec-

tively. þ, positive reaction with the probe identifying the determinant; –, no reaction.M. tatti was
Methanofollis tationis. Details and methods are provided in the text and in the original reference

(Macario et al. 1987) from which the data were reproduced with permission from the copyright

owner
bPositive reaction with the R probe for M. mobile BP
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Fig. 10.6 Separation of S-layer proteins from Methanogenium cariaci JR1. Left panel, a. SDS-
PAGE, lane I, crude S-layer preparation; lane II, same as lane I but diluted 10 fold; lane III, MW

standards: albumin, 67 kDa (a); catalase, 60 kDa (b); lactate dehydrogenase, 36 kDa (c); and

ferritin subunit, 18.5 kDa (d). Left panel, b. Densitometric scan of lane I showing the mayor

protein components tested for antigenicity with antibody 7A. Details and methods are provided in

the text and in the original reference (Arch Microbiol 144:20–24, 1986) from which the figure was

reproduced with permission from the copyright owner
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10.6 Unique Antigen of Methanospirillum hungatei

An epitope distinctive of, perhaps unique to Methanospirillum hungatei JF1 was

identified by a monoclonal antibody, 1A, produced using this methanogen as

immunogen (Conway de Macario et al. 1986). Antibody 1A reacted only with the

immunizing organism and this reaction was not inhibited–blocked by amino acids

or sugars (Table 10.3); it was evident that the antibody was monospecific for JF1

but its molecular specificity was still unknown. It is known that JF1 and the closely

related strain GP1 have a protein sheath and S-layer (Claus et al. 2002; Firtel et al.

1993; Kandler and König 1998; Messner et al. 1997; Southam and Beveridge

1991). Thus both strains were used to extract sheath and S-layer to assay them

and their fractions with antibody 1A. The determinant recognized by 1A is in the

sheath of JF1, in a protein of 12 kDa, as demonstrated by immunochemical analyses

of sheath preparations resolved by SDS-PAGE (Table 10.3) (Conway de Macario

et al. 1986).

10.7 Antigenic Mosaic of Methanobrevibacter smithii

The antigenic mosaic ofMethanobrevibacter smithii is made up of several epitopes

(Conway de Macario et al. 1985), at least seven, as demonstrated by a panel of six

monoclonal antibodies made using strain PS as immunogen (Table 10.4) (Conway

de Macario and Macario 1997). The determinants were revealed by testing a panel

Table 10.2 Molecular specificity of antibody 7A determined by direct binding assay with various

antigens

Antigen preparation Reaction with antibody 7A (SIA; OD450 nm)a

Methanogenium marisnigri JR1b

Whole cells 0

S-layer 0

Methanogenium cariaci JR1c

Whole cells >1

S-layer 0.27

SDS-PAGE proteind

1 0.18

2 0.26

3 0.12

4a 0.19

4b 0.37
aSIA: slide immunoenzymatic assay (Macario and Conway de Macario 1985b)
bM. marisnigri JR1 crossreacts with M. cariaci JR1 with rabbit and mouse polyclonal antibody

probes
cThe immunizing organism used to produce antibody 7A
dSee Fig. 10.6. Details and methods are provided in the text and in the original reference (Arch

Microbiol 144:20–24, 1986) from which the data were reproduced with permission from the

copyright owner
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Table 10.4 Antigenic mosaic of Methanobrevibacter smithii isolates determined with a panel of

six monoclonal antibodies

Isolatea Determinantb Total/celld

Groupc Number (% of

46 isolates)

c e d a b f

I 5 (12) þ þ þ þ þ þ 6

II 6 (13) � þ þ þ þ þ 5

III 8 (17) � � þ þ þ þ 4

IV 1 (2) � þ � � þ þ 3

V 1 (2) � � þ � þ þ 3

VI 2 (4) � � � þ þ þ 3

VII 6 (13) � � � � þ þ 2

VIII 1 (2) � � � þ � � 1

IX 16 (35) � � � � � � 0

Total 46 5e 12 20 22 29 29

Percent 100 11 26 43 48 63 63
aThe isolates were determined to be Methanobrevibacter smithii by various complementary

procedures
bEach antigenic determinant, a–f, was recognized by a single antibody, A–F, respectively
cIsolates in any given group possess and lack the same determinants (e.g., isolates in group II

possess determinants a, b, d, e, and f, and lack determinant c)
dThe figures indicate the number of different determinants recognized by the antibodies A–F that

were present on the cell of each group (I–IX); e.g., while cells in group I had all six determinants,

those in group II lacked one of them (determinant c)
eFigures in this row show howmany times (i.e., the frequency, which as percentage is shown in the

row underneath) the determinants occurred in the 46 isolates; e.g., determinant c occurred in 5

isolates out of 46, namely it occurred with a frequency of 11%. Details and methods are provided

in the text and in the original reference (Conway de Macario and Macario 1997) from which the

data were reproduced modified with permission from the copyright owner

Table 10.3 Molecular specificity of monoclonal antibody 1A determined by direct antigen

binding and inhibition-blocking assays

Antigena Direct binding (SIA)a Inhibition–blocking

(%)Reaction intensity

(OD450 nm)

(antigen)

mg/circle
Whole JF1 cells >1.0 n.a.b 100

Whole GP1 cellsc 0 n.a. 0

JF1 sheath prep 1 0.35 20 48

JF1 sheath prep 2 0.28 20 n.d.d

JF1 sheath prep 3 0.11 10 54

GP1 sheathc 0 10 0

GP1 cytoplasmic

membranec
0 10 0

aSIA, slide immunoenzymatic assay. Antigen preparations and binding and inhibition–blocking

assays were done as described in the original publication (Arch Microbiol 144:20–24, 1986) from

which the data were reproduced with permission from the copyright owner
bn.a., not applicable
cGP1 whole cells, sheath and cytoplasmic membrane crossreacted with the anti-Methanospirillum
hungatei JF1 immune serum obtained from the mouse that produced the monoclonal antibody 1A
dn.d., not done
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of 46 M. smithii isolates. In this way it was found that the isolates could be sorted

into nine groups according to their pattern of reaction/no-reaction with the anti-

bodies. While isolates in groups I to VIII reacted with one or more antibodies,

isolates in group IX, consisting of 16 isolates (i.e., 35% of the isolates tested), did

not react with any of the antibodies. Thus, excluding group IX, it is apparent that

determinant 6c (identified by antibody 6C) is present only in group I; 6e occurs in

groups I, II, and IV; 6d is present in group I, II, III, and V; 6a occurs in groups I, II,

III, VI, and VIII; and 6b and 6f are present in all isolates of groups I–VII. Despite

this similar pattern of reaction with antibodies 6B and 6F, the corresponding

determinants, 6b and 6f, are not the same. This was shown by measuring the

intensity of the reaction of the two antibodies with a panel of isolates, which

demonstrated distinctive patterns of reactivity. In conclusion, six determinants

were identified with the antibodies, and in addition it can be inferred that there is

at least another determinant in the mosaic of M. smithii that is different from the

other six, and therefore it was not recognized by any of the six antibodies in the

panel. Inhibition–blocking experiments with an array of sugars and amino acids

were negative, except in the case of antibody 6A which was inhibited–blocked by

a-Glu–e-Lys, g-Glu–e-Lys, Glu–Lys, and Glu–Lys þ Orn. These results show that

antibody 6A is different from all the others in the panel, and suggest that deter-

minant 6a contains a structure resembling the inhibitors. The three dipeptides that

inhibited–blocked antibody 6A were the closest analogues that could be obtained to

match those in the peptide bridge between the glycan strands of pseudomurein

(Fig. 10.2). It is also interesting to note that Orn is distinctive of the pseudomurein

of strain PS (Kandler 1982; König et al. 1982). Orn alone did not inhibit–block

antibody 6A, but when tested together with Glu–Lys it did. Thus, Orn increased the

level of inhibition–blocking effect of Gly–Lys above the levels caused by this

dipeptide alone. The data indicate that determinant 6a is located in the peptide

moiety of pseudomurein, in the region which is typical of strain PS, involving Glu,

Lys, and Orn.

10.8 Antigenic Mosaic of Methanosarcina barkeri

The antigenic mosaic ofMethanosarcina was studied with antibodies made against

Methanosarcina barkeri 227 (Garberi et al. 1985). Two monoclonal antibodies, 8A

and 8C, were characterized and calibrated for this study, using strain 227 and the

antigenically related strain R1M3. Inhibition–blocking experiments with various

cell and cell extract preparations showed that the antibodies 8A and 8C recognize

two different antigenic structures (Fig. 10.7). Interestingly, the determinant recog-

nized by 8C is not exposed on the surface of 227 but it is exposed on the surface of

R1M3. Inhibition–blocking assays with compounds of known structures showed

reactivity only for 8A and only with glucose, suggesting that, as expected, sugars

are the main components of the cell wall of Methanosarcina (Kandler 1982;

Kandler and König 1985, 1998). Chemical analysis of the antigen recognized by
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8A showed carbohydrates to be abundant in comparison with amino acids (8.02

molar ratio in favor of sugars). However, many amino acids could be identified in

this purified antigen, suggesting that they do form part of the cell wall, although in

much lower proportions than the carbohydrates.

10.9 Conclusions

Recent advances in the understanding of cell walls open a variety of research

alternatives with promising practical applications in the near future. The molecular

details of wall synthesis and evolution, and the participation and role of the cell wall

in cell division, growth and morphogenesis, sensing and adapting to environmental

changes, invasion of hosts (if the cell does have this alternative in its life cycle), and

in defense mechanisms against external aggression are being actively investigated

in a variety of taxa (Buynak 2007; Cabeen and Jacobs-Wagner 2007; Coronado

et al. 2007; Domozych et al. 2007; Dvorakova et al. 2007; Funkhouser and Aronson
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Fig. 10.7 Reaction of antibodies 8A and 8C with various antigen preparations. Bars represent

mean � SD; n ¼ 6. Soluble preparations: bars with horizontal lines, PBS (phosphate-buffered

saline) preparations stored at 4�C for 2 weeks; bars with oblique lines, used culture medium;

closed bars, methanol extract. Details and methods are provided in the text and in the original

reference (J Bacteriol 164:1–6, 1985) from which the figure was reproduced with permission from

the copyright owner
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2007; Harold 2002; 2007; Kodama and Fujishima 2007; Lange et al. 2007; Milligan

and Morel 2002; Nakamura et al. 2006; Steenbakkers et al. 2006). Furthermore, the

steady increase in environmental pollution with accumulation of all kinds of

residues and the rise in oil prices have boosted interest in the development of

alternative technologies for waste elimination–reutilization and for fuel production

(Macario and Conway de Macario 1985a, b, c), including the use of methanogens

for these purposes (Connaughton et al. 2006; de Bok et al. 2006; Li et al. 2006;

Riffat and Krongthamchat 2007). Also, new developments in the field of the

methanogenic microflora pertaining to veterinary sciences and to human medicine

(Belay et al. 1988, 1990; Conway de Macario and Macario 2009; Conway de

Macario et al. 1985, 1987; Mukhopadhyay et al. 1991) have re-emphasized the

need to study methanogens, including their cell wall biochemistry, immunochem-

istry, and biology, particularly with regard to intermicrobial interactions and to

microbe–host relationships (Eckburg et al. 2003; Samuel and Gordon 2006; Vianna

et al. 2006; Vickerman et al. 2007; Conway de Macario and Macario 2009).Within

this current scenario the utilization of immunochemical methods for analysis,

modification, manipulation, and use of methanogens in animal and human medi-

cines and in industry becomes a major instrument (Macario and Conway de Macario

1985a, b, c; Conway de Macario and Macario 2009). The data presented in this

Chapter pertaining to the immunochemical and molecular characteristics of the cell

walls of various methanogens, representing a range of evolutionary branches,

should be useful to begin (or continue) the development of tools with direct

practical applications. For example, the recognition of several distinct immuno-

types in M. smithii, which is by far the most frequent methanogen inhabiting the

human body, is the start for any investigation aiming at determining the organisms

(immunotypes) most relevant for enhancing the pathogenesis of associated

microbes. The same can be said for research directed toward the elucidation of

which methanogenic immunotype is the most efficient for bioconversion of wastes

in a waste-treatment plant.

References

Belay N, Johnson R, Rajagopal BS, Conway de Macario E, Daniels L (1988) Methanogenic

bacteria from human dental plaque. Appl Environ Microbiol 54:600–603

Belay N, Mukhopadhyay B, Conway de Conway Macario E, Galask R, Daniels L (1990)

Methanogenic bacteria in human vaginal samples. J Clin Microbiol 28:1666–1668
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Chapter 11

Cell Wall Structure and Pathogenicity

T.A. Oelschlaeger, U. Dobrindt, and J. Hacker

11.1 Introduction

Components of the cell envelope are important for the interaction of pathogenic

bacteria with abiotic surfaces, each another and with the host. Such components are

polysaccharides and autotransporter proteins of the outer membrane inGram-negative

bacteria, which are involved in biofilm formation. Surface exposed proteins assem-

bled into hair-like surface structures, termed fimbriae or pili, function as adhesins

responsible for adherence to host surfaces. Some of them are also involved in the

ability of pathogens to invade host cells. Besides fimbrial adhesins there are also

afimbrial adhesins. Certain specialized surface proteins mediate internalization by

host cells while others induce intracellular motility subsequent to internalization.

A multipurpose tool is the bacterial flagellum. It is not just able to move the bacterial

cell but in addition may function as an adhesin and an immune stimulating factor.

Properties of all these cell envelope components are reviewed in this chapter. How-

ever, it must be taken into account that this review cannot be comprehensive due to

space limitations and the enormous variety of prokaryotic cell wall components.

11.2 Fimbrial Adhesins/Pili of Gram-negative Bacteria.

(Classification Based on Their Assembly Mechanism)

Hair-like surface structures – fimbriae or pili – were first classified according to

their morphology, but more recently according to their mechanism of assembly, and

this classification is also used in this chapter. These surface structures (Table 11.1)
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are responsible for attachment of the bacterial cell to surfaces allowing colonization

of, e.g., certain niches in a host. They are primarily composed of a single protein

generically called pilin (Soto and Hultgren 1999). For many Gram-negative patho-

gens, disruption of fimbrial assembly results in severely reduced virulence, which

highlights the crucial importance of pili for pathogenicity (Tacket et al. 1998).

11.2.1 Class 1 Fimbriae/Type IV Pili

Type IV pili (Tfp) (Fig. 11.1) are the most widespread organ of bacterial attachment

and the only one present in Gram-positive as well as Gram-negative bacteria

(Table 11.1 and 11.2). They are extremely thin (5–8 nm in width), long (several

micrometers) and flexible filaments that often interact laterally to form characte-

ristic bundles (for a review of type IV pili see Pelicic 2008). Tfp facilitate adhesion

to host cells for enteropathogenic Escherichia coli (EPEC) by the bundle forming

pilus (Bfp), for Neisseria gonorrhoeae by the GC pilus, and by the Vibrio
cholerae toxin coregulated pilus (Tcp). Tfp mediate adhesion also to cellulose

(Ruminococcus albus), to stainless steel (Pseudomonas aeruginosa) and to paper-

making machines (Deinococcus geothermalis). In addition Tfp permit locomotion

known as twitching motility (Mattick 2002), as well as DNA uptake during trans-

formation (see below). These properties depend on the unique capacity of Tfp to

retract, which generates substantial mechanical force (Maier et al. 2002). It is very

likely that the pil genes encoding Tfp are of ancient origin and that Tfp represent a

machinery for macromolecular export. For the Tfp of Pseudomonas aeruginosa, the
PAK pili, the receptors have been identified as the glycolipids asialo-GM1 and

asialo-GM2 on epithelial cell surfaces (Ramphal et al. 1991). Also, the receptor

binding loop for recognition of the receptors has been mapped. The residues 128–

144 of the D-region of PAK pilin, the protein of which the pilus is composed of, is

the adhesive portion. However, although this region is present in each of the several

thousand pilin proteins in each PAK pilus, only the D-region of the PAK pilin at the

tip of the pilus filaments is exposed and able to bind the receptors (Lee et al. 1994).

For pathogenic Neisseria spp., Tfp are required to attach to human epithelial cells in

the initial stages of infection. The pilus receptor was thought to be the transmem-

brane glycoprotein CD46, which is present in human epithelial cells (Kallstrom

et al. 1997). However, the role of CD46 as the receptor for PilC, the tip adhesin of

the Tfp ofNeisseria, has been questioned (Kirchner et al. 2005; Tobiason and Seifert
2001). Instead, a protein has been suggested to act as the receptor for PilC (Kirchner

and Meyer 2005).

Conjugative fertility fimbriae (F fimbriae/F pili) are a subset of Tfp and impor-

tant in the context of pathogenicity because they are essential for conjugative

spread of antibiotic resistance and pathogenicity genes by transferring DNA from

a donor to a recipient bacterium (Lawley et al. 2003). This mode of horizontal gene

transfer is responsible for the fast spread of antibiotic resistance among bacterial

populations which is not restricted to one species but able to cross species
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boundaries. These fimbriae are hollow cylinders anchored on proteins of the

cytoplasmic membrane which traverse the periplasm, and penetrate the outer

membrane through a specific proteinaceous pore before they stick out of the

bacterial surface. The single stranded DNA is transferred through the central

canal into the cytoplasm of the donor cell. In naturally competent bacteria, other

members of this fimbrial class are involved in uptake of DNA from the medium

(Hofreuter et al. 2001). It is speculated that DNA binds via its negatively charged

backbone to the positively charged residues in the grooves of Tfp and the bound

DNA is subsequently taken up by Tfp retraction (Craig and Li 2008).

Many pathogenicity (associated) genes are carried by plasmids which either

encode a conjugative system including F fimbriae themselves or harbor mob-genes
essential for conjugative transfer with the help of another plasmid with a complete

Tra (transfer) system. Plasmid-encoded virulence genes include but are not limited

to toxin genes (e.g., hemolysin) and adhesins and may even code for type three

protein secretion systems (T3SS) for the transfer of effector proteins into host cells.

These effector proteins are important for pathogenicity not only of human and

animal pathogenic bacteria but even for plant pathogenic microbes. F-like fimbriae

autransporter
e.g. Ag43

Fimbrial adhesin
e.g. Spa

OM
PG
CM

Intimin

YadA – like adhesins

Gram +

Flagella

Flagella

Class 2 fimbriae
e.g. P pili 

Curli
(amyloid fibers)

Afimbrial adhesin
Recognizing 
carbohydrate receptor
e.g. type Po of S. suis 

Class 1 fimbriae
e.g. type IV pili
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MSCRAMM

Invasin
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Fig. 11.1 Surface proteins and proteinaceous surface organelles of Gram-positive (Gram þ) and

Gram-negative (Gram�) bacteria with importance for pathogenicity. Depicted as symbols are

proteins/proteinaceous surface organelles in the outer membrane (OM) and a flagellum and one

class 1 fimbria, the later ones originating in the cytoplasmic membrane (CM) and penetrating

through the peptidoglycan (PG) and the OM of the cell envelope of Gram-negative bacteria. All

adhesins and internalin of Gram-positive bacteria shown are anchored covalently to the peptido-

glycan with the exception of InlB
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of type four secretion systems (T4SS) are also able to secrete virulence factor

proteins directly into host cells (Christie and Vogel 2000).

11.2.2 Class 2 Fimbriae

This is the so-called chaperone/usher pathway family, which is split into clades

according to the sequence of the usher gene (usually only one usher gene per

fimbrial operon). The following clades were recently introduced by Nuccio and

Bäumler (2007).

11.2.3 Fimbriae of the Alternate Chaperone/Usher Family

The a Fimbriae. This is a rather small family, also termed the colonization factor

antigen I (CFA-I)-like group, with only 15 representatives from genera belonging to

the Gammaproteobacteria class and one representative from the Betaproteobacteria

(Nuccio and Bäumler 2007). The best studied member of the a-fimbriae is probably

the coo operon encoding CS1 fimbriae of human enterotoxigenic E. coli (ETEC)
(Table 11.1). These rigid filaments do not contain a visible tip fibrillum (Gaastra

and Svennerhom 1996). However, there are several other fimbriae of human ETEC

that belong to this clade, including CFA/I, CS2, CS4, CS5, CS14, CS17, CS19 and

PFC071 (Nuccio and Bäumler 2007). Common to all these fimbriae is an apparently

tip-localized minor subunit, which mediates adherence (Gaastra and Svennerhom

1996) and is important for colonization of the small intestine (Evans et al. 1978).

Most of these fimbrial determinants are located on plasmids carried by ETEC.

Remarkably, all these operons present in ETEC encode human-specific coloniza-

tion factors (Nuccio and Bäumler 2007). Similarly, the tcf operon also encoding

fimbriae of the a-fimbrial clade is present in the strictly human-adapted pathogens

Salmonella enterica serotype Typhi and S. enterica serotype Paratyphi (McClelland

et al. 2004; Townsend et al. 2001). The receptor (structure) has not yet been

identified for any of these adhesins.

11.2.4 Fimbriae of the Classical Chaperone/Usher Pathway
Family

The b fimbriae. This subfamily of adhesins is the smallest one and no structural

information is available because the encoding operons were all identified by whole

genome sequencing. However the lack of genes resembling tip adhesins suggests

that operons of this clade encode nonfimbrial or fibrillar structures, because the

318 T.A. Oelschlaeger et al.



absence of tip adhesins is characteristic for operons that encode proteins that

assemble into thin fibrillae or nonfimbrial surface structures. Members were

found in E. coli K-12 (yhcADEF operon), Burgholderia cepacia and B. pseudo-
mallei, S. enterica serotype Typhimurium (stj operon) and Yersinia pestis (Nuccio
and Bäumler 2007).

The g1 fimbriae. Some of the best studied fimbriae belong to this clade and are

present in several species within the Gammaproteobacteria. The most prominent

examples are type 1 and type 1-like fimbriae expressed by, e.g., Citrobacter
freundii (Fim) (Hess et al. 2004), E. coli (e.g., Fim, Sfm, Foc, Sfa) (Table 11.1)

(Nuccio and Bäumler 2007), Proteus mirabilis (Atf) (Massad et al. 1996), and

S. enterica serotype Typhimurium (Bcf, Fim). These fimbriae consist of a rigid

helical shaft (7 nm in diameter) composed of several hundred FimA molecules

(major subunit) and a short flexible tip fibrillum containing the minor subunit

proteins FimF and FimG and at its distal end the FimH adhesin. FimH mediates

mannose-sensitive heme- and yeast-agglutination (Jones et al. 1995). In uropatho-

genic E. coli (UPEC) type 1 fimbriae are important in causing cystitis. However, S

fimbriae (Sfa) and F1C (Foc) fimbriae are also frequently found in UPEC. In

contrast to type 1 fimbriae, S fimbriae bind to sialic acid-containing receptors and

mediate neuraminidase-sensitive hemagglutination, while F1C fimbriae bind Gal-

NAc (b1-4) b-galactoside residues (Khan et al. 2000; Parkkinen et al 1986).

The g2 fimbriae. Apart from in E. coli, determinants for these fimbriae were

only detected in the entomopathogenic Photorhabdus luminescens (Duchaud et al.

2003). The best characterized member of this clade is the operon, which encodes

the F6 fimbrial antigen (987P fimbriae). This operon is commonly carried by

plasmids in porcine isolates of ETEC. The encoded fimbriae are rigid filaments

with a tip adhesin (FasG) which is linked by a minor subunit (FasF) to the fimbrial

shaft composed of the major subunit FasA (Cao et al. 1995). 987P fimbriae bind

with FasG to histone H1 protein in the brush border of the piglet intestine

(Table 11.1) (Zhu et al. 2005). CS12 and CS18 fimbriae are present in human

isolates of ETEC, the receptors for which are not unidentified yet. The morpho-

logy of 987P and CS18 fimbriae is a type 1 pili-like appearance with a rigid

shaft and on top a fibrillum with the adhesin at the most distal end (Honarvar

et al. 2003).

The g3 fimbriae. Family members include the Dr family of adhesins common

among diffusely adhering E. coli (DAEC) strains associated with diarrhea or UTI.

Some of the g3 family members were reported not to be assembled into fimbriae.

However, most probably they are assembled into fibrillae too thin to be visualized

by electron microscopy. Anderson et al. (2004) interpret the afimbrial sheath

morphology for Afa-adhesins as the result of a collapse of the fine fibrillar struc-

tures onto the bacterial surface. The Dr family of adhesins have in common

adherence to epithelial cells by virtue of binding to decay-accelerating factor

(DAF or CD55), a glycophosphatidylinositol (GPI)-anchored glycoprotein that

regulates complement activation. Some members of the Dr family are also involved

in adherence to the carcinoembryonic antigen-related cell adhesion molecules

CEA, CEACAM1 and CEACAM6 (Berger et al. 2004) (Table 11.1).
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The fraction 1 capsule-like antigen (F1) confers antiphagocytic properties upon

Y. pestis and is also a member of the g3 family (Du et al. 2002). In fact, the major

subunit encoded by this caf operon is assembled into fibers that form a large gel-like

capsule on the bacterial surface (Zavialov et al. 2003).

The g4 fimbriae. There are only three well-characterized fimbriae of this sub-

family. The Mrk fimbriae or type 3 fimbriae of Klebsiella pneumoniae mediate

mannose-resistant agglutination of tannic acid-treated erythrocytes (Table 11.1)

(Tarkkanen et al. 1998). The Hif fimbriae of Haemophilus influenzae agglutinate

erythrocytes carrying the blood group AnWj and promote colonization of the upper

respiratory tract (Kubiet et al. 2000). The fimABCD operon of Bordetella pertussis
encodes serotype 2 fimbriae which recognize heparin by FimD and which are

involved in adherence to the laryngeal mucosa of the human respiratory tract (De

Greve et al. 2007).

The k fimbriae. These flexible fimbriae are only found among Enterobacteria-

ceae. Examples are K88 (F4), K99 (F5), and F107 (F18 fimbrial antigen) fimbriae

of E. coli. They are thin (2–5 nm diameter) and can be readily distinguished

morphologically from the thicker, rigid fimbriae of the g- or p-fimbrial clade. At

least for the K88 and K99 fimbriae, the major subunits (FaeG and FanC) have been

implicated in determining the binding activity of their respective adhesins (Bakker

et al. 1992; Jacobs et al. 1987). A receptor has not yet been identified unambigu-

ously for K88, whereas N-glycolyl-GM3 and N-glycolylasialparagloboside were

shown to be receptors for K99 fimbriae (Table 11.1) (Kyogashima et al. 1989).

These N-glycolylsialyl residues are found in the glycoproteins and glycolipids of

piglets, calves, and lambs but not in the glycoproteins and glycolipids of humans.

This distribution is probably responsible for the host range of ETEC causing

diarrhea in these animals (Kyogashima et al. 1989).

The p fimbriae. Members of this fimbrial subfamily are found in Betaproteo-

bacteria and Gammaprotebacteria, e.g., in S. enterica serotype Paratyphi A (Ste)

and S. enterica serotype Typhimurium (Std, Stf) (Emmerth et al. 1999; McClelland

et al. 2004). The best-characterized examples are the Pap- (pyelonephritis asso-

ciated pili) or P-fimbriae (Fig. 11.1) of UPEC, which bind to Gala(1–4)Gal moieties

present in glycolipids expressed by kidney epithelial cells (Table 11.1) (Stapleton

et al. 1998; Svenson et al. 1983). Similar to type 1 fimbriae, P-fimbriae are

composed of a rigid shaft build up by the major subunit PapA and a flexible tip

fibrillum with the adhesive minor subunit PapG at its very distal end. PapG is

connected to the fibrillum made up of PapE by PapF. PapK serves as an adaptor to

link the tip fibrillum to the helical fimbrial shaft (Kuehn et al. 1992). Other E. coli
fimbriae closely related to P-fimbriae are Prf (P-related fimbriae) (Morschhäuser

et al. 1994), Pix fimbriae (Lugering et al. 2003) and Sfp fimbriae (Brunder et al.

2001).

The s fimbriae. This is the most widely distributed fimbrial subfamily of the

chaperone/usher family found in members of Proteobacteria, Cyanobacteria and

Deinococcus-Thermus. Even some plant-pathogenic bacteria express these fimbriae,

such as Erwinia carotovora and Xanthomonas oryzae. Human pathogenic bacteria

(e.g., Y. pestis, Burgholderia pseudomallei, Vibrio parahaemolyticus) also encode
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adhesins of this subfamily (Nuccio and Bäumler 2007). Not much is known about the

morphology or function of the encoded surface structures of the s fimbrial determi-

nants. For Acinetobacter baumanii it is known that the csu fimbrial operon is required

for biofilm formation and for the elaboration of fimbriae on its surface (Table 11.1)

(Tomaras et al. 2003).

11.2.5 Fimbriae of the Extracellular Nucleation/Precipitation
Pathway (Curli)

Curli fimbriae (formerly designated thin aggregative fimbriae (agf) in S. enterica
serovar Typhimurium) (Fig. 11.1) are produced by certain species of the family

Enterobacteriaceae, form highly aggregative fibers on the bacterial surface, and

bind to a variety of proteins, e.g. fibronectin (Table 11.1) (Olsen et al. 1998).

Furthermore, curli mediate adhesion to host cells and inert surfaces, which is of

medical importance as well (Vidal et al. 1998). Curli are critical determinants of

attachment during biofilm formation and they are potent inducers of the host

immune response (Bian et al. 2000; Prigent-Combaret et al. 2000). In fact curli

are functional amyloid fibers, which can serve as a model for amyloid associated

with debilitating human disease such as Alzheimer’s and prion disease (Barnhart

and Chapman 2006). The expression of two divergently transcribed operons is

required for curli biogenesis. The csgBAC operon encodes the structural subunits

of the fiber, CsgA and CsgB, whereas no role is known for CsgC, at least in E. coli.
The products of the csgDEFG operon are necessary for production, secretion and

assembly. The first gene encodes the transcriptional activator CsgD for this operon.

CsgG is a lipoprotein localized in the outer membrane and required for the secretion

of CsgA and CsgB to the cell surface (Robinson et al. 2006). CsgE and CsgF

interact with CsgG at the outer membrane, modulate the stability of CsgA and

CsgB, and are required for efficient curli assembly (Chapman et al. 2002).

11.3 Afimbrial Adhesins of Gram-negative Bacteria

The YadA-like adhesins are a growing family of afimbrial adhesins (Fig. 11.1).

Members of this family include the Eib E. coli immunoglobulin-binding proteins

(Sandt et al. 2002), HadA of Haemophilus influenzae biogroup aegyptius (Serruto

et al. 2009), NadA of Neisseria meningitidis (Commanducci et al. 2002), the UspA1

and UspA2 adhesins of Moraxella catarrhalis (Hoiczyk et al. 2000), the Vomps of

Bartonella quintana, the cause of relapsing fever (“trench fever”), endocarditis and
bacillary angiomatosis (Zhang et al. 2004), and XadA of the plant pathogen

Xanthomonas oryzae pv. oryzae (Ray et al. 2002). However, the first member of

this family was identified in the genus Yersinia encoded by the pYV plasmid found
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in the pathogenic Yersinia species (Y. pseudotuberculosis and Y. enterocolitica) (for
a review see El Tahir and Skurnik 2001). YadA is a homotrimer of 45 kDa subunits

that are anchored to the outer membrane via their C-termini, while their N-termini

form a globular head on top of a stalk. The “lollipop”-shaped YadA structure covers

the entire bacterial surface giving it hydrophobic properies. This afimbrial adhesin

mediates binding to collagens, laminin, fibronectin, intestinal mucosa, and mucus,

and to hydrophobic surfaces like polystyrene (Table 11.1). Furthermore, YadA-

expressing bacteria autoagglutinate and agglutinate guinea pig erythrocytes. YadA

is also a potent serum resistance factor by inhibiting the classical pathway of

complement activation. It was demonstrated that all members of this family are

virulence factors.

Recently it was reported that YadA-like proteins are also members of the

autotransporter family that are characterized by their ability to cross the outer

membrane without the help of accessory proteins. In classical autotransporter

proteins, the monomer builds up for that purpose with their C-terminus a beta-

barrel in the outer membrane composed of 12 transmembrane beta-strands. In

contrast, YadA-like proteins form the beta-barrel in the outer membrane most

likely after trimerization and each trimer contributes with 4 transmembrane anti-

parallel beta-sheets to the oligomeric pore for export of the rest of the trimer

through the outer membrane (Ackermann et al. 2008).

Another family of afimbrial adhesins of Gram-negative bacteria is the intimin

(Fig. 11.1) family with at least 14 members (Jores et al. 2004). These afimbrial

adhesins are expressed by enteropathogenic E. coli (EPEC), enterohemorrhagic

E. coli (EHEC), rabbit diarreagenic E. coli (RDEC) and the mouse pathogen

C. rodentium (Frankel et al. 2001). The term intimin was chosen for these adhesins

because of the close approximation of bacteria to the host cells mediated by intimin.

Elecron micrographs of infected intestinal epithelia show a uniform ~10 nm gap

between bacterial and host cell membranes (Frankel et al. 2001). Intimin is

anchored with its N-terminus in the outer membrane whereas the 4 C-terminal

domains protrude from the bacterial surface. The most distal domain binds to the

intimin receptor Tir located in the host cell cytoplasmic membrane. Tir (translo-

cated intimin receptor) is the only exception among adhesin receptors in that it is a

bacterial protein translocated by the bacterial type three secretion system (T3SS)

into the host cell and functioning there as the receptor for the afimbrial adhesin

intimin (Table 11.1) (Kenny et al. 1997).

11.4 Fimbrial Adhesins of Gram-positive Bacteria

Fimbrial adhesins have been discovered in many Gram-positive bacteria (reviewed

in Telford et al. 2006; Proft and Baker 2009). Two types can be distinguished by

electron microscopy. Short, thin rods that extend between 70 nm and 500 nm in

length, with diameters of 1–2 nm, were found on the cell surface of Streptococcus
salivarius, S. gordonii and S. oralis. Much longer and flexible fimbriae of 0.3–3 mm
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and with diameters of 3–10 nm have been reported for Corynebacterium spp.,
Streptococcus pneumoniae, S. agalactiae and S. pyogenes. These are composed

of multiple copies of a major subunit protein which are covalently linked, in

contrast to fimbriae of Gram-negative bacteria. In addition, minor subunit proteins

are present, which are not required for pilus integrity, but which might function as

adhesins and are located either at the tip, along the pilus rod or even at the pilus

base. Another difference from fimbriae of Gram-negative bacteria is that they are

covalently linked to the peptidoglycan mediated by a sortase enzyme, which is a

specialized transpeptidase. Finally, a Gram-negative-like type IV pilus structure

conferring gliding motility was found in Clostridium perfringens and in Rumino-
coccus (Table 11.2) (Rakotoarivonina et al. 2002; Varga et al. 2006).

In Corynebacterium diphtheriae, causing diphtheria, three different fimbriae

were identified named according to their major subunit, sortase-mediated pilin

assembly (Spa) A, D, or H (Fig. 11.1; Table 11.2). The minor subunit SpaC is

located at the fimbrial tip whereas SpaB is associated along the pilus length. These

minor subunits are involved in specific colonization of human pharyngeal cells.

Antibodies against SpaB or SpaC block bacterial adherence and latex beads coated

with one or the other minor subunit protein specifically bind to pharyngeal cells

(Mandlik et al. 2007).

Genome analysis of S. agalactiae, the major cause of neonatal sepsis and

meningitis in the developed world, led to the discovery of a gene cluster (pilus

island 1, PI-1) encoding a pilus composed again of a major subunit protein (GBS80)

and two minor pilins (GBS52 and GBS104) attached to the pilus fiber. A related

pilus-encoding gene cluster (PI-2) was also found (Table 11.2) (Rossini et al. 2006).

Because mutants devoid of the pilus shaft show normal adherence to pulmonary

cells whereas deletion mutants of the minor subunit gene were significantly reduced

in adherence capacity, the minor pilins seem to act as adhesins independent of the

pilus structure (Krishnan et al. 2007).

Similar pilin determinants were also detected in the genome of S. pyogenes
which colonizes the nasopharynx and skin, sometimes resulting in pharyngitis and

subcutaneous skin diseases such as impetigo and cellulitis, but also sometimes

leading to invasive diseases such as necrotizing fasciitis and toxic shock syndrome.

The determinant detected is a highly polymorphic gene cluster that also encodes

fibronectin-binding proteins (PrtF1, PrtF2), collagen-binding protein (Cpa), and the

T antigen (FCT region) (Table 11.2) (Bessen and Kalia 2002). Again, the pili are

composed of a major subunit protein and two minor pilins detected along the pilus

shaft in all investigated S. pyogenes strains, one of which is Cpa (Mora et al. 2005).

The pilus shaft obviously carries the two minor pilins acting as adhesins. The

adhesins mediate adherence to pharyngeal cells (Detroit-562) and to human tonsil

epithelial cells and skin keratinocytes (Abbot et al. 2007).

Fimbriae have also been detected in some, but not all, Streptococcus pneumo-
niae strains. Like S. pyogenes, S. pneumoniae can colonize the nasopharynx and

subsequently may cause otitis media, sinusitis and pneumoniae. The fimbrial genes

are localized on a pathogenicity islet (rlrA), which may be a mobile element.

Besides three sortases (SrtB, C and D), three fimbrial component proteins are

11 Cell Wall Structure and Pathogenicity 323



encoded on RlrA: the major fimbrial shaft protein RrgB and the two minor fimbrial

proteins RrgA and RrgC. RrgC is found at the pilus tip and RrgA is located mainly

at the base of the fimbria but also distributed along the fimbrial shaft (Table 11.2)

(LeMieux et al. 2006). The expression of these fimbriae enhances adherence to lung

epithelial cells, and a fimbria expressing clinical isolate was more virulent than a

nonpiliated isogenic mutant in murine models of colonization, pneumonia and

bacteremia (Barrochi et al. 2006).

The dental pathogen Actinomyces naeslundii utilizes two structurally different

fimbriae, termed Type 1 and Type 2, for colonization of the oral cavity. These

heteromeric structures are build by a major subunit protein forming the shaft (FimP

in Type 1 and FimA in Type 2) and a minor subunit protein (FimQ and FimB,

respectively) that is localized primarily at the pilus tip (Mishra et al. 2007). Type 1

fimbriae adhere to the proline-rich salivary proteins of the tooth enamel, facilitating

oral colonization (Gibbons et al. 1988). Type 2 fimbriae have lectin-like binding

activity for glycoprotein or glycolipid receptors on various host cells. In addition

they bind to cell wall glycans of some oral streptococci to form biofilms (dental

plaque) (Table 11.2) (Mergenhagen et al. 1987).

11.5 Afimbrial Adhesins of Gram-positive Bacteria

The most prominent examples of afimbrial adhesins in Gram-positive bacteria are

members of the matrix-binding proteins called MSCRAMMs (microbial surface

components recognizing adhesive matrix molecules) (Fig. 11.1). MSCRAMMs

bind to fibronectin, collagen, vitronectin, laminin, and others (Patti et al. 1994).

Other afimbrial adhesins recognize carbohydrate receptors. In Streptococcus
suis two most likely afimbrial adhesins were identified: type PN (Fig. 11.1) inhibi-

table by galactose and N-acetylgalactosamine, and type Po inhibitable only by

galactose (Table 11.2) (Haataja et al. 1996)

Streptococcus gordonii, a member of the viridans group and a major component

of the human oral flora, also harbors two afimbrial adhesins. Both of them (GspB

and Hsa) are serine-rich surface glycoproteins anchored with their C-terminus to

peptidoglycan. They recognize and bind to the platelet glycoprotein Iba (GPIba)

and glycoprotein IIb (GPIIb) (Table 11.2) (Takamatsu et al. 2005). The ability to

bind to platelets is a central interaction in the pathogenesis of infective endocarditis

(Xiong et al. 2008).

Adherence of Staphylococcus aureus to isolated squamous cells from the nares

of volunteers can be mediated by four different afimbrial adhesins. Only a mutant

lacking surface proteins clumping factor B (ClfB), iron-regulated surface depter-

minant A (IsdA), and the serin-aspartic acid repeat proteins SdrC and SdrD was

completely defective in adherence (Corrigan et al. 2009). Some S. aureus strains
express the surface protein SasG which can also promote adhesion to desquamate

nasal epithelial cells in vitro. However, SasG is not expressed by many S. aureus
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strains (Corrigan et al. 2007). Other MSCRAMMs of S. aureus are listed in

Table 11.2.

As is the case for Gram-negative bacteria, Gram-positive bacteria also harbor

genes for and express afimbrial as well as fimbrial adhesins. This also holds true for

single strains. A recent genome-based analysis in Enterococcus faecium, for exam-

ple, identified 22 predicted peptidoglycan-anchored surface proteins, of which 15

had characteristics typical of MSCRAMMs, including predicted folding into a

modular architecture with multiple immunoglobulin-like domains. Strikingly, 9

of the 15 predicted MSCRAMMs showed similarity to Enterococcus faecalis Ebp
pilus subunits and also contained motifs essential for pilus assembly (Sillanpää

et al. 2008).

11.6 Flagella

Flagella are filamentous cell appendages up to 15 mm in length. They are organelles

for motility in liquid media and under certain circumstance also allow movement on

solid surfaces. Their activity is coupled to the chemotaxis machinery. Flagella are

composed of the basal body which functions as a motor dependent on the proton

gradient across the cytoplasmic membrane, a torsion hook and a helical hollow

filament (the flagellum) (Fig. 11.1). The flagellin protein, which is the subunit of

which the flagellum is composed, has a molecular mass of 28–80 kDa depending on

the bacterial species. Flagella are essential structures for pathogenicity of bacteria

because they provide motility or increase adhesion. Furthermore, the flagellin

monomer is of great importance in the detection of microbes by the host and in

the induction of immune responses (Ramos et al. 2004).

Motility was demonstrated to be essential for infection of the stomach and

lungs by Helicobacter pylori and Pseudomonas aeruginosa respectively (Drake

and Montie 1988; Ottemann and Lowethal 2002). Colonization of intestinal mucosa

by Vibrio cholerae is strictly dependent on expression of functional flagella

(Krukonis and DiRita 2003).

Besides functioning as an organelle for motility, flagella were reported to

mediate adhesion. Clostridium difficile mutants lacking flagella associated with

cecal tissue at a tenfold lower rate in comparison to the flagellated wildtype.

Furthermore, crude flagella from this opportunistic pathogen bind to cecal mucus

of germ-free mice (Tasteryre et al. 2001). Also the flagella of enteropathogenic

E. coli (EPEC) mediate adherence to cultured epithelial cells which can be blocked

by purified EPEC flagella and antiflagella antibodies. Most likely the mammalian

cells provide a signal that triggers flagella production in EPEC (Giron et al. 2002).

For another E. coli pathotype, enterohemorrhagic E. coli (EHEC), the flagella of

serotype H7 is responsible for adherence of EHEC to bovine intestinal epithelium,

which is a crucial initiating step for colonization of cattle, the principal reservoir of

EHEC O157:H7 (Mahajan et al. 2009). In many motile pathogens, molecules with

high similarity to EtpA of ETEC were identified. These EtpA-like proteins are
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the secreted partner of two-partner secretion family proteins. In ETEC, EtpA is

secreted and subsequently binds to FliC at the tip of the flagella and functions there

as an adhesin. In this case, the flagella are used as the presenting organelles for the

adhesive EtpA molecules (Roy et al. 2009). The medical importance of adherence

mediated by flagella is also highlighted by a paper reporting S. enterica to adhere by
the flagella to basil, lettuce, rocket, and spinach leaves. These observations were

made with a S. enterica serovar Senftenberg strain which had caused an outbreak in
the United Kingdom (Brown et al. 2009).

Flagella of certain pathogens are postranslationally modified by glycosylation.

This was shown for, e.g., Pseudomonas syringae pv. tabaci, Clostridium botulinum
and Campylobacter jejeuni. Glycosylation of flagellin is necessary for efficient

adhesion mediated by the flagellum and for the ability to cause disease in tobacco

(Taguchi et al. 2006). Flagellin glycosylation in C. jejeuni is variable and influences
autoagglutination as well as adherence and invasion of INT407 cells. In addition,

lack of pseudoaminic acid in flagellin resulted in attenuation in the ferret diarrheal

disease model (Guerry et al. 2006).

Flagellins also exhibit some features of microbe-associate molecular patterns

including sequence conservation and wide distribution among bacteria. In mam-

mals, the Toll-like receptor 5 (TLR5) is involved in the detection of flagellin.

Recognition of flagellin by TLR5 stimulates transcription of proinflammatory

genes that are dependent on NF-kB and MAPKs (Ramos et al. 2004).

In C. jejeuni as well as in Yersinia enterocolitica the flagellar export apparatus

secretes certain virulence factors. For Y. enterocolitica the secretion of several

proteins was demonstrated including the virulence-associated phospholipase YplA

(Young et al. 1999). Similarly, a set of proteins is synthesized by C. jejeuni during
coculture with epithelial cells, a subset of which is secreted via the flagellar export

system (Konkel et al. 2004).

As was shown for the glycosylated flagella of C. jejuni, flagella of other

pathogenic bacteria also mediate invasion of host cells. Certain UPECs, in particu-

lar strain AL511, are able to enter and persist within mouse collecting duct

mpkCCDcl4 cells depending on the expression of a functional flagella. For strain

AL511, both flagellum filament assembly and the motor proteins MotA and MotB

appear to be required for uptake into collecting duct cells (Pichon et al. 2009).

11.7 Invasins

Certain pathogenic bacteria even invade host cells. The intracellular niche provides

several advantages to invasive bacteria. Extracellularly located bacteria might be

exposed to physical stresses such as low pH or shear stress and many other host

defense mechanisms, in contrast to intracellular bacteria. In addition, a spectrum of

antibiotics will not affect bacteria inside host cells.

The first bacterial surface proteins identified to mediate uptake by host cells were

invasins expressed by enteropathogenic Y. enterocolitica (MW: 91.3 kDa) and
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Yersinia pseudotuberculosis (103 kDa) (Fig. 11.1). Invasin is an outer membrane

protein which binds with extraordinarily high affinity to at least five different

integrins that have the b1 chain. Such integrin receptors are present at the apical

surface of M cells in the intestine. Binding via invasin to b1 integrins on M cells

allows bacterial internalization and subsequent translocation into regional lymph

nodes (Isberg and Barnes 2001). In order to reach the intracellular niche, some

bacteria use adhesins or proteins encoded by an adhesion determinant. Pathogenic

E. coli (e.g., UPEC) might enter host cells either via type 1 fimbriae or by expressing

AfaE or DraE. The DraE or AfaE-III adhesin subunits are necessary and sufficient to

promote the receptor-mediated bacterial internalization into epithelial cells (CHO-

B2) expressing human decay-accelerating factor (DAF), CEACAM1, CEA, or

CEACAM6. This internalization occurs through a microfilament-independent,

microtubule-dependent, and lipid raft-dependent mechanism (Korotkova et al.

2008; Guignot et al. 2009). CEACAM receptors are also manipulated by Neisseria
gonorrhoeae and Neisseria meningitidis to induce bacterial internalization. Interac-
tion of these Neisseria spp. with CEACAM1, CEACAM3, CEACAM5, and/or

CEACAM6 occurs by binding of variants of the integral outer membrane proteins

of the Opa family (Dehio et al. 1998) (Fig. 11.1). Opa proteins are predicted to span

the lipid bilayer eight times with four surface-exposed loops (Malorny et al. 1998).

Individual gonococcal strains possess ~11 different opa alleles, each of which may

encode functionally and/or antigenically distinct variants (Dehio et al. 1998). Only

Opa50 ofN. gonorrhoeae strainMS11 binds either to cell surface-associated heparan

sulfate proteoglycans (HSPG) or to a combination of HSPG receptor(s) and the

serum-derived extracellular matrix proteins fibronectin and vitronectin. In the latter

case, the extracellular matrix proteins bridge Opa50 with the fibronectin/vitronectin-

specific integrin receptors and ligate these with HSPG-containing syndecan recep-

tors, thereby triggering their engulfment by host cells (McCaw et al. 2004).

At least in vitro, curli, a member of the growing family of naturally occurring

amyloids, not only mediate adherence but are also able to mediate invasion of

E. coli and S. enterica serovar Typhimurium (Gophna et al. 2002; Uhlich et al.

2009). Invasion of host cells by S. enterica serovars and Shigella spp. is the result of
translocation of protein effector molecules from the bacterial cytoplasm into the

host cell cytoplasm via an “injectosome” of the type three protein secretion system

(T3SS). The part of the “injectosome” crossing the cytoplasmic membrane, the

periplasm and the outer membrane is highly homologous to the basal body of the

flagella. However, instead of the extruding flagella a straight and rigid hollow

cylinder extends from the basal body forming a needle through which the effectors

are translocated into the host cell after contact of the needle tip with the host cell

cytoplasmic membrane.

Invasiveness is not a property restricted to Gram-negative bacteria. Bacterial

mediated entry into host cells was also reported for many pathogenic Gram-positive

bacteria. The best studied example is Listeria monocytogenes which is able to cross
three host barriers: the intestinal, the blood–brain and the materno-fetal barrier.

This species expresses two surface located proteins – InlA and InlB – which

function as the main invasins (Fig. 11.1). InlA is a protein of 88 kDa with a
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carboxyterminal sorting signal consisting of a LPXTG motif followed by a hydro-

phobic domain comprising ~20 amino acids and a tail of positively charged amino

acids. This signal is responsible for the covalent connection of InlA to the peptio-

doglycan. Like all members of the so-called internalin multigene family, InlA

contains also an amino-terminal leucin-rich repeat (LRR) domain followed by a

conserved inter-repeat region (IR). The LRR domain consists of tandem repeats of

20–22 amino acids with conserved leucin residues. These repeats are known to be

involved in protein–protein interactions. In InlA the LRR and IR regions are

necessary and sufficient for bacterial entry into permissive cells (Lecuit et al.

1997). Genome analysis of L. monocytogenes revealed the presence of 14 genes

encoding internalin-like proteins with an LPXTG motif (Cabanes et al. 2002).

In contrast to InlA, InlB is not covalently linked to the peptidoglycan but is only

loosely associated with the bacterial cell wall via its different C-terminus lacking

the LPXTG motif (Schubert et al. 2001). Instead, the 231 carboxyterminal amino

acids of InlB are necessary and sufficient for binding to lipoteichoic acids on the

bacterial surface and for interaction with glycosaminoglycans on mammalian cells.

Important for the interactions are the three highly conserved modules of ~80 amino

acids containing the dipeptide Gly-Trp (GW modules) (L. monocytogenes surface
proteins are reviewed in Cabanes et al. 2002).

The glycosaminoglycans, as well as gC1qR/p32 and Met/HGFR (hepatocyte

growth factor receptor), are receptors for InlB. The gC1qR/p3 receptor can trime-

rize and is mostly located at mitochondria and can be detected in the nucleus and on

the cell surface. It has been reported to interact with many viral proteins (Cossart

and Toledo-Arana 2008). Met is a tyrosine kinase and the receptor for the hepato-

cyte growth factor (Shen et al. 2000). Full Met activation requires not only binding

of the LRR region but also C-terminal domains of InlB, which induce heparin-

mediated receptor clustering and potent signaling (Cossart and Toledo-Arana

2008). It should be noted that InlB plays no role in crossing of the intestinal barrier

in an oral infection model with transgenic mice (Khelef et al. 2006).

The receptor used by InlA for entry is E-cadherin (Mengaud et al. 1996). Like

InlB, InlA interacts with its receptor via the N-terminal LRR containing domain.

InlA binds to the N-terminal part of the ecto-domain of E-cadherin which is totally

different from the homotypic E-cadherin-E-cadherin interactions, responsible for

the physiological role of E-cadherin, ensuring tight adhesion of neighboring epi-

thelial cells through homotopic interactions in adherence junctions on their baso-

lateral side (Uemura 1998). InlA is the major factor promoting crossing of the

intestinal barrier. Both InlA and InlB are necessary for the crossing of the materno-

fetal barrier (Disson et al. 2008).

After internalization of L. monocytogenes by host cells, this bacterium escapes

from the vacuole and replicates in the host cell cytoplasm. Other surface proteins

now come into play, the most prominent of which is ActA. ActA recruits and

activates Arp2/3 and induces the formation of a network of branched actin fila-

ments, mimicking WASP family proteins in the leading edge of motile cells. The

formation of branched filaments propels L. monocytogenes through the host cell and
finally into a neighboring host cell without an extracellular intermediate step (Smith
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and Portnoy 1997). This strategy is suited to protect this pathogen during its spread

from cell to cell from the host’s immune system.

Although L. monocytogenes is the best studiedmodel organism for invasive Gram-

positive bacteria, there are many reports regarding other invasive Gram-positive

microorganisms, e.g., cocci. Invasiveness has been demonstrated for group A strep-

tococci (GAS), group B streptococci (GBS; S. agalactiae), group C streptococci,

group G streptococci, and S. pneumoniae, as well as staphylococci (reviewed in

Nitsche-Schmitz et al. 2007). The presence of viable intracellular streptococci in

tonsils removed from patients with recurrent tonsillitis was an important indication of

the in-vivo relevance of GAS invasiveness (Österlund et al. 1997). Internalization

mediated by streptococcal and staphylococcal fibronectin-binding proteins is a major

mechanism common to streptococci and staphylococci. In GAS, a key player of this

internalization mechanism is SfbI or its allelic variant protein F1 (Jadoun et al. 1997).

In addition, the surface-exposed M protein of streptococci is obviously also an

invasion protein (Hagman et al. 1999). Besides these nonfimbrial invasins, the pilus

of GBS, a major causative agent of meningitis in newborns, is involved not only in

adherence to but also in invasion of brain microvascular endothelial cells (Maisey

et al. 2007).

11.8 Cell Surface-associated Proteins and Polysaccharides

in Biofilm Formation

Biofilm formation is a biphasic process, where bacteria initially adhere to biotic or

abiotic surfaces, and subsequently accumulate into a multilayer biofilm (Davey and

O’Toole 2000; Donlan and Costerton, 2002; Hall-Stoodley et al. 2004). The ability

to form biofilms on foreign materials such as permanent catheters is considered an

essential patho-mechanism for catheter-associated infections caused by different

bacterial pathogens (Trautner and Darouiche 2004). In the early stages of biofilm

formation, the surface attachment is crucial.

In the case of biofilm-forming staphylococci, nonspecific factors such as surface

charge and hydrophobicity are supposed to mediate initial adherence, but specific cell

surface-associated factors such as teichoic acids and proteins which interact with

matrix proteins (e.g., fibronectin and collagen) also play an important role. In addition,

the surface-associated protein Aap (accumulation-associated protein) and Bap/Bhp

(biofilm-associated protein) as well as protein A contribute to biofilm formation by

Staphylococcus epidermidis and S. aureus (Cucarella et al. 2001; Merino et al. 2009;

Rohde et al. 2005). For biofilm accumulation, the production of factors that mediate a

close cell-to-cell contact is crucial (G€otz et al. 2000; Heilmann et al. 2004; Hussain

et al. 2001a, b, c). So-called micro-colonies are formed, which subsequently develop

into heterogeneous, complex three-dimensional structures which are characterized

by an exopolysaccharide matrix (Davey and O’Toole 2000; Donlan and Costerton

2002). At this stage, the “polysaccharide intercellular adhesin” (PIA), which consists

of b-1,6-linked glucose aminoglycan units and represents a considerable fraction of

11 Cell Wall Structure and Pathogenicity 329



the extracellular matrix (Mack et al. 1996), is essential for S. epidermidis biofilm

formation.

Pseudomonas aeruginosa biofilms are important issues in the pathogenesis of

the bacterium in ventilator-associated pneumonia, urinary and peritoneal dialysis

catheter infections, bacterial keratitis, otitis externa, and burn wound infections

(Costerton et al. 1999). Chronic lung infection by P. aeruginosa leads to a decline

of lung function, respiratory failure, and, ultimately, death in cystic fibrosis (CF)

patients (Tümmler and Kiewitz, 1999). The mechanisms involved in bacterial

adhesion have been increasingly investigated over the last decade. Genes coding

for cell surface-associated factors such as flagella and type IV pili (O’Toole and

Kolter, 1998), Cup fimbriae (Vallet et al. 2001), and the pel genes (Vasseur et al.
2005) are the most frequently cited P. aeruginosa determinants among those shown

to be implicated in various stages of biofilm formation. Establishment of a chronic

CF lung infection by P. aeruginosa coincides with production of the exopolysac-

charide alginate involved in the formation of persistent biofilms which protect

cells from antibiotics and the host immune response (Costerton 2001; Lyczak

et al. 2002).

Escherichia coli biofilms are often associated with catheter-associated urinary

tract infections. The ability of E. coli to form biofilms contributes to colonization

of catheter surfaces and protects the bacteria against mechanical shearing forces

by urine flow as well as against the host immune system or antibiotics. Biofilms

of UPEC may also participate in the establishment of recurrent and chronic urinary

tract infections in which intracellular biofilm-like structures are involved

(Anderson et al. 2003; Hall-Stoodley et al. 2004). Biofilm formation in E. coli is
a multifactorial process. Flagella have been reported to play an important role for

initial attachment (Prigent-Combaret et al. 2000). Additionally, different cell surface-

exposed fimbrial and afimbrial adhesins mediate the binding of the bacterial cells to

each other and to other cells as well as to the substrate surface (Pratt and Kolter 1998;

Schembri and Klemm 2001). Furthermore, cell surface-associated factors, such as

flagella, different fimbrial adhesins, curli, autotransporters (Fig. 11.1), and various

components of the extracellular matrix, contribute to the establishment of three-

dimensional cell aggregates embedded in an extracellular matrix. The latter is formed

by various adhesins such as curli and fimbriae as well as by cell surface-associated

polysaccharides including colanic acid and other capsular material, poly-b-1,
6-N-acetyl-D-glucosamine, and cellulose (Danese et al. 2000a, b, 2001; Donlan and

Costerton 2002; R€omling 2005; Wang et al. 2004; Zogaj et al. 2001).

The cell surface-associated polysaccharide poly-b-1,6-GlcNAc (PGA) was origi-
nally described as polysaccharide intercellular adhesin (PIA) from S. epidermidis and
later also from S. aureus (Joyce et al. 2003).ManyGram-negative bacteria produce the

same polysaccharide. Besides mediating cell-to-cell and cell-to-surface adhesion in

biofilms, PGA is essential for the formation of the biofilm architecture of E. coli
(Agladze et al. 2003; Agladze et al. 2005). PGA has considerable effects on host–

microbe interactions as it promotes the transmission of Y. pestis from the flea vector to

the mammalian host (Hinnebusch and Erickson 2008 ) as well as colonization,

virulence, and immune evasion in infections caused by Gram-positive and
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Gram-negative pathogens (Cerca et al. 2007a, b; Izano et al. 2007; Sloan et al. 2007;

Vuong et al. 2004). Like many bacterial cell surface compounds, PGA is an effective

target for opsonic and protective antibodies. Antibodies raised against staphylococcal

PGA protected mice against lethality from different extraintestinal pathogenic E. coli
strains expressing PGA. Consequently, PGA could be a promising antigen and con-

served vaccine target for multiple bacterial pathogens (Cerca et al. 2007a, b). Simi-

larly, other cell surface-associated factors have been suggested as potential targets for

rational design of UTI vaccines, due to their immunogenicity. The careful analysis of

outer membrane-associated protein expression during growth in human urine or

during UTI of E. coli demonstrated that expression of various siderophore receptors

is induced under these conditions and that these proteins, as well as bacterial flagellin,

elicit a strong antibody response in the host during urinary tract infection (Alteri and

Mobley 2007; Hagan and Mobley 2007). Accordingly, flagellin (FliC) is a pathogen-

associatedmolecular pattern (PAMP) universally recognized by plants and animals. In

S. enterica, monomeric flagellin is recognized by Toll-like receptor 5 (TLR5) and is

about 100-fold more active than polymerized FliC (Gewirtz et al. 2001; Smith et al.

2003). Upon S. enterica sv Typhimurium gastrointestinal infection, the epithelium is

partially stimulated bymonomeric FliC to secrete cytokines such as IL-8 (Lyons et al.

2004). Interestingly, monomeric flagellin (FliC) is able to elicit an immuno-stimula-

tory response in the gastrointestinal epithelial cell line HT-29 when bound to curli

fimbriae (Rochon and R€omling 2006). Curli, also known as thin aggregative fimbriae,

bind to a variety of extracellular matrix proteins such as fibronectin and laminin, as

well as to serum proteins, plasminogen, human contact phase proteins, and congo red.

Furthermore, curli fimbriae mediate invasion of E. coli into epithelial cells (Gophna

et al. 2001; Uhlich et al. 2002).

The expression of such biofilm matrix components alters the host–bacterium

interaction of enterobacteria: co-expression of curli and cellulose decreases adher-

ence, invasion, and IL-8 induction of HT29 cells. A partial correlation exists

between curli expression, enhanced invasion of E. coli commensals, and IL-8

production (Wang et al. 2006). However, cellulose production of E. coli strain
Nissle 1917 is required for bacterial adhesion to a gastrointestinal epithelial cell line

in vitro and mouse epithelium in vivo and for enhanced cytokine production

(Monteiro et al. 2009).

Autotransporter proteins represent another class of important cell surface-

exposed factors and have been identified in a wide variety of Gram-negative

pathogens (Fig. 11.1). Diverse functions of autotransporters have been described

ranging from cell-associated adhesins to secreted toxins. Their primary structure is

composed of three domains (Henderson et al. 1998): the signal sequence, the

passenger, and the translocation domain. The N-terminal signal sequence allows

targeting of the protein to the inner membrane for its export into the periplasmic

space. The surface-exposed passenger domain (a-domain) is responsible for differ-

ent effector functions, e.g., autoaggregation, adhesion, invasion, or biofilm forma-

tion (Henderson et al. 2004). The C-terminal translocation domain (b-domain)

forms a transmembrane pore in the outer membrane and is required for transloca-

tion of the passenger domain through the outer membrane (Desvaux et al. 2004).
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The major phase-variable E. coli outer membrane protein antigen 43 (Ag43)

belongs to the autotransporter family (Henderson et al. 2004). The agn43 gene

coding for Ag43 is widespread among the species E. coli and often multiple

identical or different alleles exist in the genome of individual isolates. Pathogenic

E. coli isolates in particular frequently contain more than one similar but not always

identical agn43 gene coding for Ag43 variants with differences in their passenger

domains (Al-Hasani et al. 2001; Beloin et al. 2006; Grozdanov et al. 2004; Owen

et al. 1996; Roche et al. 2001; Torres et al. 2002). The correlation between

functional properties and the structure of different Ag43 variants is not yet

completely understood. Ag43 has been reported to affect colony morphology,

promote bacterial autoaggregation, and thus contribute to cell-to-cell adhesion

and biofilm formation (Danese et al. 2000a, b; Hasman et al. 2000; Henderson

et al. 1997; Klemm et al. 2004). It has also been proposed that certain Ag43 variants

may contribute to long-term persistence of UPEC in the murine urinary tract (Ulett

et al. 2007). Recently, it has been shown that glycosylated Ag43 confers binding

to eukaryotic cells (Sherlock et al. 2006). Several other autotransporter proteins of

E. coli have also been described to function as adhesins that mediate aggregation,

biofilm formation, and adhesion to various ECM proteins or eukaryotes (Reidl et al.

2009; Valle et al. 2008; Wells et al. 2008).

Similarly, so-called trimeric autotransporters represent an entire family of viru-

lence factors of many Gram-negative bacteria (reviewed in Linke et al. 2006).

Expression of trimeric autotransporter YadA in pathogenic yersiniae is essential

for the establishment of infections. YadA mediates adherence to proteins of the

extracellular matrix such as collagen, fibronectin, and laminin, as well as binding to

epithelial and polymorphonuclear cells, and is also essential for autoagglutination.

Additionally, binding of YadA triggers interleukin-8 (IL-8) secretion from host cells

and contributes to serum resistance by inhibiting complement activation (El Tahir

and Skurnik 2001). NadA of Neisseria meningitidis mediates binding to and inva-

sion of human epithelial cells (Commanducci et al. 2002). BadA, the key virulence

factor of Bartonella henselae, is involved in the induction of vasculoproliferations

and is also crucial for binding to extracellular matrix proteins (Riess et al. 2004). The

VompABCD proteins of B. quintana are close relatives of BadA with similar

properties (Zhang et al. 2004). UspA1 and A2 are important pathogenicity factors

that mediate cell adherence and serum resistance (Aebi et al. 1998; Lafontaine et al.

2000) inMoraxella catarrhalis, a major agent of respiratory tract infections (RTIs)

in humans. Hsf and Hia mediate adherence to host cells and are prominent in the

pathogenicity of Haemophilus influenzae (St Geme and Cutter 2000).

11.9 Conclusions

The prokaryotic cell envelope does not just shield the interior of the bacteria from

the surrounding, rather it is the interface for communication between bacterial cells

as well as with the cellular and acellular components of the host. For pathogenic
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bacteria, components of the cell wall are essential for establishing a successful

infection. This involves getting a foothold on the host surface(s) by expressing

fimbrial and/or afimbrial adhesins. The kind of adhesins to be expressed might be

important for determining host and/or tissue specificity. Motility by flagella is often

essential for pathogenic bacteria to reach certain host niches, e.g., the upper urinary

tract and kidneys. Protection from the host’s immune system is based on the

formation of biofilms by (among other means) synthesizing a protective extra-

cellular matrix, expression of a capsule, invasion of host cells, variation of exposed

surface proteins (e.g., fimbrial or afimbrial adhesins and invasins), production and

secretion of toxins, and translocation of effectors into immune cells by type three or

type four protein secretion systems. In all these processes, components of the

prokaryotic cell wall are involved. Understanding the synthesis, assembly, delivery,

and functioning as well as identifying the targets for these components will form the

basis for the development of new preventive and therapeutic measures which are

urgently needed to fight infectious diseases caused by pathogenic prokaryotes.
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localization of the MrkD adhesion in the type 3 fimbriae of Klebsiella pneumoniae. Infect
Immun 66:2356–2361

Tasteryre A, Barc M-C, Collignon A, Boureau H, Karjalainen T (2001) Role of FliC and FliD

flagellar proteins of Clostridium difficile in adherence and gut colonization. Infect Immun

69:937–7940

Telford JL, Barocchi MA, Margarit I, Rappuoli R, Grandi G (2006) Pili in gram-positive patho-

gens. Nat Rev Microbiol 4:509–519

Tobiason DM, Seifert HS (2001) Inverse relationship between pilus-mediated gonococcal adher-

ence and surface expression of the pilus receptor, CD46. Microbiology 147:2333–2340

11 Cell Wall Structure and Pathogenicity 341



Tomaras AP, Dorsey CW, Edelmann RE, Actis LA (2003) Attachment to and biofilm formation on

abiotic surfaces by Acinetobacter baumanii: involvement of a novel chaperon-usher pili

assembly system. Microbiol 149:3473–3484

Torres AG, Perna NT, Burland V, Ruknudin A, Blattner FR, Kaper JB (2002) Characterization of

Cah, a calcium-binding and heat-extractable autotransporter protein of enterohaemorrhagic

Escherichia coli. Mol Microbiol 45:951–966

Townsend SM, Kramer NE, Edwards R, Baker S, Hamlin N, Simmonds M, Stevens K, Maloy S,
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Chapter 12

Cell Wall Targeted Antibiotics

Regine Hakenbeck, Reinhold Brückner, and Bernhard Henrich

12.1 Introduction

Peptidoglycan or murein is a unique cell-sized macromolecule named the sacculus

located outside the cytoplasmic membrane (Weidel and Pelzer 1964; Vollmer et al.

2008a). It protects the cell against osmotic pressure, and is involved in maintenance

of the specific cell shape. Moreover it serves as the anchoring platform for proteins

and polysaccharides that are part of the cell envelope. Biochemically it is a hetero-

polymer whose long glycan chains are made of alternating units of N-acetylmur-

amoyl-(MurNAc-)peptides and N-acetylglucosamine (GlcNAc) that are crosslinked

via short peptide side chains. Murein is an essential component for eubacteria, and

its complex biosynthetic machinery has no equivalent in mammalian cells. Since the

discovery that penicillin interferes with murein biosynthesis, the bacterial cell wall

has become the center of interest for the identification of biosynthetic steps that are

specific targets for known antibiotics and potential ones for novel antimicrobial

substances (Rogers et al. 1980; Green 2002; van Heijenoort 2007).

Murein biosynthesis can be divided into three stages according to the cellular

compartment where they take place: cytoplasmic steps responsible for the synthesis

of muropeptide precursors, reactions that occur on the inner side of the cytoplasmic

membrane involving the undecaprenyl-phosphate carrier lipid (C55-P; bactoprenol),

and the final polymerization and assembly of the macromolecule in the periplasm

(see Breukink and de Kruijff 2006; Bouhss et al. 2008; Barreteau et al. 2008; Zapun

et al. 2008 for review).

During the first stage, UPD-MurNAc is produced from fructose-6-phosphate

by the GlmS, GlmM and GlmU enzymes. Then, the soluble murein nucleotide

precursor UPD-MurNAc-pentapeptide is synthesized by a series of enzymes, the
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Mur ligases MurC–F which are responsible for the respective addition of L-Ala,

D-Glu, m-DAP or L-Lys, and the dipeptide D-Ala-D-Ala (Wang et al. 2009)

(Fig. 12.1a). Inhibitors of GlmS-, GlmU- and MurB-catalyzed reactions will not be

considered here since none of them is used therapeutically; they have been reviewed

recently (Barreteau et al. 2008). In Gram-negative bacteria, the nonessential MpI

(murein peptide ligase) adds the tripeptide L-Ala-D-Glu-mDAP (m-Lys) to UDP-

MurNAc, thus participating in recycling of murein (Mengin-Lecreulx et al. 1996;

Herve et al. 2007). The UPD-MurNAc-pentapeptide is then transferred to the C55-P

lipid carrier undecaprenylphosphate by the transferase/translocase MraY yielding

lipid I, followed by MurG-catalyzed transfer of GlcNAc from UDP-GlcNAc result-

ing in lipid II (Bouhss et al. 2008). Lipid II has to be transferred through the

membrane by a still unknown proposed flippase, to serve as the substrate for the

polymerization reactions carried out by membrane-associated enzymes, the multi-

domain penicillin-binding proteins (Fig. 12.1b). After dephosphorylation, the C55-

PP can enter the cycle again. Whether this reaction, which is carried out by the BacA

(Upp) phosphatase, occurs on both sides on the membrane or only on one side is

unknown. It is noteworthy that the lipid carrier is essential in the assembly of all

important cell wall polysaccharides including teichoic acid, capsule and LPS.

There are many naturally produced antibiotics identified in early biological tests

whose characterization later identified the bacterial cell wall as the target molecule.

The focus of many recent screens for new antimicrobial compounds is directed to

specific target-based screening programs based on enzyme activities of the murein

biosynthesis pathway. The following sections will describe the main families of

therapeutically relevant inhibitors specific for individual steps of the murein bio-

synthetic pathway, their target molecules and resistance mechanisms. Moreover,

two bacterial proteins – colicin M and BLIP – will briefly be discussed since they

reveal novel mechanisms of interference with important target molecules relevant

for antibiotic action.

12.2 D-Cycloserine

D-Cycloserine (Fig. 12.2a) (oxamycin or D-4-amino-3-isoxazolidone) is an oxazo-

lidinone antibiotic produced by various Streptomyces species such as S. garyphalus,
S. archidaceus or S. lavendulae. It was the first antibiotic whose mechanism of

action was established at the molecular level (Neuhaus 1967). Technically, it can be

synthesized from the amino acid D-serine.

D-Cycloserine acts as a cyclic analogue of D-Ala which is an essential compound

for peptidoglycan crosslinking. It competitively inhibits the enzymatic activities of

both D-Ala racemase (DadX/Alr) and D-Ala-D-Ala ligase (Ddl) (David et al. 1969;

Lambert and Neuhaus 1972). Recent data confirmed that Ddl is also essential for

growth in Mycobacterium smegmatis in medium lacking D-Ala, similar to other

bacteria (Milligan et al. 2007). However in Mycobacterium spp., which are among

the most sensitive bacteria to D-cycloserine, Ddl is probably not significantly
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inhibited by D-cycloserine at concentrations that inhibit Alr (Feng and Barletta

2003). Treatment with D-cycloserine leads to the accumulation of the peptidoglycan

precursor UDP-glycolylmuramyl tripeptide in mycobacteria (Takayama et al. 1970;

Mahapatra et al. 2005). D-Cycloserine also inhibits the synthesis of D-Ala-contain-

ing mycobacterial cell wall peptidoglycolipids, such as wax-D and mycoside-C

(David et al. 1988).

Although in principle active against all types of eubacteria, D-cycloserine is

mainly used as a second-line antibiotic for the treatment of (chronic) tuberculosis

caused by multidrug-resistant strains ofM. tuberculosis (Johnson et al. 2006). Use of
D-cycloserine in clinical medicine is restricted because, at effective doses, it causes

severe psychotic side effects such as seizures, schizophrenia, depression, and suicidal

tendencies. Agonist activity of D-cycloserine against N-methyl-D-aspartate receptors

in the amygdala may contribute to these effects (Pitkanen et al. 1995). In fact,

D-cycloserine has only recently been investigated as an augmentation therapeutic

for psychological treatment of anxiety disorders (Hofmann et al. 2006).

O
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Fig. 12.2 Cell wall targeting antibiotics. (a) D-Cycloserine and fosfomycin. (b) Tunicamycin. (c)

Liposidomycin. (d) Mureidomycin. (e) Daptomycin and friulimicin. (f) Mannopeptimycin and

ramoplanin. (g) Nisin and mersacidin. (h) Moenomycin. (i) Vancomycin. (j) Penicillin and cephalo-

sporin. (k) Clavulanic acid and aztreonam. (l) Imipenem and mecillinam. (m) Bulgecin. (n)

Bacitracin. Amino acids are indicated by the three-letter code. Unusual amino acids and other

molecules: Aiha, a-amino-b-[40-(20-iminoimidazolidinyl)]-b-hydroxypropionic acid; Chp,

3-chloro-4-hydroxy-phenylglycine; Dab: diaminobutyric acid; Dha: didehydroalanine; Dhb: (Z)-

2,3-didehydrobutyrine; Dhpg, dihydroxyphenylglycine; Glc, glucose; HAsn, b-hydroxyasparagine;
HAsp, b-hydroxyaspartic acid; Hleu, b-hydroxyleucine; Hpg, hydroxyphenylglycine; HPro, 3-

hydroxyproline; Kyn: kynurenin; Man, mannose; Me-Asp: methylasparatic acid; Me-phe, b-methyl-

phenylalanine; Orn, ornithine; PhSer, b-phenylserine; pip: pipecolinic acid; Van, vancosamine
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In Escherichia coli, D-cycloserine is taken up via the D-alanine-glycine trans-

porter CycA, and mutations in the cycA gene mediate first-step resistance to the

drug (Wargel et al. 1971; Russell 1972). Similarly, a single transport system

accumulates L- and D-Ala, Gly and D-Ser in M. tuberculosis, and D-cycloserine-

resistant mutants defective in this system have been described (David 1971).

Moreover, mutations causing the overproduction of D-alanine racemase decrease

the susceptibility of mycobacteria to the antibiotic (Caceres et al. 1997). A novel

mechanism involving peptidoglycan assembly at the cell surface has been proposed

to explain simultaneous resistance of anM. smegmatismutant to both D-cycloserine

and vancomycin (Peteroy et al. 2000).

12.3 Fosfomycin

Fosfomycin, a phosphonic acid derivative (cis-1,2-epoxypropyl phosphonic acid,

[(2R,3S)-3-methyloxiran-2-yl]phosphonic acid (Fig. 12.2a) also known as phos-

phomycin or phosphonomycin) (Christensen et al. 1969), was originally isolated

from cultures of Streptomyces species (Hendlin et al. 1969) and has a broad-

spectrum activity against Gram-positive and Gram-negative bacteria. Today,

synthetically prepared fosfomycin tromethamine, a soluble salt with improved

bioavailability, is indicated in the treatment of uncomplicated urinary tract infec-

tions (UTIs) caused by E. coli and Enterococcus faecalis. Additional applications,
especially against multidrug-resistant pathogens, have recently been proposed

(Falagas et al. 2008).

Fosfomycin has a bactericidal mechanism of action. It is an antimetabolite of

phosphoenolpyruvate in the enzymatic synthesis of the N-acetylmuramic acid com-

ponent of the bacterial cell wall. In detail, the epoxide ring of fosfomycin covalently

and irreversibly alkylates the thiol group of a cysteine residue (Cys-115 in E. coli) in
the active site of UDP-N-acetylglucosamine-enolpyruvyltransferase (MurA) which

catalyzes the transfer of enolpyruvate from phosphoenolpyruvate to UDP-N-acetyl-
glucosamine (Kahan et al. 1974). The MurA enzymes of, e.g., M. tuberculosis and
Chlamydia trachomatis, species which are naturally resistant to fosfomycin, contain

an Asp instead of the Cys residue (De Smet et al. 1999; McCoy and Maurelli 2005).

In contrast to Gram-negative organisms, Gram-positive bacteria contain two copies

of murA which have probably arisen by gene duplication, both of which may be

fosfomycin-sensitive (Du et al. 2000). A number of novel inhibitors of MurA have

been discovered through various screening efforts (Barreteau et al. 2008).

Fosfomycin enters the cells of almost all sensitive bacteria by active transport

through the nonessential, partially constitutive L-a-glycerophosphate uptake system
GlpT. The antibiotic can also be transported via the hexose phosphate uptake

system Uhp which, however, is present only when induced by glucose-6-phosphate

(Kahan et al. 1974).

Loss of a functional GlpT transport protein is the primary cause for the emer-

gence of fosfomycin-resistant mutants (Kahan et al. 1974). Other chromosomally
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encoded resistance mechanisms observed in E. coli include defects in the Uhp

transporter (Kadner and Winkler 1973), low affinity of the MurA target enzyme

towards fosfomycin (Venkateswaran and Wu 1972), and overproduction of MurA

(Marquardt et al. 1992). In clinical settings, frequent development of bacterial

resistance under fosfomycin treatment is due to resistance proteins which catalyze

the inactivation of the antibiotic by opening the epoxide ring. The corresponding

genes were initially identified on plasmids isolated from clinical isolates of Serratia
marcescens (Mendoza et al. 1980), Klebsiella pneumoniae (O0Hara 1993), and

Staphylococcus epidermidis (Etienne et al. 1989). Chromosomally located genes

encoding fosfomycin resistance proteins have also been identified, and the structure

of two such proteins from Pseudomonas aeruginosa and Listeria monocytogenes
have been obtained (Rife et al. 2002; Fillgrove et al. 2007). Four different fosfo-

mycin resistance genes have been described. The fosA and fosB genes both encode

thioltransferases which catalyze the addition of either glutathione (FosA) (Bernat

et al. 1997) or L-cysteine (FosB) (Cao et al. 2001) to fosfomycin. The fosD gene was

recently detected by its similarity to fosB (Nakaminami et al. 2008), and FosX

proteins inactivate the antibiotic by hydration (Fillgrove et al. 2007). Two addi-

tional resistance genes (fomA, fomB) conferring high-level fosfomycin resistance

on E. coli are located in the fosfomycin biosynthetic clusters of Streptomyces
wedmorensis (Kobayashi et al. 2000) and Streptomyces fradiae (Woodyer et al.

2006). Both genes specify ATP-dependent protein kinases. FomA catalyzes

phosphorylation of fosfomycin, and FomB converts fosfomycin phosphate to fos-

fomycin diphosphate. These functions are probably involved in self-resistance

mechanisms of the fosfomycin-producing bacteria (Kobayashi et al. 2000).

12.4 Nucleoside Antibiotics

The integral membrane protein phospho-N-acetylmuramyl-pentapeptide translocase

(MraY, translocase I) catalyzes the reaction of UDP-MurNAc-pentapeptide with

undecaprenylphosphate to give undecaprenyl-P-P-MurNAc-pentapeptide (lipid inter-
mediate I) and UMP in the first step of the lipid-linked cycle of bacterial peptidogly-

can synthesis. MraY is the target for several classes of uridine-containing nucleoside

natural antibiotics, some of which have been studied in detail since they have a so far

unexploited mode of action (Kimura and Bugg 2003; Dini 2005; Bugg et al. 2006;

Bouhss et al. 2008). Translocase I is not the target of any agents in current clinical use.

12.5 Tunicamycins

Tunicamycins (Fig. 12.2b) are fatty acid nucleosides composed of uracil, N-acetyl-
glucosamine, an amide-linked fatty acid, and the unique 11-carbon 2-aminodialdose

sugar tunicamine. The naturally occurring tunicamycin, produced by several Strep-
tomyces species, is a mixture of ten or more individual components which differ
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only by the N-linked acyl chains. Tunicamycin specifically inhibits the formation

of the N-acetylglucosamine-P-P-lipid intermediates in the biosynthetic pathways

for a variety of glycoconjugates (Tamura 1982).

In bacteria, tunicamycin acts as an analogue of the UDP-MurNAc-pentapeptide
substrate which reversibly and competitively inhibits the MraY enzyme (Brandish

et al. 1996). Its use as therapeutic antibiotic, however, is precluded, since it is also

toxic to mammals due to potent inhibition of GlcNAc-1-phosphotransferase in the

dolichol cycle of glycoprotein biosynthesis (Heifetz et al. 1979). Accordingly,

bacterial resistance to tunicamycin has not been thoroughly investigated. Resistance

of Bacillus subtilis was related to overproduction of an ATP-binding membrane

protein (TmrB) which has the ability to bind tunicamycin (Noda et al. 1992, 1995).

12.6 Liposidomycins

Liposidomycins (Fig. 12.2c) are fatty acyl nucleosides, originally isolated from

Streptomyces griseosporeus, whose unique structures contain a sulfated aminogly-

coside residue (Isono et al. 1985). In contrast to tunicamycin, they selectively

inhibit the biosynthesis of undecaprenyl-P-P-MurNAc-pentapeptide, whereas gly-

coconjugate formation (e.g., in the biosynthesis of glycoproteins or teichoic acids)

is only scarcely affected (Muroi et al. 1997; Kimura et al. 1998). Liposidomycin B

was characterized as a slow-binding inhibitor of solubilized E. coliMraY, meaning

that it acts noncompetitively against UDP-MurNAc-pentapeptide and competi-

tively with the dodecaprenyl phosphate lipid substrate used here, which the

E. coli MraY translocase accepts in vitro with Km values similar to that of the

natural substrate (Brandish et al. 1996).

Variants of liposidomycin were isolated which, due to the loss of the hydrophilic

sulfate moiety, showed improved membrane permeability and increased antimicro-

bial activity (Kimura et al. 1998). Based on structure–function studies, simplified

analogues of liposidomycin (named riburamycins) were developed which are

powerful MraY inhibitors and possess antibacterial activity against Gram-positive

bacteria including Staphylococcus aureus (Dini et al. 2000, 2002; Stachyra et al.

2004). Bacterial resistance to liposidomycin has not yet been documented.

12.7 Mureidomycins

Mureidomycins (Fig. 12.2d) (related to the pacidamycins and napsamycins) are

peptidyl nucleosides containing a 30-deoxyuridine sugar attached via an enamide

linkage to an unusual peptide chain. The peptide chain contains an N-methyl-2,3-

diaminobutyric acid residue, and a urea linkage to a C-terminal aromatic amino

acid (Isono et al. 1989a). The mureidomycins A–D, isolated from Streptomyces
flavidoviridens (Inukai et al. 1989), can protect mice against Pseudomonas
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aeruginosa infection (Isono et al. 1989b). They are selectively active against

species belonging to rRNA groups I and III of the genus Pseudomonas (Isono

et al. 1992). A uridinyl dipeptide analogue of mureidomycin A retained biological

activity against Pseudomonas (Howard and Bugg 2003). No other antibiotics have

been reported to have such a selective antipseudomonal activity.

Mureidomycins selectively and specifically inhibit bacterial translocase I (MraY),

while not inhibiting bacterial teichoic acid or mammalian glycoprotein biosynthesis

(Isono and Inukai 1991; Inukai et al. 1993). Kinetic studies with mureidomycin A

showed that it acts as a slow-binding inhibitor of MraY. Inhibition is competitive

against both the soluble UDP-MurNAc-pentapeptide substrate and the undeca-

prenyl phosphate lipid substrate (Brandish et al. 1996). The enamide functional

group is not primarily responsible for MraY inhibition (Boojamra et al. 2001),

and it was proposed that binding of the amino-terminus of mureidomycin A to the

Mg2+ cofactor-binding site is involved in inhibition of the enzyme (Howard and

Bugg 2003).

12.8 Pacidamycins

The mureidomycins and the related pacidamycins suffer from the limitation that

potential target pathogens such as P. aeruginosa develop resistance at a high

frequency (Fernandes et al. 1989; Isono et al. 1989b). High intrinsic resistance of

E. coli to mureidomycins has been explained by differential expression of appro-

priate efflux systems (Gotoh et al. 2003).

12.9 Muraymycins and Capuramycins

Other compounds such as the muraymycins (McDonald et al. 2002) and capura-

mycins (Muramatsu et al. 2003) reported only a few years ago are also potent MraY

inhibitors. They are of particular interest because they are active against the

“problem bacteria” staphylococci and enterococci, and Mycobacterium spp.,

respectively.

12.10 FEM Inhibitors

Most Gram-positive bacteria produce so-called branched peptidoglycan precursors

due to the addition of amino acids to the diamino acid Lys or Dap (Schleifer and

Kandler 1972). The side chain is also highly variable with respect to its mode of

synthesis. Aspartate ligases that belong to the ATPGrasp superfamily incorporate

D-Asp into the side chain by an ATP-dependent reaction (Staudenbauer and
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Strominger 1972; Bellais et al. 2006), and D-Glu is probably incorporated by the

samemechanism. In contrast, L-amino acids and glycine are activated as aminoacyl-

t-RNAs and transferred independently from the ribosome to the murein precursor

(Matsuhashi et al. 1965; Plapp and Strominger 1970). The genes encoding the

transferases were identified first in S. aureus (Berger-Bächi et al. 1989), and were

named fem for “factors for methicillin resistance”. The Fem family belongs to the

GCN5-related N-acetyltransferase (GNAT) protein superfamily (Berger-Bächi and

Tschierske 1998). In S. aureus, a pentaglycin bridge is synthesized by the activity of
three enzymes, FemA, B, and X, whereas in Streptococcus pneumoniae, for exam-

ple, L-Ser and L-Ala containing peptide branches result from the activity of the

MurMN (FibAB) enzymes (Mainardi et al. 2008 and references within).

Fem transferases are considered to be attractive targets especially for antimicro-

bial agents active against multiresistant bacteria. However, mainly due to the

complexity of their nucleotide substrates, only a few studies have been performed.

Inhibitors of S. pneumoniae MurM have recently been described: synthetic phos-

phonate analogues of a putative transition state intermediate (Cressina et al. 2007).

A completely different type of inhibitor is represented by an analogue of Ala-

tRNAAla which has been shown to inhibit S. aureus FemX efficiently (Chemama

et al. 2007); (see Mainardi et al. 2008 for details).

12.11 Cyclic Lipopeptides

The characterization of this class of antibiotics began in the 1950s with the isolation

of amphomycin produced by Streptomyces canus (Heinemann et al. 1953) and

various closely related lipopeptides (Baltz et al. 2005) including daptomycin

(Fig. 12.2e) produced by Streptomyces roseosporus (Debono et al. 1987) and friu-

limicins isolated from Actinoplanes friuliensis (Aretz et al. 2000). Lipopeptides are
secondary metabolites produced by actinomycetes as complex mixtures of com-

pounds with variation in their fatty acid substituent. They all share a 10-membered

ring structure with identical positioning of D-amino acids or achiral amino acids.

Their chemistry can be manipulated by feeding with amino acid precursors of fatty

acid biosynthesis during the fermentation; e.g., friumilicin B (Fig. 12.2e) is the

major compound when the medium is substituted with Val. They have excellent

activity against Gram-positive bacteria including MRSA, vancomycin-resistant

Gram-positive cocci and penicillin-resistant S. pneumoniae. Daptomycin has been

approved for the treatment of complicated skin and skin structure infections caused

by Gram-positive pathogens and for the treatment of bacteremia and endocarditis

caused by S. aureus; friulimicin B is still in the clinical trial phase.

The most extensively studied antibiotic of the lipopeptide family is daptomycin

containing n-decanoyl which requires Ca2+ for full antibacterial activity. Early

studies indicated that it inhibits peptidoglycan synthesis due to interference with

precursor formation indirectly as a result of dissipation of the membrane potential

(Alborn et al. 1991; Allen et al. 1991). Probably this is the result of a calcium-
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dependent insertion into the cytoplasmic membrane of the fatty acid tail resulting in

pore formation which results in a potassium efflux (Silverman et al. 2003). It is

bactericidal in the absence of cell lysis in S. aureus, and an impairment of the cell

division machinery has been suggested (Cotroneo et al. 2008). Other lipopeptides

may act by different mechanisms. Amphomycin blocks cell wall synthesis by

interfering with the transfer of UDP-MurNAc-pentapeptide to the lipid carrier

undecaprenylphosphate. It was shown that it inhibited noncompetitively MraY

transferase (Tanaka et al. 1982), and formed a complex with undecaprenylmono-

phosphate (Banerjee 1989). Considering the structural similarity of friulimicin B

and amphomycin, one is tempted to speculate that both act in a similar way.

There are no known resistance mechanisms to daptomycin, although there are a

few reports on resistance development during treatment (Baltz et al. 2005). So far,

resistance to amphomycin or friulimicin B in pathogenic bacteria has not been

reported. However, overexpression of a membrane component of an ABC trans-

porter from the friulimicin B biosynthetic gene cluster of the producer A. friuliensis
in Streptomyces lividans substantially decreased susceptibility to friulimicin B

(Müller et al. 2007).

12.12 Ramoplanin

The peptide antibiotic ramoplanin (Fig. 12.2f) (ramoplanin factor A2, ramoplanin

A2) is produced by the actinomycete Actinoplanes sp. ATCC33076 and is the

predominant component of ramoplanins A1–3 (Cavalleri et al. 1984; Parenti et al.

1990). Ramoplanins are cyclic lipodepsipeptides carrying a dimannosyl group (a-D-
mannoxyl-(1!2)-a-D-mannose in ramoplanin) and are differentiated by their

various acylamide moieties. They contain numerous hydroxyphenylglycines and

b-hydroxylated amino acids and are covalently linked at their N- and C-termini by a

lactone bridge, forming a 49-membered ring (McCafferty et al. 2002).

Ramoplanin is active against a wide range of Gram-positive bacteria including

enterococci, staphylococci, streptococci and also anaerobes such as Clostridium
difficile (McCafferty et al. 2002). Ramoplanin belongs to the growing group of

antibiotics targeting the essential cell wall precursor lipid II (Breukink and de

Kruijff 2006). It has been shown that ramoplanin binds to lipid I as well to lipid

II (Cudic et al. 2002a), and is thus able to inhibit MurG-mediated conversion of

lipid I to lipid II and the transglycosylase reaction using lipid II as substrate.

However, the affinity of ramoplanin for lipid II is much greater than for lipid I

(Fang et al. 2006). In addition, lipid I remains at the internal surface of the

cytoplasmic membrane, whereas lipid II is translocated to the external side of the

membrane and can be targeted by the large water-soluble antibiotic. Consequently,

inhibition of the transglycosylation step of peptidoglycan synthesis is the major

mode of action of ramoplanin (Walker et al. 2005; Fang et al. 2006). Ramoplanin

was also shown to interact directly with MurG, but the exact mechanism of inhi-

bition is not known (Fang et al. 2006).
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For efficient binding of ramoplanin to lipid II, the pyrophosphate moiety appears

to be essential (Cudic et al. 2002b), a region distinctly different to that of vancomycin.

Therefore, ramoplanin is highly effective even against vancomycin-resistant Gram-

positive bacteria. Fortunately, resistance to ramoplanin has not yet been reported.

12.13 Mannopeptimycins

Mannopeptimycins (Fig. 12.2f) are antibacterial glycopeptides produced by Strep-
tomyces hygroscopicus LL-AC98 (He et al. 2002; He 2005). A mixture of five

mannopeptimycins is found in the fermentation broth of that strain, which was

originally described as the AC98 complex and later designated mannopeptimycins

(1–5) (He et al. 2002). Mannopeptimycins are glycosylated cyclic hexapeptides

containing two stereoisomers of an unusual amino acid, aa-amino-b-[40-(20-iminoi-

midazolidinyl)]-b-hydroxypropionic acid (Aiha), which is a distinguishing feature

for these antibiotics. Four of the five mannopeptimycins contain mannosyl disac-

charide moieties attached to the cyclic core of peptides, while one harbors a

mannosyl monosaccharide. In three mannopeptimycins, an isovaleryl group is

found in the terminal mannose apparently enhancing antibacterial potency (Singh

et al. 2003).

Mannopeptimycins are active against a wide variety of Gram-positive bacteria,

among them methicillin-resistant staphylococci and vancomycin-resistant entero-

cocci. The antibiotics were found to inhibit cell wall biosynthesis (Singh et al. 2003)

most likely by binding to the cell wall precursor lipid II (Ruzin et al. 2004). Although

molecular details of this interaction have not been worked out, it is different from

binding of other lipid II-interacting antibiotics such as vancomycin (Breukink and de

Kruijff 2006). Binding of mannopeptimycins to teichoic acids has also been

observed, but the biological significance of this interaction remains to be elucidated

(Ruzin et al. 2004). Resistance to mannopeptimycins has not been described.

12.14 Lantibiotics

The lantibiotics such as nisin or mersacidin (Fig. 12.2g) are a large family of pep-

tide antibiotics (bacteriocins) characterized by the presence of the unusual thio-

ether amino acids lanthionine and 3-methyllanthionine (Hechard and Sahl 2002;

Chatterjee et al. 2005; Willey and van der Donk 2007). Since the discovery of the

first lantibiotic nisin produced by a Lactococcus lactis strain (Rogers 1928), a large
number of different lantibiotics have been identified that are secreted from numer-

ous Gram-positive bacteria. Despite the wealth of different lantibiotics, none has

made it to clinical applications and only nisin is applied as a preservative in foods

(Delves-Broughton et al. 1996).

The family of lantibiotics has been subdivided into type A and type B groups

comprising peptides of elongated and globular structures, respectively. Nisin (type A)

and mersacidin, a type B lantibiotic produced by a Bacillus strain HIL Y-85
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(Chatterjee et al. 1992), can be considered as the prototypes for these groups.

However, the recent characterization of lantibiotics with intermediate properties

or novel features makes their classification difficult (Chatterjee et al. 2005).

It has been shown that a number of lantibiotics bind to lipid II (Breukink and de

Kruijff 2006). The best studied examples of this interaction are nisin and mersaci-

din, but the consequences of these interactions are not identical. While mersacidin

binding to lipid II resulted in the block of the transglycosylase reaction (Brötz et al.

1998), nisin is able to induce pores in the cytoplasmic membrane by interacting

with lipid II (Breukink et al. 1999). In vitro studies of cell wall synthesis and

experiments with nisin variants unable to induce pores showed that nisin is also able

to inhibit peptidoglycan synthesis (Linnett and Strominger 1973; Wiedemann et al.

2001; Hasper et al. 2006). However, the major bacteriocidal effect of nisin appears

to be receptor-mediated pore formation using lipid II as docking molecule in the

cell membrane. On the other hand, mersacidin is not pore-forming and relies on its

inhibitory effect on cell wall biosynthesis as its mode of action.

The structure of the nisin-lipid II complex revealed a new motif, a pyrophos-

phate cage, that binds the pyrophosphate moiety of lipid II (Hsu et al. 2004). The

pyrophosphate cage is formed by the lanthionine rings A and B, providing a

rationale for the conservation of this structure in other lipid II-binding lantibiotics

(Hsu et al. 2004).

The two-peptide lantibiotic lacticin 3147, also produced by a Lactococcus lactis
strain, is of interest as in this case the lipid II targeting and antibiotic activity are

separated (Wiedemann et al. 2006). One component of lacticin 3147, the subunit

LtnA1, is able to bind to lipid II but was not able to substantially inhibit cell wall

biosynthesis. Recruitment of LtnA2 to form a three-component complex results in

the inhibition of cell wall biosynthesis combined with pore formation. The separa-

tion of lipid II targeting and inhibiting activity onto two peptides may offer

possibilities for the design of new antibiotics.

Resistance to nisin and other lantibiotics appears to be mediated by shielding

lipid II from the lantibiotic rather than changing the amount of lipid II or its

structure (Kramer et al. 2004). Modification of teichoic acids by D-alanine or sugars

thereby reducing the negative charge of the cell wall is a common mechanism by

which bacteria protect themselves from lantibiotics (Peschel et al. 1999). But other

mechanisms changing the cell wall or the membrane (Mazzotta and Montville

1999) have been described, including increasing the thickness of the septum

(Kramer et al. 2008).

12.15 Moenomycin

Moeomycins (Fig. 12.2h) are a group of phosphoglycolipid antibiotics produced by

various species of Streptomyces (Huber 1979). Moenomycin A is the main constit-

uent produced from S. bambergensis. Its structure was determined on the basis of
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spectroscopic studies and degradation (Welzel et al. 1981, 1983). Moenomycin is

not effective in humans because of poor pharmacokinetic properties, including a

long half-life and minimal oral bioavailability (Goldman and Gange 2000). Despite

its extensive use as a growth promoter in animal feed, no plasmid-borne resistance

to moenomycin has been detected so far (Butaye et al. 2001). The recent completion

of the total synthesis of moenomycin (Taylor et al. 2006; Welzel 2007) and the

identification of the genes involved in the biosynthesis of the drug (Ostash et al.

2007) represent a valuable basis from which to explore structural changes for the

first time.

Moenomycin is active only against Gram-positive organisms since it cannot

penetrate the outer membrane of Gram-negative bacteria. It was soon recognized

that moenomycin probably interferes with peptidoglycan synthesis. Sublethal con-

centrations result in the accumulation of UDP-MurNAc-pentapeptides in S. aureus
(Huber 1979). It inhibited in vitro peptidoglycan synthesis and led to the accumu-

lation of the lipid intermediate (Lugtenberg et al. 1971; Linnett and Strominger

1973), and inhibited the transglycosylation reaction performed by E. coli PBP1b
using lipid intermediate (Suzuki et al. 1980; van Heijenoort and van Heijenoort

1980; Matsuhashi et al. 1984).

Moenomycin is the only well-characterized inhibitor of the PBP-associated

transglycosylase activity located in the N-terminal domain of high-molecular-

weight class A PBPs (peptidoglycan glycosyltransferase family GT51; www.

cazy.org). Predicted monofunctional glycosyltransferases (MGT) which are

homologues of the PBP-TG domain were first identified in Gram-negative

species (Spratt et al. 1996; Paik et al. 1999). A soluble and active form of

S. aureus MGT catalyzes a moenomycin-sensitive glycan chain polymerization

from lipid II, whereas an E. coli MGT was insensitive to moenomycin (Sauvage

et al. 2008).

It has been proposed, based on chemical similarity, that ring C and E of

moenomycin would bind in the same way as a MurNAc-GlcNAc disaccharide of

the substrate, and the recent crystal structure of S. aureus PBP2 (class A PBP) in

complex with moenomycin supports this view (Lovering et al. 2007). Moenomy-

cin is not competitive with respect to the lipid II substrate (Chen et al. 2003). The

interactions between the protein and inhibitor are extensive, consistent with

moenomycin and related compounds possessing some of the lowest median

inhibitory concentration values in the nanomolar range known for antibiotics

(Halliday et al. 2006). It also provides direct evidence that lipid II is the acceptor

for the transglycosylation reaction and the growing chain is the donor (Lovering

et al. 2007), supporting numerous experimental sources summarized by Welzel

(2005). Several new generation glycopeptides that inhibit the transglycosylation

process have been reviewed recently (Halliday et al. 2006). Detailed analysis of

the 2.3 Å structure of the GT-domain of Aquifex aeolicus PBP1a with a moeno-

mycin derivative and description of these binding interactions provided further

information to enable structure-based design of moenomycin analogues (Yuan

et al. 2008).

12 Cell Wall Targeted Antibiotics 363

http://www.cazy.org
http://www.cazy.org


12.16 Vancomycin and Other Glycopeptides

Already in the early 1950s, S. aureus strains with multiple drug resistance, e.g. to

erythromycin, tetracycline and penicillin, were isolated with increased frequency.

This initiated a large-scale screening program aimed at the identification of anti-

biotics with high antistaphylococcal activity, resulting in the isolation of the first

glycopeptide-producing Streptomyces orientalis from soil samples from the jungle

in Borneo. The active compound, first named “Mississippi mud” and later vanco-

mycin, was highly active against Gram-positive bacterial species (McCormick et al.

1956). Early toxicity problems were largely overcome by improved purification

procedures. Other glycopeptides (e.g., avoparcin) were used as animal feed addi-

tives (see Barna and Williams 1984 and references within). Ristocetin, isolated

from Nocardia lurida (Grundy et al. 1957) in the 1950s, causes aggregation of

blood platelets and could therefore not be used therapeutically (Nikaido and

Rosenberg 1983). Teicoplanin produced by Actinoplanes teichomyceticus nov. sp.
(Parenti et al. 1978) has been introduced for the treatment of serious infections in

humans due to resistant Gram-positive bacteria or in cases of beta-lactam allergy.

Glycopeptides are inactive against Gram-negative bacteria since they cannot pene-

trate the outer membrane.

Features common to all members of the glycopeptide group include a central

heptapeptide backbone with five highly conserved amino acids (Jones 2006). The

amino acids are linked via several phenolic acid residues, resulting in the formation

of complex tetra- or tricyclic structures. The core structure is referred to as the

aglycone, to which a variable number of sometimes unusual sugars or amino sugars

are attached which are not essential for antibiotic activity. In the teicoplanin

complex, an amino sugar carries the various fatty acids characteristic for each

member, rendering the molecule more hydrophobic than vancomycin (Parenti

1986).

Vancomycin and teicoplanin are now widely used and recommended for treat-

ment of severe infections, especially those caused by multiple-drug-resistant

Gram-positive pathogens (teicoplanin is used only outside North America). The

glycopeptide avoparcin has been introduced as a growth promoter in animal

husbandry in the past, and represents the main reservoir for the VanA type of

vancomycin resistance in enterococci (see below) (Klare et al. 2003). Semisynthetic

derivatives of vancomycin and teicoplanin, lipoglycopeptides, show an extended

spectrum of activity against multiresistant and partly vancomycin-resistant bacteria

and may be approved for clinical treatment soon (Reynolds 1989; Nordmann et al.

2007). Surprisingly, vancomycin-derived compounds carrying substituents on the

disaccharide portion are active against vancomycin-resistant bacteria. Recent

results confirmed that such compounds have a second mechanism of action directed

against the transglycosylase activity, e.g. of E. coli PBP1b (Chen et al. 2003).

Vancomycin binds with high affinity to the C-terminal D-Ala-D-Ala moiety of

the MurNAc-pentapeptide, and thus inhibits transglycosylation and subsequent

transpeptidation of muropeptide precursors in the periplasm (Reynolds 1989).
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A key step in elucidating the interaction of glycopeptides with the target site was

the determination of the three-dimensional structure of a vancomycin degradation

product, CDP-1, and its complex with acetyl-D-Ala-D-Ala by X-ray analysis

(Sheldrick et al. 1978; Molinari et al. 1990). Recent studies using a new water-

soluble derivative of lipid II showed, however, that glycopeptides interact differently

with this synthetic target compared with D-Ala-D-Ala (Vollmerhaus et al. 2003).

Resistance against glycopeptides had been considered to be highly improbable,

and thus resistance mechanisms developed by enterococci and staphylococci in the

1980s came completely unexpectedly. Resistance to vancomycin in enterococci is

due to the presence of gene clusters encoding up to nine proteins whose activity

finally results in target modification via the synthesis of new cell wall precursors

with low affinity to the glycopeptide antibiotic replacing the C-terminal D-Ala

residue by D-lactate or D-serine (Courvalin 2006; Werner et al. 2008). Most

prominent worldwide are vanA and vanB types whose reservoir are enterococci.

The VanA-type is characterized by inducible high levels of resistance to vancomy-

cin and teicoplanin, whereas VanB mediates inducible, moderate vancomycin

resistance levels only. Meanwhile, another three acquired resistance phenotypes

(VanC, E and G) have been described mainly in Enterococcus spp.; VanC repre-

sents an intrinsic resistance phenotype in E. gallinarum and E. casseliflavus. The six
types of resistance can be distinguished by the location of the corresponding genes

(plasmid or chromosomal) and by the mode of regulation of gene expression

(inducible or not).

Crucial for the target modification are a dehydrogenase VanH which reduces

pyruvate to D-Lac, and a new ligase VanA resulting in the formation of the

depsipeptide D-Ala and D-Lac, replacing the C-terminal D-Ala-D-Ala in the mur-

opeptide precursor. The new muropeptide shows a considerably decrease in its

affinity for glycopeptides due to diminishing of the hydrogen bond network (see

Fig. 12.2i). The sophisticated vanA resistance machinery located on the transposon

Tn1546 includes the two-component system VanR/S responsible for induction of

the gene cluster, and two enzymes which remove the usual D-Ala-D-Ala-terminating

precursors: the vanX D,D-dipeptidase which hydrolyzes D-Ala-D-Ala, and the VanY

D,D-carboxypeptidase which removes the C-terminal D-Ala residue. The function of

VanZ (vanA-type) and VanW (vanB-type) are unknown. A curious but clinically

important phenomenon is the development of glycopeptide-dependent strains in

some VanA and VanB-type enterococci. This is due to the presence of a degenerate

ddl-ligase, and thus the strains depend on the induction of the VanA ligase (Van

Bambeke et al. 1999).

The transfer of van resistance genes from Enterococcus species to S. aureus,
which results in high levels of resistance to vancomycin, was obtained in vitro and

in an animal model (Noble et al. 1992). The recent acquisition of the vanA cluster

by clinical isolates of methicillin-resistant S. aureus (VRSA) is especially worri-

some; meanwhile seven cases have been identified in the USA (Werner et al. 2008).

A completely different mechanism is apparent in intermediate-resistant S. aureus
(VISA), and various loci have been implicated as the genetic basis for reduced

glycopeptide susceptibility, as reviewed recently by Werner et al. (2008).
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12.17 b-Lactam Antibiotics

In 1928, Alexander Fleming observed the production of an antibacterial substance

by Penicillum notatum which accidentally contaminated his plate of S. aureus, and
which he later called “penicillin” (Fleming 1929). Mainly due to the instability of

the active substance, attempts to isolate and purify penicillin were largely unsuc-

cessful, and interest in penicillin had almost disappeared. However, in 1938 Florey

and Chain took up a systematic investigation of antimicrobial components, result-

ing in the purification of penicillin, and the demonstration of its therapeutic

properties (Chain et al. 1940). These results justified the initiation of a gigantic

Anglo-American collaboration during World War II to improve methods of pro-

duction and isolation of penicillin. Its structure was finally established by X-ray

crystallography in 1945. It is remarkable that Fleming stated in 1940: “the trouble

of making it seemed not worth while” (Abraham 1981). To this date, b-lactams

belong to the most widely used antibiotics worldwide. The only, rare, side effects

observed during therapy are hypersensitive reactions and allergies that can lead to

anaphylactic shock syndrome.

In 1953, Cephalosporin C was purified from Cephalosporium acremonium
isolated by Giuseppe Brotzu in Sardinia, and shown to be resistant to penicillinase

action (Newton and Abraham 1956). The identification of the penicillin core,

6-amino-penicillanic acid (6-APA) (Batchelor et al. 1959), and that of cephalos-

porin C (7-ACA) (Morin et al. 1962), enabled the production of semisynthetic

b-lactams by introducing new side chains, resulting in derivatives of improved

activity in the following decades (Mitsuhashi 1981; Rolinson 1998) (Fig. 12.2j).

The discovery that bacteria, most notably Streptomyces spp., produce special

classes of b-lactams – carbapenems and monobactams – further revolutionized

the design of new b-lactams (Kahan et al. 1979; Sykes and Bonner 1985; Ward and

Hodgson 1993). Since then, thousands of natural, semisynthetic and synthetic

b-lactam antibiotics have been produced, making them one of the most successful

natural product derivatives. The new b-lactams have been produced with the aim

of obtaining b-lactamase-resistant compounds, those with high activity against

Gram-negative pathogens and broad-spectrum activity, and with improved pharma-

cological properties.

b-Lactams are targeted by penicillin-binding proteins (PBPs), membrane-

associated proteins involved in late stages of murein biosynthesis. PBPs function

as D,D-peptidases (D,D-transpeptidase, D,D-carboxypeptidase, or D,D-endopeptidase)

acting on the terminal D-Ala-D-Ala moiety of the muropeptide. They share a

common domain with an active site Ser which is part of the SXXK motif. Large

PBPs of class A contain, in addition to the transpeptidase domain, a transglycosy-

lase domain (see Section on moenomycin), and most small PBPs are D,D-carboxy-

peptidases (Goffin and Ghuysen 2002; Sauvage et al. 2008). PBPs are easily be

detected after interaction with radioactive or fluorescent b-lactams followed by

SDS-polyacrylamide gel electrophoresis, and visualization after fluorography. The

number of PBPs varies between three to over ten depending on the species, and they
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are named according to their apparent molecular size on the gels. The structure of

several PBPs has been solved (for review, see Sauvage et al. 2008).

b-Lactams form a covalent complex with the active site Ser residue of PBPs

due to their structural similarity with the D-Ala-D-Ala dipeptide of the substrate

muropeptide (Tipper and Strominger 1965; Ghuysen 1991). The interaction with

substrate and inhibitor follows a three-step scheme: the rapid and reversible forma-

tion of the noncovalent Michaelis complex, followed by formation of a covalent

acyl-enzyme intermediate, and the final deacylation step. Interaction with

b-lactams generally leads to a covalent intermediate with a long half life, but for

each b-lactam and each PBP large differences in the kinetic parameters can be

observed. This can be very useful for studying properties of individual PBPs

that interact exclusively at certain concentrations with one particular b-lactam.

When mecillinam, which targets only PBP2 is added to growing E. coli, cells become

round, whereas addition of cefotaxime, which interacts over a wide range of con-

centrations only with E. coli PBP3, results in filament formation (Spratt and Pardee

1975). These observations were crucial for the identification of PBPs as central

components of the bacterial cell elongation and division process. On the other

hand, aztreonam (Fig. 12.2k) and cefotaxime do not interact with S. pneumoniae
PBP2b, revealing a central role of PBP2b for b-lactam-induced autolysis (Hakenbeck

et al. 1987).

Unexpectedly the spectrum of activity of b-lactams extends to include transpep-

tidases of the L,D specificity which have been recently identified in Enterococcus
faecium, B. subtilis and E. faecalis (Mainardi et al. 2007; Magnet et al. 2007a).

Imipenem (Fig. 12.2l) totally inhibits the L,D-transpeptidase activity of E. faecium
Ldtfm at a concentration equal to the MIC of the drug (0.5 mg/ml) (Mainardi et al.

2007). Cys442, the catalytic residue of Ldtfm, is the site of acylation: the enzyme

“commits suicide” by catalyzing formation of a thioester bond between its catalytic

residue and the b-lactam ring of carbapenems. Homologues of the Ldtfm family

were recently found to be responsible for anchoring the Braun lipoprotein to

peptidoglycan (Magnet et al. 2007b). In spite of its wide distribution, the physio-

logical role of peptidoglycan L,D-transpeptidases remains unknown.

The first b-lactamase-producing E. coli were discovered as early as 1940 by

Abraham and Chain (Abraham and Chain 1940), and subsequently penicillinase

activity was found in a number of pathogens including S. aureus, B. cereus and
other Gram-negative organisms. The history of the development of b-lactams

reflects in an amazing way the cycles of successful treatment with an antibiotic,

followed by failure due to resistance mechanisms, overcoming such problems by

newly synthesized compounds active against the resistant organisms, again fol-

lowed by selection of bacteria resistant to such novel antibiotics, and so on. The

paradigm for this development is represented by S. aureus (Gardam 2000).

b-Lactamase-producing S. aureus were already recognized before the onset of

therapeutic use, and became a problem in hospitals soon after the introduction of

penicillin in the early 1950s. Within a year after the introduction of methicillin, a

penicillinase-resistant b-lactam, methicillin-resistant S. aureus (MRSA) appeared

and is now a problem in hospitals worldwide and common in the community as
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well. Although MRSA-targeting b-lactams have been described, narrow-spectrum

antibiotics are generally not produced by pharmaceutical companies for commer-

cial reasons. The occurrence of vancomycin-resistance genes in MRSA isolates has

been recognized as an alarming signal in the “postantibiotic era” (Courvalin 2006).

The current race is marked by ceftobiprole, the first b-lactam antibiotic with MRSA

activity to complete phase III therapeutic trials (Bush et al. 2007).

PBPs and class A, C and D b-lactamases belong to the superfamily of acyl-

transferases with the active site motif SerXxxXxxLys (Goffin and Ghuysen 2002;

Sauvage et al. 2008). b-Lactamases of class B comprise metalloenzymes in which

Zn2+ atoms interact with one cysteine and three serine residues (Sutton et al. 1987).

Among b-lactamases, the carbapenemases represent the most versatile group that,

despite their name, hydrolyze almost all b-lactams, and commercial b-lactamase

inhibitors are inefficient for most of these enzymes (Queenan and Bush 2007, and

references within). Extended-spectrum b-lactamases (ESBL) include cephalospo-

rin-hydrolyzing TEM and SHV enzymes (Livermore 2008). In addition to b-
lactamase production, resistance against b-lactams is due to alteration of the outer

membrane permeability (Nikaido 1989), or changes in PBPs due to gene transfer in

clinical isolates of point mutations that result in low-affinity variants (Denapaite

et al. 2007; Sauvage et al. 2008; Maurer et al. 2008). Overproduction of a PBP is

still another phenomenon associated with b-lactam resistance in S. aureus and

Enterococcus faecium (Zapun et al. 2008). Other mechanisms assisting or accom-

panying PBP alterations have been implicated in the resistance process in

S. pneumoniae, including the two-component regulatory system CiaRH, a glyco-

syltransferase, the MurMN enzymes, and others (for review, see Denapaite et al.

2007). Mecillinam (Fig. 12.2l) resistance in E. coli also follows unusual routes

(Vinella et al. 2005).

12.18 BLIP

The inhibition of b-lactamases represents a curious situation with respect to cell

wall inhibitors. Inhibitors against b-lactamases in fact inhibit a resistance mecha-

nism directed against b-lactams. One particular example outside the antibiotic

world is the BLIP protein (b-lactamase inhibitory protein), a small 165-amino-

acid protein produced by Streptomyces clavuligerus (Strynadka et al. 1994, 1996).
It potently inhibits TEM-1 b-lactamases, the most prevalent class of this enzymes in

Gram-negative bacteria which are of major concern due to their broad specificity

profile (Bush et al. 1995).

BLIP has a tandem repeat structure of a 76-amino-acid ab domain. These two

tandem domains form a b saddle whose concave surface interacts with the substrate

binding pocket of TEM-1. The Asp49 residue of BLIP occupies the catalytic site of

TEM-1 (Strynadka et al. 1996). Probably because of a relatively poor shape

368 R. Hakenbeck et al.



complementarity of BLIP and the enzyme, BLIP can bind to many b-lactamases

(Zhang and Palzkill 2004). A detailed study of the interactions between BLIP and

TEM-1 b-lactamases indicated surface residues involved in hydrogen bond forma-

tion as attractive targets for inhibitor design (Wang et al. 2009).

12.19 Bulgecin

In addition to monocyclic b-lactam antibiotics, Pseudomonas acidophila strain

G6302 and Pseudomonas mesoacidophila strain SB-72310 produce the O-sulfonated
glycopeptides bulgecins (Fig. 12.2m), containing an unusual cyclic imino acid. In

addition to bulgecin A, the major component, bulgecin B and C are also produced

(Shinagawa et al. 1985). Their names originated from their ability to induce bulges

in cooperation with b-lactam antibiotics in E. coli (Imada et al. 1982); by them-

selves they have no antibacterial activity.

A clue to the mechanism of action came from the observation that mutants in the

lytic transglycosylase SLT70 show the same phenotype, i.e., bulge formation, in the

absence of b-lactams. The discovery that SLT70 is specifically inhibited by bulge-

cin explained these results (Templin et al. 1992).

SLT70 belongs to a group of exomuramidases first described in E. coli, catalyz-
ing the cleavage of the P-1,4-glycosidic bond between MurNAc and GlcNAc

residues. Slt70 is a periplasmic enzyme, whereas the other two E. coli lytic

transglycosylases are lipoproteins attached to the inner leaflet of the outer mem-

brane (Vollmer et al. 2008b). They are distinct from endo-hydrolytic lysozymes in

that they carry out an intramolecular glycosyl transferase reaction resulting in the

formation of 1,6-anhydromuropeptides (Höltje et al. 1975). Their precise role

during cell growth and division, as well the regulation of their potential dangerous

activity, is not understood.

The crystal structures of two soluble lytic transglycosylases have been solved

with bound inhibitor bulgecin A: E. coli Slt70 (Thunnissen et al. 1995) and E. coli
Slt35, a proteolytic degradation product of the membrane bound MltB (van Asselt

et al. 2000). The data identified an important Glu residue in the proteins, and

suggested that bulgecin acts as an analogue of an oxocarbonium ion intermediate

in the reaction catalyzed by Slt70. This structural information will permit the

rational design of more effective inhibitors.

12.20 Bacitracin

Bacitracin (Fig. 12.2n) is an antibiotic composed of a complex mixture of branched

cyclic dodecylpeptides first isolated from B. licheniformis (Johnson et al. 1945), but
is also produced by some strains of B. subtilis. To exert its biological activity,
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bacitracin needs divalent metal ions (Stone and Strominger 1971). The antibiotic

blocks peptidoglycan synthesis by binding to undecaprenylpyrophosphate (UPP)

(Siewert and Strominger 1967; Stone and Strominger 1971). This sequestration

prevents UPP dephosphorylation and therefore recycling of the lipid carrier. Baci-

tracin may be applied topically to treat skin infections, quite often in conjunction

with other antibiotics. It is used extensively for prophylaxis and therapy in food

animals.

Two major bacitracin resistance mechanisms have been described in B. subtilis
and E. coli. One involves the dephosphorylation of UPP by overexpression of UPP

phosphatase (BacA; also named UppP), thereby providing the essential cell wall

precursor undecaprenylphosphate (El Ghachi et al. 2004; Bernard et al. 2005). The

second mechanism, and apparently the more efficient one, involves expression of

an ABC transporter system and a two-component regulatory system that responds

to bacitracin, as identified in B. subtilis, B. licheniformis, and Streptococcus mutans
(Podlesek et al. 1995; Tsuda et al. 2002; Ohki et al. 2003). While it is clear that the

ABC transporter is not only involved in bacitracin resistance but also in bacitracin

sensing, the exact role of transport, i.e., bacitracin export or import, is still the

subject of discussions (Bernard et al. 2007; Rietkötter et al. 2008).

12.21 Colicin M

Colicins are plasmid-encoded cytotoxic proteins produced by certain E. coli that
kill other E. coli strains lacking this plasmid. Colicin M has a unique mode of action

in that it inhibits murein and O-antigen biosynthesis by interfering with the regen-

eration of bactoprenol (Schaller et al. 1982; Harkness and Braun 1989a, b). Colicin

M was in fact identified as an enzyme catalyzing the specific degradation of lipids I

and II peptidoglycan intermediates (El Ghachi et al. 2006). Specifically it hydro-

lyzes the pyrophosphate linkage between bactoprenol and the murein precursor

(1-pyrophospho-MurNAc-(pentapeptide)-GlcNAc) in the periplasm. The resulting

bactoprenol cannot serve as acceptor of the murein and O-antigen precursors.

Its export mechanism is unknown. Import into the periplasm of target cells

requires the Ton system similar to other colicins (Braun et al. 2002), and the

partially unfolded colicin M is presumably refolded into the active form by the

FkpA, a periplasmic chaperone (Hullmann et al. 2008).

Colicin M is the smallest colicin, composed of 271 amino acid residues. Its

structure has been solved at 1.7 Å resolution (Zeth et al. 2008). It consists of three

domains (like all colicins) whose architectures show no similarity to known struc-

tures. The N-terminal domain is required for translocation across the outer mem-

brane, the receptor binding domain is represented by the central domain, and the

phosphatase activity is represented by the C-terminal domain. Predicted bacterio-

cins with homology to the C-terminal domain have been discovered in Pseudomo-
nas spp. and Burkholderia spp., suggesting that these organisms also possess a

phosphatase-based killing mechanism (Zeth et al. 2008).
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12.22 Conclusions

What started with the accidental observation that a fungus produces antibacterial

substances has become an enormous enterprise in pharmaceutical industry and

biological research. Enzymes involved in peptidoglycan biosynthesis represent

tremendously attractive antimicrobial targets due to the fact that they are essential

and unique to the eubacterial world. The lipid carrier also plays a central role in the

biosynthesis of other cell wall polymers. Due to improved biochemical techniques,

this molecule has been only recently approached as a promising target. Bacteria

have evolved a vast spectrum of unpredictable resistance mechanisms against cell

wall inhibitors. These include MRSA and VRE, methicillin-resistant S. aureus and
vancomycin-resistant enterococci, where new genes ensure the synthesis of novel

types of cell walls. Trying to understand the action of new cell wall inhibitors and

resistance mechanisms against them might help to unravel the remaining mysteries

of cell wall biosynthesis.
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Chapter 13

Bacterial Autolysins

Marie-Pierre Chapot-Chartier

13.1 Introduction

Bacteria produce enzymes which are capable of hydrolyzing bonds in their own

protective cell wall peptidoglycan. Peptidoglycan is essential for maintaining cell

shape and cell integrity. Thus, the activity of peptidoglycan hydrolases (PGHs) may

lead to bacterial lysis. In this event, these enzymes are called autolysins (Shockman

and H€oltje 1994). Autolysis is observed under conditions which result in the

cessation of peptidoglycan synthesis, such as stationary phase or exposure to

antibiotics, possibly from an uncontrolled action of PGHs. Although potentially

lethal, PGHs are present in bacteria throughout growth and are proposed to be

involved in numerous cellular functions which require cell wall remodelling such as

cell enlargement, recycling and maturation of peptidoglycan, cell division and

daughter cell separation, motility, sporulation, genetic competence, protein secre-

tion, biofilm formation and pathogenicity.

We will consider here mainly model autolysin systems from Gram-positive

bacteria. The PGH system from the model Gram-negative bacterium, Escherichia
coli, has also been studied in detail and was reviewed recently (Vollmer and

Bertsche 2008).

13.2 Hydrolytic Specificity of Bacterial Autolysins

The cell wall of Gram-positive bacteria is made of a thick peptidoglycan layer

decorated with other polymers: teichoic acids which are anionic polymers, proteins

and polysaccharides. Peptidoglycan is the major cell wall constituent (50–80% of
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the dry weight) and ensures the stability and rigidity of the cell wall. Peptido-

glycan is a heteropolymer made of linear glycan chains composed of alternating

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

chains are cross-linked by short peptide chains. Four classes of PGHs can be defined

on the basis of their hydrolytic bond specificity inside the peptidoglycan (Fig. 13.1):

– N-Acetylmuramidases (muramidases or lysozymes) which hydrolyze the b1–4
bond between MurNAc and GlcNAc.

– N-Acetylglucosaminidases (glucosaminidases) which hydrolyze the b1–4 bond

between GlcNAc and MurNAc.

– N-Acetylmuramyl-L-Ala amidases (amidases) which hydrolyze the bond

between the lactyl group of MurNAc and the a-amino group of L-alanine, the

first amino acid of the lateral peptidic chain.

– Peptidases which hydrolyze different bonds inside the peptidoglycan.

In addition, lytic transglycosylases break the same bonds as muramidases but

yield anhydromuropeptides as products. PGHs such as D-Ala-D-Ala-carboxypepti-

dases are unable to provoke bacterial lysis on their own, and thus they are not

classified as autolysins (Shockman and H€oltje 1994).
PGH activity can be detected by following the decrease of turbidity of a bacterial

suspension. Also, radioactively labeled peptidoglycan was used as substrate allow-

ing quantification of soluble radioactivity released by PGH activity. An efficient

technique to detect PGHs is the zymogram technique allowing visualization of

bacteriolytic activities after SDS-PAGE in a gel containing autoclaved bacteria

or cell walls (Leclerc and Asselin 1989). By means of HPLC separation and

GlcNAcGlcNAc MurNAc

L-Ala

L-Ala

D-Ala

L-Lys

D-Glu

D-Gln D-Asp

(D-Ala)

(D-Ala)

L-Lys

(2)

(2)

(3)
(5)

(NH2)

(4)
(6)

(7)

(1)

(1)

GlcNAcGlcNAc MurNAc

γ
ε,β

Fig. 13.1 Schematic structure of L. lactis peptidoglycan and sites of cleavage of PGHs. GlcNAc,

N-acetylglucosamine; MurNAc, N-acetylmuramic acid. D-Ala residues at positions 4 and 5 of

the acceptor peptide chains may be present or not, and D-Asp may be amidated or not according to

previous L. lactis peptidoglycan structural analysis (Courtin et al. 2006). The specific cleavage

sites of the different classes of PGHs are indicated by arrows. (1) N-acetylmuramidase; (2) N-
acetylglucosaminidase; (3) N-acetylmuramyl-L-Ala-amidase, (4) D,L-endopeptidase, (5) endopep-

tidase, (6) L,D-carboxypeptidase, (7) D,D-carboxypeptidase
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identification of the structure of peptidoglycan fragments released by PGHs with

mass spectrometry, their hydrolytic specificities can be determined (Glauner et al.

1988; Horsburgh et al. 2003).

The PGH content varies between bacterial species. A given bacterial species

usually produces several PGHs, with or without identical hydrolytic specificity.

PGHs were initially identified and characterized after purification, which proved to

be a very tough and time-consuming task, since the potentially lethal autolysins are

usually present in low amounts and strongly associated to the cell wall. Subse-

quently, genes were cloned using oligonucleotide probes derived from the amino

acid sequence of the purified proteins or alternatively after activity screening of

libraries constructed in E. coli. The availability of complete genome sequences now

allows for searching the PGH complement of a given bacteria by performing amino

acid sequence similarity searches with representative sequences of all known

classes of PGHs (Smith et al. 2000).

13.3 Modular Organization of Bacterial Autolysins

Most PGHs possess a modular structure and comprise most often a catalytic domain

and a cell wall binding domain. This modular organization was initially proposed

on the basis of sequence similarity between the major amidase from Streptococcus
pneumoniae and the lytic enzymes, amidases or muramidases, encoded by bacter-

iophages which infect this bacterium (Garcia et al. 1988). This organization was

confirmed by the construction of chimeric enzymes choosing, on one hand, the

hydrolytic specificity and, on the other hand, the specificity of cell wall binding

(Lopez et al. 1992).

Table 13.1 presents the autolysins which were characterized at the molecular

level in five Gram-positive bacteria: S. pneumoniae, S. aureus, Listeria monocyto-
genes, Lactococcus lactis and Bacillus subtilis. It is worth noting that the PGH

complement of each of these bacterial species most probably contains other (puta-

tive) PGHs that could be identified in their genome sequence by homology search.

Such an approach was performed previously for the genome sequence of B. subtilis
168 leading to the identification of a total of 35 putative PGHs (Smith et al. 2000).

13.3.1 Catalytic Domains

The catalytic domains of the autolysins listed in Table 13.1 belong to nine PFAM

domain families (Finn et al. 2008). These domains include one domain for

glucosaminidases (PF01832), one domain for muramidases (glyco_hydro_25,

PF01183), one domain for lytic transglycosylases (Transglycosylase-like, PF06737),

two domains for amidases (Amidase_2, PF01510 and Amidase_3, PF01520),

CHAP domain (cysteine, histidine-dependant amidohydrolase/peptidase domain)

13 Bacterial Autolysins 385
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(amidase or peptidase) (PF05257), two domains for peptidases (NlpC_P60,

PF00877, including g-glutamyl-diamino-acid endopeptidases and peptidase_M23

(Gly-Gly-endopeptidase, PF01551) and one domain with undetermined specificity

(Hydrolase_2). Another catalytic domain (PECACE domain) was identified

recently (Pagliero et al. 2005).

13.3.2 Cell Wall Binding Domains

As mentioned above, in addition to their catalytic domain, PGHs often contain

a specific cell wall binding domain. The domains present in the autolysins of

Table 13.1 are described below.

The LysM domain (PF01476) is a widespread protein module, present in eukar-

yotes and prokaryotes. In bacteria, it is found especially in PGHs. The structure of

one LysM domain present in E. coli lytic transglycosylase MltD has been resolved

by NMR studies (Bateman and Bycroft 2000), and consists of a sequence motif of

about 40 residues. LysM domains are usually present as several repeats in the PGHs

and their number varies (see Table 13.1). LysM domain was shown to bind

peptidoglycan, and from binding studies on several peptidoglycan chemotypes it

was deduced that it binds the glycan chain (Steen et al. 2003). However, the exact

motif recognized by LysM is not yet identified. Recent data suggest that binding of

LysM to peptidoglycan is not affected by de-N-acetylation of GlcNAc (Meyrand

et al. 2007) or by O-acetylation of MurNAc (Eckert and Mesnage, unpublished

data).

The choline-binding domain (CW_binding_1, PF01473) (ChBD), which con-

sists of 20 amino acids, is usually present as several repeats, and was identified

initially in the S. pneumoniae PGHs (Fernandez-Tornero et al. 2001). The number

of ChBDs varies among the PGHs (see Table 13.1). A minimum of four ChBDs

appears to be required for efficient binding to the cell wall. In S. pneumoniae PGHs
LytA or LytB, they bind choline present in the teichoic acids of this bacterial

species.

The SH3 domain initially known in eukaryotes and viruses was first identified in

P60 from Listeria grayi (Whisstock and Lesk 1999). The SH3 bacterial domain

(SH3_3, PF08460) is present in ALE-1 which is a homolog of lysostaphin, a PGH

produced by Staphylococcus simulans that specifically lyses S. aureus. It was

shown that the SH3-containing domain of ALE-1 binds peptidoglycan and that

the length of the interpeptide cross bridge and its amino acid composition have a

major impact on the binding (Lu et al. 2006).

GW modules found in L. monocytogenes and S. aureus proteins are 80-amino-

acid modules starting with Gly-Trp (GW) dipeptide, and are found in variable

numbers. In listerial internalin B, the C-terminal domain containing GW modules

binds lipoteichoic acids (LTA) in the cell wall (Jonquieres et al. 1999). In addition,

GW modules constitute a cell adhesion motif. GW-like modules were likewise
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found in S. aureus proteins, especially in AtlA autolysin, where they are cell surface

targeting signals (Baba and Schneewind 1998).

SPOR domain (sporulation-related domain, PF05036), present in B. subtilis
PGHs, is composed of 70 residues made up of a tandem repeat of 35 amino acid

residues. Its 3D structure was determined by NMR studies and evidence was

obtained that this domain binds peptidoglycan (Mishima et al. 2005).

In B. subtilis, two other cell wall binding domains are found in the autolysins

of Table 13.1: CW_binding_2 (PF04122) present in CwlB and PG_binding_1

(PF01471) present in CwlA amidase.

A domain rich in Ser/Thr/Pro/Asn residues was found at the N-terminus of

L. lactis AcmB (Huard et al. 2003). A similar domain present in Streptococcus
salivarius fructosyltransferase was shown to be involved in cell surface attachment

of the protein (Rathsam and Jacques 1998).

13.4 Prophage-Encoded Peptidoglycan Hydrolases

Numerous bacterial strains contain prophages in their genome. Lysogenic phages

usually encode PGHs, called lysins, to lyze the host cells when there are induced

and subsequently liberate the phage particles after replication. Bacteriophage lytic

enzymes usually possess the same modular organization as bacterial PGHs with a

catalytic domain and a cell wall binding domain and these domains may present

sequence homology with the one found in bacterial PGHs (Lopez and Garcia 2004).

Several lytic enzymes encoded by prophage DNA were characterized in

B. subtilis (Smith et al. 2000). In certain lysogenic strains of lactic acid bacteria,

endolysin activity was detected in cellular extracts, without any prophage-inducing

factor, suggesting a base level of constitutive expression. In L. lactis subsp.

cremoris AM2, a highly autolytic strain, the 46-kDa activity detected by zymogram

analysis, corresponds to the endolysin of the temperate bacteriophage carried by the

strain (Lepeuple et al. 1998). This was also observed for several strains of Strepto-
coccus thermophilus where the major activity at 31 kDa in zymogram of bacterial

cellular extracts corresponds to the endolysin of the resident temperate phage

(Husson-Kao et al. 2000).

13.5 Cellular Localization

In order to reach their substrate, autolysins must be exported through the cytoplas-

mic membrane. Most of them are endowed with a typical signal sequence. However

in a few cases, no signal sequence was detected, such as in LytA amidase of

S. pneumoniae (Garcia et al. 1985) or in LycC muramidase of Clostridium acet-
obutylicum (Croux and Garcia 1991). Since these proteins are not encoded by
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prophage DNA, these observations suggest that other unidentified export mecha-

nisms are involved.

In contrast, although they possess a putative signal sequence, two autolytic

enzymes from Listeria monocytogenes, the P60 endopeptidase and the NamA

N-acetylmuramidase, were secreted through a SecA2-dependent mechanism

(Lenz et al. 2003). SecA2 is a non-essential, auxiliary SecA paralog identified in

several Gram-positive bacteria and proposed to promote bacterial pathogenesis.

As described above, the majority of PGHs contain a domain which anchors the

proteins to the cell wall through specific binding to a cell wall component. Thus,

these PGHs are found associated to the cell wall. Nevertheless, in some cases, part

of the protein was also found in the culture supernatant, such as L. lactis AcmA

major autolysin (Buist et al. 1995), Mur-2 autolysin from Enterobacter hirae
(Kariyama and Shockman 1992) or P60 from L. monocytogenes (Ruhland et al.

1993). In contrast, E. hirae Mur-1 was found exclusively associated to the cells

(Kariyama and Shockman 1992).

Inside the cell wall, the precise localization of the PGHs depends seemingly on

their physiological role. Several enzymes involved in cell separation after division

were found localized at specific sites inside the cell wall. Staphylococcus aureus
amidase and glucosaminidase, obtained by maturation of Atl precursor, were both

localized by immunocytochemical experiments, at the level of the equatorial ring

on the cell surface that marked the future cell division sites (Yamada et al. 1996).

The repeat domains (R1, R2 and R3) present in both proteins were shown to be

necessary and sufficient for targeting them to the equatorial surface ring, suggesting

that they bind to a localized specific receptor (Baba and Schneewind 1998). In

L. lactis, a fusion protein made of a viral protein and the C-terminal LysM-contain-

ing domain of L. lactis AcmA major autolysin was found to be present only at the

cell poles by immunofluorescence experiments (Steen et al. 2003). In this case, the

authors proposed that although LysM binds peptidoglycan which is present on

the entire cell surface of Gram-positive bacteria, its binding is hindered by other

cell wall constituents, most probably (lipo)teichoic acids, and binds only those sites

on the cell surface where this component is absent (Steen et al. 2003). Also, in

B. subtilis, the PGHs LytE, LytF and CwlS, all three involved in cell separation,

were found localized at cell separation sites and cell poles during vegetative growth

(Yamamoto et al. 2003; Fukushima et al. 2006). This specific localization may be

dependent on the LysM repeats in their N-terminal domains (Fukushima et al.

2006). In contrast, LytC which is not involved in cell separation was found

uniformly distributed on the B. subtilis cell surface (Yamamoto et al. 2003).

S. aureus LytM endopeptidase (Ramadurai et al. 1999) as well as L. monocytogenes
P60 (Ruhland et al. 1993) were also found uniformly distributed over the cell

surface during exponential growth phase.

Recent work using the yeast two hybrid approach identified LytE as an interact-

ing protein of the actin homolog MreBH in B. subtilis, suggesting co-localization of
MreB and LytE in the cells (Carballido-Lopez et al. 2006). MreB isoforms (MreB,

Mbl and MreBH) were previously shown to play an important role in the control of

cell shape and to be localized in helical filamentous structures which encircle the
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cell (Carballido-Lopez and Formstone 2007). Thus, it appears that LytE is targeted

for export by MreBH to specific sites near the membrane. The co-localization of

MreB isoforms and LytE would ensure that LytE is associated with the newly

synthesized peptidoglycan and play a role in hydrolyzing fully stretched peptide

bonds of peptidoglycan to release the tension in the wall and allow further extension

of the cell.

13.6 Regulation and Control of Autolytic Activity

PGHs which are able to hydrolyze the protective cell wall peptidoglycan are

potentially lethal enzymes for the cells that produce them. Thus their expression

and/or their activity inside the cell wall have to be tightly regulated and also

coordinated with the activities involved in peptidoglycan biosynthesis. No general

model of regulation has emerged but different mechanisms were identified in

different bacterial species.

13.6.1 Regulation at the Transcriptional Level

In Bacillus subtilis, autolysins are regulated at the transcriptional level, by several

alternative factors. Transcription of the major vegetative autolysin genes lytC and

lytD as well as that of the minor vegetative endopeptidase gene lytF is under the

control of alternative sigma factor D, which is also involved in the regulation of

flagellar synthesis, motility and chemotaxis (for review see Smith et al. 2000). Gene

lytC also belongs to the divergon lytRABC (Kuroda et al. 1992; Lazarevic et al.

1992). lytR is transcribed divergently from the three other genes and encodes a

DNA-binding protein which represses its own expression and that of lytABC.
A specific locus involved in autolysis regulation in S. aureus has been identified

(Brunskill and Bayles 1996). It comprises two genes lytSR encoding a two-compo-

nent regulatory system. A lytS knock-out mutant exhibited a marked propensity

to form aggregates and a higher ability to autolyze, associated with a modification

of its PGH content. The LytSR regulatory system was shown to positively regu-

late expression of the lrgAB operon, located immediately downstream of lytSR
(Groicher et al. 2000). The lrgAB operon inhibits PGH activity and decreases

sensitivity to penicillin-induced killing. lrgA encodes a small protein with proper-

ties similar to bacteriophage holins. It is proposed to act rather as an antiholin

whereas the cidA gene identified subsequently encodes the holin (Rice et al. 2003).

Both LrgA and CidA would regulate cell lysis in a way similar to bacteriophage,

based on a holin–antiholin system. Another two-component system (TCS), arlRS,
has a negative impact on autolysis in S. aureus (Fournier and Hooper 2000). It may

work by positively regulating lytSR, lrgA and lrgB (Liang et al. 2005).

More recently, several other TCSs were shown to regulate expression of certain

PGHs. The YvrGH TCS negatively regulates the transcription of B. subtilis LytC
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(CwlB) (Serizawa et al. 2005). More generally, the essential YycFG TCS was

shown to be a regulator of cell wall metabolism in B. subtilis (Bisicchia et al.

2007). Several genes encoding PGHs were found to be positively regulated by

YycF, such as yocH encoding a putative PGH (Howell et al. 2003), lytE (Margot

et al. 1998) and cwlO (Yamaguchi et al. 2004) which both encode endopeptidase-

type PGHs; in addition ykvT encoding a putative PGH was found to possess the

consensus sequence recognized by YycF upstream of the ORF. Finally, YycFG

downregulates two genes whose products can indirectly modulate autolysin acti-

vity: yjeA encoding a peptidoglycan deacetylase and yoeB which was shown to

modulate autolysin activity (Salzberg and Helmann 2007).

In S. aureus, the YycGF-homologous TCS, renamed WalKR, has a major role in

controlling cell wall metabolism and biofilm formation. WalKR positively controls

autolytic activity, in particular that of the two major S. aureus autolysins, AtlA and

LytM (Dubrac et al. 2007).

Another example of autolysin regulation by TCS is AtlA from S. mutans, where
AtlA activity and expression of atlA operon, which includes a gene encoding a

thiol-disulfide oxidoreductase, are subject to the control of the VicRK TCS. The

VicK sensor kinase protein was reported to bear a PAS domain, which is a sensor of

oxygen and redox potential (Ahn and Burne 2007).

In S. aureus, evidence was found for coordination between cell wall synthesis

and degradation. It was recently shown that perturbation of cell wall synthesis in

growing bacteria induces strong repression of the transcription of several autolysin

genes (Antignac et al. 2007; Sobral et al. 2007). This regulation could involve a

TCS able to sense cell envelope stress.

13.6.2 Regulation at the Post-translational Level

Proteolysis. Muramidase M1 from E. hirae is synthetized as a precursor (zymogen)

of 130 kDa, further processed to a 87-kDa active form (Shockman 1992). In

contrast, in B. subtilis, extracellular proteases degrade PGHs involved in cell wall

turnover (Jolliffe et al. 1980). Autolysis of L. lactis is also affected by proteolysis

(Buist et al. 1998). Strains lacking the cell wall anchored proteinase PrtP exhibited a

higher level of autolysis. In addition, autolysis was influenced by the cell wall

proteinase hydrolytic specificity which varies between strains, as a result of differ-

ent susceptibilities of the major autolysin AcmA to the different variants of the

protease. In L. lactis, the housekeeping cell wall protease HtrA also degrades AcmA

(Poquet et al. 2000).

Interaction with a modifier protein. A modifier protein (named CwbA) of CwlB

amidase activity, encoded in the same operon as the amidase, has been described

(Kuroda and Sekiguchi 1992; Margot and Karamata 1992). This protein binds

stochiometrically the amidase and stimulates its activity two- to threefold.

In addition, it is able to change its mode of action from a random to a sequential

one (Herbold and Glaser 1975).
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Interaction with cell wall components. The interaction between an autolysin and

certain cell wall components can alsomodulate its activity. For example, the amidase

LytA from S. pneumoniae is synthesized as an inactive form (E-form) present only in

the cytoplasm. Activation of this precursor happens through formation of a complex

with the choline present in teichoic acids (Tomasz and Westphal 1971)).

Several studies reported the influence of the D-alanylation level of teichoic

acids (TAs) on PGH activity. The alditol-phosphate groups of lipoteichoic acids

(LTAs) and wall teichoic acids (WTAs) may be substituted by D-alanyl esters in

variable amounts. The positively charged D-alanyl-ester residues provide counter-

ions to the negative charges carried by the phosphate groups of TAs. The absence

of D-alanine substituents on TAs, obtained by inactivation of one gene in the dlt
operon which encodes the proteins involved in addition of D-alanine, affects

autolysis in several bacterial species. However, opposite effects were described

according to the bacterial species studied. In B. subtilis (Wecke et al. 1997), the

absence of D-alanine substituents on TAs enhances autolysis. The authors pro-

posed that D-alanine-deprived TAs are more electronegative and bind more cationic

autolysins. D-Alanine depletion of teichoic acids was also shown to increase

autolysis of three lactic acid bacteria. In L. lactis, a reduced amount of D-alanine

on TAs was proposed to diminish AcmA autolysin degradation by the

housekeeping cell wall protease HtrA, which results in increased autolytic activity

(Steen et al. 2005). In a dlt mutant of Lb. plantarum, defects in the separation

process and cell envelope perforation were also detected and linked to the activity

of the Acm2 autolysin (Palumbo et al. 2006). In Lactobacillus rhamnosus also, a
dlt mutant was reported to have a higher autolysis rate than the wild type (Perea

Velez et al. 2007). In contrast, in S. aureus, reduction of D-alanine substitution in

TAs obtained by interruption of a dlt gene (Peschel et al. 2000) or the alanine

racemase gene (Kullik et al. 1998) reduces autolysis. In these cases, the authors

also proposed that alanine-free, anionic TAs strongly bind positively charged

autolysins, but, in this case, this would prevent their access to the peptidoglycan

and thus reduce autolysis.

In a recent work (Fedtke et al. 2007), a S. aureus mutant was obtained by

inactivation of the ypfP gene responsible for biosynthesis of the glycolipid found in

LTA. The mutant exhibited strongly reduced LTA content and revealed strongly

reduced autolytic activity although themutant revealed nomajor change in patterns of

cell wall proteins or autolytic enzymes. Thus this study suggests that LTAs play a role

in controlling autolysin activity rather than in binding the proteins in the cell wall.

Peptidoglycan structure. Chemical modifications of the peptidoglycan subs-

trate such as O-acetylation or de-N-acetylation can also influence PGH activity.

Muramidase-1 from Enterobacter hirae appears to hydrolyze peptidoglycan frac-

tion from E. hirae only after chemical re-N-acetylation (Kawamura and Shockman

1983) and a muramidase purified from Clostridium acetobutylicumwas found to act

only on non-acetylated peptidoglycan (Croux et al. 1992). The gene (pgdA) encod-
ing a peptidoglycan deacetylase was identified in S. pneumoniae (Vollmer and

Tomasz 2000). Purified S. pneumoniae LytA amidase has higher activity towards

the native S. pneumoniae peptidoglycan with a high degree of deacetylation than
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towards chemically acetylated peptidoglycan. A pgdA homologous gene was found

in Lactococcus lactis and peptidoglycan N-acetylglucosamine deacetylation by

PgdA was found to decrease autolysis in L. lactis (Meyrand et al. 2007). This

peptidoglycan modification was shown to protect it from hydrolysis by the major

autolysin AcmA. Another modification of peptidoglycan encountered in bacteria is

MurNAc O-acetylation. The gene (oatA) encoding an O-acetyltransferase able to

transfer an O-acetyl group at the C6 hydroxyl group of MurNAc was identified in

S. aureus (Bera et al. 2005). In Enterococcus faecalis, PGHs were classified by a

zymogram technique into enzymes that preferentially hydrolyze eitherO-acetylated
or non-O-acetylated peptidoglycan and enzymes that show no apparent preference

for either substrate type (Pfeffer et al. 2006). However, a recent study showed that

peptidoglycan O-acetylation in E. faecalis had only marginal inhibitory impact on

the activities of the major autolysins, the N-acetylglucosaminidase AtlA and the

N-acetylmuramidase AtlB (Emirian et al. 2009). oatA gene is also present in L. lactis
and was shown to be regulated positively by the SpxB regulator in response to

cell envelope stress such as cell wall attack by lysozyme, an exogenous PGH.

Peptidoglycan O-acetylation could also control endogenous PGH activity (Veiga

et al. 2007).

Proton motive force. In Bacillus subtilis, proton motive force (PMF) generated

inside the membrane seems to play a role in the regulation of PGH activity, by

maintaining the cell wall pH at a relatively low value close to the cytoplasmic

membrane (Kemper et al. 1993; Calamita et al. 2001). PGHs would be more active

when present at the periphery of the cell where the higher pH and more stretched

structure of peptidoglycan would favour their activity. This hypothesis was sup-

ported by the fact that depolarizing agents enhanced cell autolysis.

Export and localization. Controlling the access of PGHs to their substrate in the

cell wall is another way to control their activity. A gene (arpU) controlling

muramidase-2 export in E. hirae was identified but its mechanism of action was

not studied in detail (Lleo et al. 1995). In L. monocytogenes, the auxilliary secretion
system SecA2 was shown to play a crucial role in the secretion of two PGHs: NamA

and P60 (Lenz et al. 2003). SecA2-secretion of these PGHs contributes to

L. monocytogenes virulence. It may work by promoting coordinated hydrolysis of

peptidoglycan by the two PGHs, which is predicted to generate the muropeptide

GMDP, glutaminylmuramyl-dipeptide, from peptidoglycan, which is known to

modify the host inflammatory response.

In S. aureus, the cid and lrg operons encode proteins that were shown to regulate
extracellular PGH activity (Bayles 2003). As mentioned above (see Sect. 13.6.1),

LrgA and CidA probably regulate cell lysis in a way similar to bacteriophages

based on a holin–antiholin mechanism. They would thus make pores inside the

cytoplasmic membrane that would allow release of PGHs but they could also act at

the level of PMF.

Finally, differential binding of autolysins to different parts of the cell wall as a

consequence of the presence of a targeting domain as already described above (see

Sect. 13.5) may also constitute a control mechanism of autolysin activity (Baba and

Schneewind 1998).
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Formation of multienzyme complexes. It has been previously proposed that

synthetic and hydrolytic reactions need to be coordinated temporally and spatially

during cell wall enlargement (Shockman and H€oltje 1994). This could be achieved

through the formation of large protein complexes containing peptidoglycan

synthases (which are the penicillin binding proteins or PBPs) and PGHs. In E. coli,
the existence of molecular interactions between the penicillin binding protein PBP1B

and the lytic transglycosylase MltA has been demonstrated (Vollmer et al. 1999).

13.7 Roles in Bacterial Physiology

The presence of autolysins in bacteria during exponential growth phase suggests

that they play a role during cell multiplication. Different roles were proposed and

demonstrated during bacterial growth: (1) septation and separation of daughter

cells; (2) cell expansion; (3) peptidoglycan turn-over; and (4) protein secretion.

They can also play a role in more specific functions such as: (1) competence for

genetic transformation; (2) flagellar morphogenesis; (3) spore formation and germi-

nation; (4) biofilm formation; (5) pathogenicity; (6) autolysis and programmed cell

death; and (7) waking up of dormant bacteria.

Their role was investigated after construction of mutants with one or several

inactivated autolysin genes and study of their phenotypes. We give examples below

of the roles established for different enzymes of the five bacterial species con-

sidered in Table 13.1.

13.7.1 Cell Division and Cell Separation

Numerous autolysin-deficient mutants exhibit defects in the cell separation process

following cell division.

In S. pneumoniae, lytA mutant forms small chains of 8–10 cells (versus the

diplococci morphology of wild type) whereas a lytB mutant forms very long chains

of more than 100 cells, showing the fundamental role of the latter enzyme in cell

separation (Lopez and Garcia 2004). Although the peptidoglycan-hydrolyzing

activity of PcsB was has not yet been shown experimentally, PcsB contains the

typical CHAP domain found in other PGHs. pcsB gene proved to be essential in

Streptococcus pneumoniae (Ng et al. 2004). Reduced expression of pcsB resulted in

formation of long chains of cells in which peptidoglycan synthesis occurred at

nearly every division septum and cell equator. Severe depletion of PcsB led to

abnormal, uncontrolled cell wall synthesis at misplaced septa and around large

cells. Thus PcsB appears to play a role as a PGH that balances the extent of cell wall

synthesis in S. pneumoniae.
In Staphylococcus aureus, inactivation of atl, which encodes the bifunctional

autolysin with amidase and glucosaminidase specificities, does not impair growth.
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However, the mutant strain forms aggregates of 10–20 cells rather than the doublets

of the parental strain (Takahashi et al. 2002). These aggregates can be dissolved by

the addition of amidase or muramidase to the extracellular medium (Sugai et al.

1995). These results indicate a role of Atl in cell separation after division. Inactiva-

tion of the genes encoding the amidase SleI and the putative lytic transglycosylase

SceD also result in impaired cell separation and clumping of the bacterial culture

(Kajimura et al. 2005; Stapleton et al. 2007).

In L. lactis, an acmA defective mutant forms long chains of cells, indicating that

AcmA is involved in daughter cell separation after division (Buist et al. 1995).

In contrast, inactivation of acmB (Huard et al. 2003) and yjgB (Redko et al. 2007)

had no effect on cell separation.

In L. monocytogenes, deletion of p60 (iap) gene affects cell division leading to

abnormal cell forms. The iap-deleted mutant forms long filaments in exponential

growth phase and septum formation is initiated at various points along the filaments

(Pilgrim et al. 2003). Deletion of MurA has no effect on cell growth rate but it

affects cell separation after division. The mutant grows as long chains of cells (3–12

cells) whereas the wild type gives mostly single cells.

In B. subtilis, which contain a high number of autolysins, mutants deficient in

one or several enzymes were constructed by specific inactivation of the

corresponding genes. At least six autolysins were found to play a role in cell

separation after cell division. The major vegetative autolysins, LytC (CwlB) and

LytD, were shown to have a role in cell separation. However, single inactivation of

lytC or lytD leads to only slight increase in cell chain length compared to the

parental strain, whereas combined inactivation of lytC and lytD results in extremely

long chains of cells. These results indicate that both LytC and LytD have a role in

cell separation but that each could mutually compensate for the lack of the other

(Blackman et al. 1998). Endopeptidases LytE and LytF are also involved in cell

separation. Inactivation of one of these genes results in cells with a two- to fourfold

increase in length (Margot et al. 1998, 1999). A double lytE lytF mutant has a

strikingly altered morphology and the cells present a fibrillar structure (Ohnishi

et al. 1999). A cwlS mutant exhibited a cell shape similar to that of the wild type;

however, a lytE lytF cwlS triple mutant exhibited aggregated microfiber formation.

The fact that CwlS-like LytE and LytF was localized at cell separation sites and cell

poles during the late vegetative phase strongly suggests that CwlS is involved in

cell separation with LytF and LytE (Fukushima et al. 2006). Finally, LytG, another

member of the vegetative autolysins of B. subtilis, is also involved in cell separation
(Horsburgh et al. 2003).

13.7.2 Cell Expansion and Cell Wall Turnover

In the inside-to-outside model of cell growth for Gram-positive bacteria, peptido-

glycan is synthesized close to the cytoplasmic membrane and removed from the

outer surface of the cell wall (Koch and Doyle 1985). In this model, autolysins can
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play a role by making cuts inside the peptidoglycan to allow newer peptidoglycan to

expand and also by removing older peptidoglycan from the outer surface. However,

the single or multiple autolysin mutants obtained were not affected in their growth.

Only PcsB in S. pneumoniae was found indispensable for growth and viability. In

contrast, the role of autolysins in cell wall turnover was demonstrated. In B. subtilis,
cell wall turnover was analyzed with radiolabeled peptidoglycan precursors and

it was shown that both LytC and LytD have a role in peptidoglycan turnover

(Blackman et al. 1998). In S. aureus, the cell morphology of an atl mutant was

altered with irregularity of the cell surface, probably indicative of abnormal recy-

cling of peptidoglycan (Takahashi et al. 2002).

13.7.3 Spore Formation and Germination

In B. subtilis, several PGHs, the amidases CwlC and CwlD as well as CwlJ and

SleB, have a role during sporulation. PGHs can play a role at different stages of the

sporulation process such as maturation of the spore peptidoglycan (which has a

unique structure), mother-cell lysis at the end of sporulation or spore germination

(see Smith et al. 2000 for review).

13.7.4 Competence

In Streptococcus pneumoniae, three PGHs (LytA, LytB and CbpD) are induced by

the competence-stimulating peptide (CSP), an exported peptide pheromone which

controls competence for natural genetic transformation in S. pneumoniae. The
combined action of the three PGHs appears to be involved in the lysis of the non-

competent subpopulation of S. pneumoniae by the competent cell subpopulation.

This lysis could provide DNA for genetic transformation (Claverys et al. 2007).

13.7.5 Biofilm Formation

In Staphylococcus aureus, autolysins also play a role in biofilm formation. Indeed,

the cidA regulator, which controls the activity of PGHs in S. aureus, was shown to

contribute to biofilm development, by release of genomic DNA, an important

structural component of the biofilm matrix (Rice et al. 2007).

13.7.6 Pathogenicity

In Listeria monocytogenes, in contrast to P60 and MurA, Auto and Ami autolysins

have no effect on cell growth, cell division and morphology. They were shown to
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play a role in L. monocytogenes virulence. Ami contributes to adhesion of the

bacteria to eukaryotic cells via its C-terminal cell wall anchoring domain (Milohanic

et al. 2001) whereas Auto is required for entry into eukaryotic cells (Cabanes et al.

2004). Bacterial PGHs can also participate in the production of peptidoglycan

fragments which can be recognized as PAMPs (pathogen associated molecular

patterns) by the host innate immune system (Lenz et al. 2003).

In S. aureus, an isaA sceD double mutant, inactivated for the two putative lytic

transglycosylases, is attenuated for virulence, while inactivation of sceD impaired

nasal colonization in a rat model, demonstrating the importance of cell wall

dynamics in host–pathogen interactions (Stapleton et al. 2007).

13.7.7 Autolysis and Programmed Cell Death

Several autolysins are involved in stationary phase autolysis or antibiotic-induced

autolysis. In S. aureus, Atl plays a role in penicillin-induced lysis, contrary to SleI

(Takahashi et al. 2002; Kajimura et al. 2005). In Lactococcus lactis, an acmA
defective mutant autolyzes very slowly in stationary phase, indicating that AcmA

is the major autolysin (Buist et al. 1995). Regarding AcmB, its contribution to

autolysis is limited and seems to be potentialized by AcmA (Huard et al. 2003).

Also, L. monocytogenes murA mutant is more resistant to autolysis during pro-

longed stationary phase incubation as well as to Triton X-100 induced autolysis

(Carroll et al. 2003). In B. subtilis, LytC and LytD are involved in antibiotic-

induced lysis (Blackman et al. 1998) and LytE and LytF in stationary phase

autolysis (Ohnishi et al. 1999).

In S. aureus, PGHs are involved in programmed cell death (PCD) controlled by

lrgAB and cidAB, which could function in bacteria to remove damaged cells from a

population in response to a wide variety of stresses (Rice and Bayles 2003).

13.7.8 Others

The observed effect of autolysin mutations on motility may be partly due to their

effect on cell separation leading to the production of filaments with low motility

(Smith et al. 2000). Another possible role in motility is their requirement for

flagellar morphogenesis by possibly playing a role in the extrusion of flagella

through the cell wall (Dijkstra and Keck 1996). The cross-linked network of

peptidoglycan can constitute a physical barrier to secretion of proteins, which

may be lessened by the action of autolysins (Dijkstra and Keck 1996).

Finally, peptidoglycan hydrolysis was also proposed to be a mechanism for

waking up bacteria from a non-growth state like the viable-but-non-culturable

(VBNC) state. Micrococcus luteus was shown to secrete a resuscitation-promoting
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factor (Rfp) able to stimulate the growth of dormant mycobacteria (Keep et al.

2006; Mukamolova et al. 2006). Rfp was shown to be a PGH with homology with

lytic transglycosylase (Mukamolova et al. 2006).

13.8 Conclusions

Bacterial PGHs are remarkable for the diversity of their specificity and structure.

Structural diversity results especially from modular organization. PGHs are usually

exported through the cytoplasmic membrane to reach their substrate in the cell wall

and their localization seems to be related to their function inside the bacterial cell.

Although they play fundamental roles in cell physiology, most PGHs are not

indispensable for growth and viability, probably as a result of functional redun-

dancy between the several enzymes found in one bacterium. Until now, only PcsB

with probable PGH activity, which balances the extent of cell wall synthesis in

S. pneumoniae, has been found indispensable for cell viability.

Due to their ability to kill the cells that produce them, their expression and their

activity need to be tightly regulated. No general model of regulation has emerged

up till now. In contrast, multiple mechanisms of transcriptional or post-translational

regulation have been deciphered in the different bacterial species studied. Thus it is

likely that different levels of regulation coexist in one bacterial species to efficiently

control the activity of these lethal enzymes. Recent studies provide evidence for the

regulation of their expression in response to extracellular signals and/or environ-

mental conditions through TCSs.

In addition to their role in the processes requiring peptidoglycan remodelling for

vegetative bacterial growth, it has already been shown for a long time that specific

PGHs are also required for the sporulation process in sporulating bacteria such as

B. subtilis. More recently, through their ability to lyze cells and release the

intracellular bacterial content, especially DNA, certain PGHs were clearly shown

to be involved in competence in S. pneumoniae or in biofilm formation in S. aureus.
In pathogens such as L. monocytogenes, PGHs also play a crucial role in pathoge-

nicity, where again they can play a role at different levels: adherence to eukaryotic

host cells, entry in the host cells, but also, since they are able to release peptidogly-

can fragments, modulation of innate immune response.

Peptidoglycan degradation activity in the bacterial cell needs to be coordi-

nated with synthesis activity as well as with the cell division process. The spatial

and temporal coordination of the activity of the enzymes involved could take

place in multienzyme complexes, which would guarantee that enlargement of the

cell wall occurs without lysis and with maintenance of the specific shape of the

bacterium.
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Part V
Cell Wall Interactions



Chapter 14

Prokaryotic Cell–Cell Interaction

Reinhard Wirth

14.1 Introduction

Prokaryotic cells have to interact with each other (and their abiotic surroundings) in

their natural biotope to ensure survival, very often resulting in the formation of

biofilms. Though biofilms are not covered in this chapter, it should be noted here

that their establishment depends – as does their growth – on various factors, some of

which are also used for the kinds of interactions discussed below. A typical example

of such factors are cell surface appendages like flagella which are used not only for

swimming but, e.g., for adhesion to various surfaces – see also below. For an

overview on biofilms the reader is referred to, e.g., Kolter (2005) and the complete

January 2005 issue of Trends in Microbiology, or Palmer and Stoodley 2007

summarizing the 2007 ASM Conference on Biofilms.

In this chapter I will concentrate on systems which are more or less well-

characterized/understood with respect to the role of cell surface components of

prokaryotic cells mediating interactions with prokaryotic cells of the same or

another species.

14.2 Formation of Fruiting Bodies by Myxobacteria

14.2.1 Discovery and Description of the Biological System

Myxobacteria surely stand at the borderline between unicellular and multicellular

microorganisms. Indeed, originally characterized as slime molds or fungi imper-

fecti in the early nineteenth century, it took nearly 100 years to detect their true
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nature as bacteria, by Thaxter in 1892 (for an excellent overview, covering also

historical aspects see Reichenbach and Dworkin 1992). Under certain conditions

myxobacteria are able to aggregate into structures called fruiting bodies, consisting

of up to 106 cells. These fruiting bodies can have very different shapes; from simple

“balls” through irregularly branched forms to “mini-tree”-like structures – see

Fig. 14.1a–c.

Myxobacteria grown in liquid (and solid)-rich media are long slender rods

characterized by some unusual features. Their peptidoglycan seems not to consist

of one huge murein sacculus, but rather of patches of this cell wall material. In

addition, the rods can glide on solid surfaces (in a forwards–backward manner, with

c. 0.17 reversals per min) and are flexible, able to bend over 180�. Two types of

motility have been observed: single cells move in an adventurous way (A-motility),

whilst cells forming aggregates move in a coordinated, social way (S-motility).

The true nature of myxobacteria becomes evident if they are grown under

conditions reflecting their natural biotope, namely decaying organic matter, to

whose degradation/consumption they contribute considerably. Their ability to

degrade organic matter is used in a special enrichment technique, the so-called

rabbit dung-pellet bait technique. For this, autoclaved rabbit dung pellets are placed

in the middle of “water-agar” plates; at a distance of c. 1 cm a few soil crumbs are

placed and the system is incubated for 1–2 weeks at room temperature to 37�C.
Myxobacteria are able to sense the presence of organic material in the dung pellets

and to reach them using their A-motility system. After growth and consumption of

the organic matter they will experience starvation, which is the main signal for

formation of fruiting bodies. To finally assemble into fruiting bodies, the cells use

their ability to move in a concerted way (their S-motility system).

This biological system has fascinated researchers for many years and Myxococ-
cus xanthus – forming yellowish balls as fruiting bodies – has been chosen as a

model system, especially in the USA; Stigmatella aurantiaca – forming mini-trees

– was and is studied mainly by German groups (see, e.g., Plaga and Schairer 1999).

To date many details, especially for M. xanthus, are known, but the picture is far

from being complete. Not the least reason for this lies in the fact that regulation is

very complex – which can be understood if one considers the fact that myxobacteria

have the biggest bacterial genomes known (9.1 Mbp for M. xanthus and 10.3 Mbp

for S. aurantiaca). There exist many excellent reviews on this system (newer ones

being those of Kaiser 2003; Sogaard-Andersen et al. 2003; Stevens and Sogaard-

Andersen 2005), to which the reader is referred for further details. It has to be noted

that early experiments – using mutants and complementation assays – defined

various “signals” A-E, “acting” in the time-course B-A-D-E-C, of which the last

one in particular is important here. These “signals” (sometimes it is argued that only

the A and C components are true signals) can be characterized as follows:

B-signal. This is active in vegetative and developing cells; the bsgA gene pro-

duct codes for a protease, being homologous to the LonA protease of Escherichia
coli.

A-signal. This is composed of two components: the heat-labile component

consists of at least two proteases and the heat-stable one is a mixture of different
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Fig. 14.1 Formation of fruiting bodies by Myxobacteria. (a)–(c): Various shapes of fruiting bodies

((a): ball-like; (b): coral-like; (c): tree-like) – enriched from soil samples by students participating
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single amino acids. The latter ones must be present in concentrations of >10 mmol/

L to act as signals; at higher concentrations (>10 mmol/L) they do not indicate the

onset of starvation, but instead are used for nutrition!

D-signal. The dsg gene product shows >50% identity (and >80% similarity) to

IF3 (the bacterial initiation factor 3 needed for translation).

E-signal. This was defined later than the other four signals; E-signal mutants are

impaired in production of the fatty acid 15:1o5c.
C-signal. This surface protein will be discussed in the next section.

Within fruiting bodies, the so-called myxospores are formed as a last step in

development. These are highly refractive, differentiated round cells, which are

metabolically inactive and characterized by their high content of trehalose and of

special proteins (especially proteins C, U and S) in the thick spore wall. Dry

myxospores can survive for >100 years; it is argued that they are contained in

high numbers in sporangioles to ensure regrowth under favorable conditions. That

is, a high local density of germinating myxobacteria act together to achieve con-

centrations of their (extracellular) lysis enzymes high enough to attack the organic

matter myxobacteria feed on.

14.2.2 The Cell Surface Compounds Involved

In our context, two cell surface components in particular have to be discussed – the

so-called fibrils and the C-signal. Both of these cell surface components should not

be confused with two other cell “surface appendages” the bacteria use for gliding

motility. These latter two players in the game – slime extrusions and type IV pili –

are briefly characterized here to (it is hoped) clarify things.

A prerequisite for formation of fruiting bodies is the accumulation of many cells

in so-called mounds which later will transform into fruiting bodies by accumulating

more and more bacteria. The bacteria move into those mounds by gliding, which is

accomplished by two different mechanisms acting at the same time. Cells are

moved forward by the pulling force exerted by classical type IV pili located at

their anterior cell pole; in addition the cells are pushed forward by slime excretion

through nozzles at their posterior pole. Very interestingly, the forwards–backward

motion mentioned above is brought about by “switching” the location of pulling pili

Fig. 14.1 (continued) in the advanced microbiology course “Organismic Microbiology I/II” at the

University of Regensburg, using the rabbit dung-pellet bait technique. Size of fruiting bodies

1–2 mm. (d) Time-course and strength of C-signaling during M. xanthus fruiting body formation;

redrawn with permission from Sogaard-Andersen et al. (2003). (e) Scheme for regulation of

C-signaling; redrawn from Stevens and Sogaard-Andersen (2005). (f) and (g) Scanning electron

microscopic pictures of developing Chondromyces croacatus fruiting bodies – cell lengths are

c. 5 mm (Wirth and Wanner, unpublished). (f) The stem and developing sporangiole are formed

by cells in extremely dense packaging. (g) Nearly mature fruiting body with fully developed

sporangiole, but not yet differentiated myxospores

<
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and pushing slime on the cell poles, regulated by an oscillator encoded by the frz
system (see Fig. 14.1e). That is, both cell poles have the capacity for pulling and

pushing, but do not express this ability simultaneously (see Kaiser and Yu 2005 for

details). This picture was questioned by Mignot et al. (2007) who reported on the

existence of a special kind of motor: according to their data, focal adhesion

complexes – spaced regularly over the cell length – are used to move the cell

relative to these structures. Subsequently, the Zusman laboratory presented data

(Sliusarenko et al. 2007) which indicate that the posterior pole does not contribute

to gliding (i.e., possesses no motor). For the formation of aggregates culminating in

the formation of fruiting bodies myxobacteria have to assure that the cells move

into the right direction and that cell concentrations are high enough to allow

successful formation of fruiting bodies – fibrils and C-signals are used for direct

cell–cell signaling to assure this.

14.2.2.1 Fibrils

Fibrils are cell surface appendages consisting of approximately equal amounts of

polysaccharide and protein. Their diameter was determined by various groups to

vary from 10 to 60 nm – very probably due to some kind of lateral adhesion

(Behmlander and Dworkin 1994a). Since fibrils emanate from all over the cell

and connect adjacent cells to form a kind of network, it is not possible to define their

maximum length – some low voltage scanning electron microscopy pictures dem-

onstrate that single fibrils can be 2 mm long (it has to be noted that fibrils are not

detected by all techniques used for electron microscopy). Fibrils are formed by and

connect socially gliding myxobacteria (see, e.g., Behmlander and Dworkin 1991)

and are believed to be responsible for a phenomenon observed for colonies spread-

ing on agar plates. Cells adhere very tightly to each other under these conditions

making it very difficult to use an inoculation loop to remove a few cells for

purification streaks – indeed, with the use of forceps colonies can be removed

from such agar plates as a whole entity. The protein composition of fibrils has been

determined to a certain extent – they consist of five major proteins with molecular

masses ranging from 14 to 66 kDa (Behmlander and Dworkin 1994b). The fibrillar

carbohydrates have been characterized even less – they contain galactose, glucose,

glucoseamine, rhamnose and xylose (Behmlander and Dworkin 1994a). Li et al.

(2003) reported that extracellular polysaccharides prepared from fibrils induced

retraction of the type IV pili used for social motility. Since chitin could induce

retraction, too, they argued that a polysaccharide containing amine sugars (present

on cells [fibrils] or slime trail surfaces excreted by gliding myxobacteria) triggers

pilus retraction and therefore S-motility. In their view fibrils likely form a capsule

over the entire cell body.

The importance of fibrils for interactions between socially gliding myxobacteria

is also supported by another line of evidence. It could be demonstrated that an ADP-

ribosyl transferase activity is associated with fibrils and that its protein substrate is

located on the cell surface. Dworkin (1999) therefore speculated that fibrils act as
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tactile antenna to transmit a signal indicating the proximity of another cell. In this

view, fibrils would act to indicate the presence of “nearby moving partners”, which

do not directly touch each other.

14.2.2.2 C-Signal

C-signal is first detected on cells 6 h after onset of starvation and increases in

strength to finally trigger formation of fruiting bodies. The action and time course of

this signal during morphogenesis (fruiting body formation) is outlined in Fig. 14.1d.

All known C-signal mutants occur in a single gene csgA, coding for a 25 kDa

protein, for which initially a function as a short-chain alcohol dehydrogenase was

postulated. Subsequently this hypothesis was abandoned, however, by the finding

that the protein is processed into a 17 kDa protein located at the outside of the

Gram-negative bacteria. The protein is used to sense the immediate neighboring

cell; i.e., C-signal and the (as yet unknown) receptor for C-signal are present on one

and the same cell. C-signaling and perception are via the poles of bacteria in direct

contact, whilst fibrils are supposed to measure and assure more distant cell–cell

contacts over the cell’s length. Perception of C-signal influences at least 50 genes

(gene products) downstream in the development process by phosphorylation of a

central regulator FruA (see Fig. 14.1e). These regulatory cascades include espe-

cially: increase in C-signal density (via the act-operon; an Act-independent csgA
activation exists, too); regulation of polarity switching of the two “motors” slime

excretion and type IV pili (via FrzE~P); sporulation (via FruA~P). For details

the reader is referred to, e.g., Stevens and Sogaard-Andersen (2005); Sogaard-

Andersen et al. (2003); Kaiser (2003).

From the data outlined above it becomes clear that fibrils are used by myxo-

bacteria to get into contact with nearby moving partners and that C-signal is used by

them to measure and ensure their direct pole–pole contact. Myxobacteria, indeed,

assemble during aggregation to cell densities of c. 5�1010 per ml (a density

obtainable by centrifugation), whilst their density in maturing fruiting bodies is

>2�1011 per ml. This extreme density of packing is very convincingly seen in

Fig. 14.1f, showing the stem of a forming fruiting body with a developing spor-

angiole at the tip. Fig. 14.1g shows a more developed sporangiole, shortly before

differentiation of the rod-shaped bacteria into round myxospores.

14.3 The Sex Pheromone System of Enterococcus faecalis

14.3.1 Discovery and Description of the Biological System

The sex pheromone system was discovered in D.B. Clewell’s laboratory during

experiments investigating the potential transfer of antibiotic resistances between

Gram-positive bacteria (Dunny et al. 1978). This was at a time when it was unclear
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which genetic elements (such as plasmids, transposons, etc.) , if any, exist in Gram-

positives. Indeed, the technique of isolating plasmids via CsCl/ethidium bromide

gradient centrifugation was developed by Clewell and Helinski (1970) just a few

years previously for E. coli.
The original observation was that some special strains of Enterococcus faecalis

(at that time still named Streptococcus faecalis), if grown together, do form huge

aggregates of cells (for a certain length of time), easily visible to the naked eye. If

grown alone, these strains do not form clumps. It soon became clear that formation

of such aggregates involves the transfer of a plasmid from a donor strain to a

recipient strain (not possessing this type of plasmid). Through a variety of experi-

ments it was shown that the plasmid-free recipient strain induces – via the excretion

of a diffusible substance – expression of an adhesin on the surface of the donor

strain. The adhesin is able to interact with a receptor on the surface of E. faecalis
cells, to allow the clumping reaction. The components involved in this special kind

of interaction were named as follows:

l The adhesin is named aggregation substance.
l The receptor for aggregation substance is named binding substance.
l The diffusible inductor is named sex pheromone.
l Sex pheromones are named after the plasmids whose transfer they induce: sex

pheromone cAD1 (c standing for clumping), e.g., induces the transfer of sex

pheromone plasmid pAD1.

A cartoon illustrating the system is shown in Fig. 14.2; it was drawn by

G. Wanner, who was especially involved in electron microscopy identifying aggre-

gation substance as a hair-like structure on the cell surface of E. faecalis. The sex
pheromone system was analyzed by the groups of D.B. Clewell, G. Dunny, Y. Ike,

K. Waever, and R. Wirth. Since various reviews cover different aspects of this

fascinating biological system, the reader is referred to those for questions such as:

ideas on the evolution of the sex pheromone system (Wirth 1994); regulation of the

system, which is extremely complex and seems to be different for different sex

pheromone plasmids (de Freire Bastos et al. 1998; Leonard et al. 1996; Muscholl-

Silberhorn 2000); general descriptions of the sex pheromone system (Clewell 1999,

Wirth 1994; Dunny and Leonard 1997).

In the following, only a few further facts are mentioned.

l E. faecalis possesses an extremely large genetic versatility; E. faecalis, indeed, is
the Gram-positive bacterium in which the greatest variety of antibiotic resistances

has been observed. Various strains may contain transposons, conjugative transpo-

sons, cryptic plasmids, conjugative plasmids, resistance plasmids normally exhi-

biting an extremely broad host range, and the conjugatively transferred sex

pheromone plasmids. (The existence of very many repetitive genetic elements

hindered the completion of the E. faecalis genome sequence for 6 years!)
l The sex pheromone system is almost totally specific for E. faecalis; only very

few sex pheromone plasmids can be transferred to and between the closest

relative, E. faecium.
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l Sex pheromones are small (7 or 8 amino acids long) peptides, which are

processed from signal peptides of lipoproteins destined to be exported (Clewell

et al. 2000). These peptides are almost exclusively produced by E. faecalis; only
cAM373 is also produced by some other Gram-positive bacteria.

14.3.2 The Cell Surface Compounds Involved

14.3.2.1 Binding Substance

Very soon after the first characterization of the E. faecalis sex pheromone system, it

was postulated that the receptor for (sex pheromone-induced) aggregation sub-

stance (¼ binding substance) should be unique for E. faecalis. Induced E. faecalis
cells were found to bind only to E. faecalis cells, but not to other bacteria. Early

experiments indicated that lipoteichoic acid (LTA) would represent binding sub-

stance: only extracts of cell walls from (plasmid-free) E. faecalis cells interfered
with binding assays. These data were conclusive because LTA from E. faecalis and
its closest relative E. faecium differ considerably in structure and the extracts used

for the binding assay consisted mainly of LTA. Later experiments confirmed these

studies (but only in part): chromosomal mutants of E. faecalis impaired in binding

assays were found to be affected in LTA. In addition, however, in this study mutants

Fig. 14.2 Cartoon illustrating

the sex pheromone system of

Enterococcus faecalis. A
plasmid-free recipient cell

(OG1X, right) excretes a so-
called sex pheromone cAD1,

which can be sensed by a

plasmid-carrying donor cell

(OG1X:pAD1). In response,

the donor cell expresses the

adhesin aggregation

substance (AS) on its surface

enabling conjugative transfer

of the plasmid. Courtesy of G.

Wanner – see text for details
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also had been identified, which occurred in genes obviously not directly related to

LTA synthesis or integration into the cell surface (see Bensing and Dunny 1993 for

details).

One has to conclude, therefore, that binding substance is composed at least in

part of LTA, but that other constituents like surface proteins might also contribute

to the observed high specificity of binding of sex pheromone-induced E. faecalis
cells exclusively to partners of the same species.

14.3.2.2 Aggregation Substance

This component of the sex pheromone system is much more clearly defined than

binding substance: it is a large protein encoded by sex pheromone plasmids. Indeed,

sex pheromone plasmids are defined by their coding capacity for aggregation

substance – quite a few of the rather large sex pheromone plasmids (>c. 50 kb)

are otherwise cryptic.

Aggregation substance was studied mainly by the group of R. Wirth; asa1
(aggregation substance encoded by pAD1) was the first aggregation substance

gene being sequenced (Galli et al. 1990). In addition, the corresponding protein

Asa1 was the first to be shown to form hair-like structures on the surface of (cAD1-

induced) pAD1-carrying E. faecalis cells (Galli et al. 1989). Scanning electron

microscopy revealed that aggregation substance is localized to “old cell poles”; i.e.,

aggregation substance is not incorporated into the cell wall region near the septum,

where new murein subunits exclusively are inserted (Wanner et al. 1989).

It was important for two reasons to have available the sequence of aggregation

substance. Firstly, because the sequence confirmed that aggregation substance is

located on the outside of the cells, but anchored into the cell wall. This was deduced

from the fact that the C-terminus of the protein contains the motif LP(X [here ¼
Q])TGE; this motif just had been proven at that time to define extracellular proteins

anchored at their most C-terminal part in the cell wall of Gram-positive bacteria.

Secondly, it was recognized that aggregation substance contained two RGD motifs,

namely RGDS and RGDV. Those at that time had already been shown to be

responsible for binding to eukaryotic cells. This then was taken as indication that

aggregation substance might be a bifunctional adhesin, allowing interaction not

only with bacteria of its own species, but also with host cells (E. faecalis is an

opportunistic pathogen, able to cause urinary tract infections, endocarditis and other

serious infections). Indeed, first experiments demonstrated the binding capacity of

E. faecalis cells expressing aggregation substance to cultured pig kidney cells

(Kreft et al. 1992). Later experiments were conflicting in the sense that the results

of different groups did not agree with respect to the importance of aggregation

substance in various pathogenicity models. It became clear subsequently – when the

E. faecalis genome sequence became available – that E. faecalis codes for >100

surface proteins, which might very well have contributed to the various results in

the different experimental settings. At the time when the first aggregation substance

gene was identified the deduced protein sequence was argued to be special by the
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way that it did not contain internal repeats. Such repeats at that time were taken to

define surface proteins functioning as adhesins of Gram-positive bacteria, a picture

which changed with more (genome) sequences becoming available.

Functional analyses of aggregation substances resulted in somewhat conflicting

data: for pAD1-encoded aggregation substance Asa1 it was demonstrated (using in-

frame deletion mutants – see Muscholl-Silberhorn 1998) that the N-terminal region

– especially region 525–617 – of the 1,024-amino-acid-long protein is responsible

for binding to E. faecalis. Binding to eukaryotic cells was supposed to be dependent
on other regions. For pCF10-encoded aggregation substance Asc10 binding to

E. faecalis cells was found to be dependent on a region starting at position 400

(Waters and Dunny 2001). Later, the Dunny laboratory reported that position 156–

358 of Asc10 is needed for internalization by epithelial cells (Waters et al. 2004).

This was surprising, because both proteins Asa1 and Asc10 show a total amino acid

identity of over 80%, with positions 1–280 and 600–1,024 differing by less than 5%.

This discrepancy is not resolved to date; it should be noted, however, that the studies

from the Dunny and Wirth laboratories used different functional detection assays.

14.4 Coaggregations of Dental (Tooth-Associated) Bacteria

14.4.1 Discovery and Description of the Biological System

It had been recognized long before the term biofilm was coined that the (human)

oral cavity is dominated by prokaryotes possessing the ability to form cell–cell

aggregates of different species. The main point here is that these aggregates form in

a specific manner, i.e., not all bacteria involved aggregate with all others. This

means that a specially structured biofilm forms in a sequential way on freshly

cleaned teeth. It has to be noted that these interactions also occur on other oral

surfaces, such as the tongue. For details the reader is referred to excellent reviews,

e.g., Kolenbrander and London (1993), or Rickard et al. (2003).

As shown in Fig. 14.3, all oral bacteria directly adhering to teeth do this by

interacting with the so-called acquired pellicle. This pellicle is laid down within

seconds onto freshly cleaned teeth and is composed of glycoproteins, mucins and

enzymes, present in high amounts in saliva. The so-called primary colonizers are

able to use various adhesins to recognize and bind to receptors in the pellicle. The

primary colonizers are more or less exclusively streptococci, namely Streptococcus
gordonii, S. oralis, S. mitis and S. sanguis; only Actinomyces naeslundii in addition
is able to interact with the acquired pellicle. This primary layer of colonizers can be

used by further bacteria, like Porphyromonas gingivalis, Haemophilus parainfluen-
cae, Propionibacterium acnes, Veillonella atypica, and A. naeslundii, within a few

hours to complete the structured layer of early colonizers. It was shown that c. 4 h

after cleaning of teeth only streptococci (and a few A. naeslundii cells) can be

isolated from teeth, whilst after an additional 4 h the other species mentioned above

(like P. acnes) are also present. Fusobacterium nucleatum seems to play a special
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role in the establishment of plaque, because it is recognized by the late colonizers

like Actinobacillus actinomycetemcomitans (a species which can exert dramatic

effects especially in localized juvenile periodontitis), Helicobacter pylori and

various Treponema species.

14.4.2 The Cell Surface Compounds Involved

The Kolenbrander laboratory, in particular, studied coaggregations in order to

define – via pairwise mixing experiments – possible interactions between the

most prominent of the more than 500 species of oral bacteria already recognized.

It turned out that the interactions are not at all random; i.e., they are highly specific.

On the other hand it is also evident that the system itself is highly complex – as an

example a few data for S. gordonii are summarized here (see Rickard et al. 2003 for

more details). As shown in Fig. 14.3, this streptococcus possess the ability for

various distinct interactions involved in coaggregations:

l A 100 kDa protein is responsible for interactions with other streptococci.
l A 203 kDa protein interacts with components of saliva and, therefore, the

acquired pellicle.

Fig. 14.3 Scheme for establishment and specificity of coaggregates on teeth. These structures lead

to plaque formation and finally caries (reproduced with permission from Rickard et al. 2003)
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l A 259 kDa fibrillar protein interacts with A. naeslundii.
l Two proteins SspA and SspB have multiple functions including interactions

with salivary glycoproteins, fibronectin and collagen; in addition they allow

S. gordonii to interact with P. gingivalis and A. naeslundii.
l In addition S. gordonii can express at least two different receptors for the

bacteria it interacts with, namely F. nucleatum and V. atypica.

From this one example it is evident that a general picture for the various

adhesins/receptors used in coaggregations cannot be expected to exist. As discussed

in Palmer et al. (2003), the streptococcal receptor polysaccharides fall into two

classes recognizing either GalNAcb1!3Gal or Galb1!3GalNac. The adhesins

seem to be made from very different surface proteins, including type 2 fimbriae.

The difficulty of defining the adhesins involved can be deduced from the case of

F. nucleatum: it possesses at least three different multifunctional adhesins, enabling

interactions with at least seven different genera of bacteria in plaque.

Of course, it was recognized early on that interference with coaggregations

might be a way to (beneficially) influence plaque formation and thereby periodontal

diseases. In this context, a high-molecular-mass constituent of cranberry juice was

shown to interfere with coaggregations (Weiss et al. 1998, 2004); the use of

genetically altered primary colonizers to combat plaque has also been debated.

In 2003 Palmer and colleagues showed for the first time that coaggregations are

indeed very important for initial plaque accumulation in vivo. They used different

antibodies, namely: (1) against the receptor polysaccharides on S. oralis (to inves-

tigate interactions with S. gordonii); (2) against S. gordonii; (3) against type

2 fimbriae of A. naeslundii. These antibodies were used on developing plaque and

the results very convincingly demonstrated that in developing plaque at the first

stage (4 h of development) only single cells can be detected, followed by mixed

species biofilms in later stages (8 h), and that A. naeslundii indeed directly interacts
with S. gordonii in plaque.

14.5 Other Bacterial Systems

Since many of the cell wall compounds involved in the cell–cell interactions listed

below are long structures, the reader is referred to Eisenstein (1987) to learn more

about the diverse nomenclature for fimbriae, pili etc.

14.5.1 Flagella Can Be Used for Swarming Motility

Proteus mirabilis was named for its completely remarkable ability to swarm on

surfaces. For this the bacteria “differentiate” (stop division) into giant cells contain-

ing up to 50 genome equivalents and possessing up to 1000 flagella. These giant

420 R. Wirth



cells swarm in a concerted way (i.e., cells at the edge of a swarm “crawl” together

over the agar plate for a certain time). Thereafter consolidation is observed: i.e.,

cells stop movement, dedifferentiate into normal cells and after some time a new

cycle of swarming is initiated. These differentiation/dedifferentiation processes

result in formation of regular patterns during swarming (“terrace formation”).

Jones et al. (2004) have detected that cells in migrating swarms interact in an

extremely ordered way via their flagella: these are interwoven in phase, thereby

forming helical connections between adjacent swarmer cells – see Fig. 14.4.

14.5.2 Type IV Pili (Bundle-Forming Pili) Can Be Used
for Establishment of Microcolonies

In the case of the so-called bundle-forming pili it has been shown convincingly that

these cell appendages are used not only by E. coli for interactions with the human

intestine (binding to epithelial cell lines), but also with themselves to form micro-

colonies epithelial cells (see, e.g., Bieber et al. 1998). These microcolonies, how-

ever, must also be dissolved during infections to allow colonization of further

intestinal regions to finally result in diarrhea; mutants not able to disperse resulted

in c. 200-fold less virulent strains in trials with human volunteers. Bundle-forming

pili, on the other hand, are also a prerequisite for initial colonization of human cells;

therefore, formation of these type IV pili has to be highly regulated by enteropatho-

genic E. coli strains during the infection process/progress.

14.5.3 “Sex-Pili” Can Be Used for Enhanced Gene Transfer

The term sex-pilus was coined for pili encoded by the E. coli F-plasmid (100 kb in

size), which can integrate into the genome to form Hfr-strains. The encoded pilus is

used to recognize potential mating partners. When the donor strain recognizes that

its pilus has bound to an E. coli strain not possessing a copy of the F-plasmid, the

“sex-pilus” is retracted to result in two cells lying adjacent to each other. Thereafter,

a mating pore is formed and a copy of the F-plasmid conjugatively transferred into

the recipient strain. For further details the reader is referred to textbooks such as

Firth et al. (1996).

Fig. 14.4 Scanning electron

micrograph of swarming

P. mirabilis cells. The swarm
edge is to the lower left
(size bar ¼ 1 mm) – note the

interwoven flagella between

the long cells (reproduced

with permission from Jones

et al. 2004)
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14.5.4 Clumping Reactions Can Be Used for Enhanced
Gene Transfer

The sex pheromone system of E. faecalis is not an absolutely unique system in the

sense that it was also observed for other Gram-positive bacteria that clumping

reactions between donor and recipient strains of one species can lead to enhanced

gene transfer (see, e.g., Luo et al. 2005 and references therein). Such systems have

been found in Bacillus thuringiensis, Lactococcus plantarum and Lactococcus
lactis. The latter system is best characterized, and it was shown that a surface

protein CluA (anchored in the cell wall via the canonical LPXTGE motif, but

otherwise not related to E. faecalis aggregation substance) is responsible for the

clumping reaction. CluA, however, is not the sole factor responsible for high-

efficiency mating, because “super donors” could be obtained transferring plas-

mids/genes with frequencies of 102–107 higher than in originally CluA-dependent

clumping reactions (see Luo et al. 2005 for details).

14.5.5 Special Contact Sites in a Phototrophic Consortium

“Chlorochromatium aggregatum” is a phototrophic consortium consisting of one

central, motile, rod-shaped chemotrophic b-proteobacterium surrounded by 13–69

green sulfur bacteria. The latter has been newly isolated from this consortium

by Vogl et al. (2006), and was characterized as a new species, Chlorobium
chlorochromatii. Whilst chlorosomes are equally distributed over the cell length

of C. chlorochromatii cells grown in pure culture, they are not found at contact sites
between the green sulphur bacterium and the b-proteobacterium in the consortia.

Ultrathin sections of those contact sites revealed the existence of special laminar

layers, and there is evidence for a specific signal exchange between the epibionts

and the central bacterium (see Vogl et al. 2006 for details).

14.6 Interactions of Archaea

It is of no surprise that archaea are able to interact with their environment and

therefore also with prokaryotes – hard data in this field, however, are scarce (for a

very special archaeal system involving the two species Ignicoccus hospitalis and
Nanoarchaeum equitans see Chap. 12).

14.6.1 Interactions of Pyrococcus furiosus via Flagella

It has been shown quite recently in my lab that P. furiosus does not use its flagella
only for swimming (Näther et al. 2006). This hyperthermophilic archaeon uses its
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flagella also for adhesion to various surfaces (such as sand grains from its original

biotope), including cells of its own species, allowing the formation of microcolo-

nies and biofilms; see, e.g., Fig. 14.5. In addition P. furiosus can interact also

with other archaea (Schopf and Wirth, unpublished). A very surprising result was

that P. furiosus can form bundles of its flagella in a way that the up to 50 cell surface

appendages form a “cable-like” structure in which all flagella run parallel. For the

present, it is unclear why these cables are formed. An attractive explanation might

be that via the cables (the length of the cables can vary between 2 and 0.1 mm) two

cells come into close enough contact for gene transfer, which is postulated to occur

in this archaeon.

14.6.2 Interactions of the “SM1” Archaeon via Hami

The SM1 archaeon cannot (yet) be cultivated in artificial medium, but can be

“harvested” from its natural habitat (cold, sulfidic springs) using polyethylene

nets placed in those springs (Henneberger et al. 2006). SM1 grows in nearly pure

culture on these nets, exhibiting a strikingly even distribution, with cells c. 2 mm
apart (Fig. 14.6a). It turned out that this even spacing is brought about by very

special surface structures called hami. These are long (1–3 mm) filamentous struc-

tures with regular “spikes” ending in a hook, resembling ultrastructurally a barbed

wire which ends in a grappling hook (Moissl et al. 2005) (Fig. 14.6b). Obviously

this unique system allows the uncultivated euryarchaea to adhere to each other (and

to structures in its biotope) to stay constantly in a niche optimal for its growth.

14.7 Conclusions

The examples presented here clearly show that interactions of microbial cells with

each other very often make use of highly specific cell surface components to ensure

that only the “wanted” interaction takes place. In the case of myxobacteria, the

Fig. 14.5 Adherence of

Pyrococcus furiosus cells.
The cells adhere to a sand

grain from their natural

habitat and to each other via

their flagella (note the cable

connecting the central cell-

pair); size bar ¼ 2 mm
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17 kDa “C-signal” protein located on the cell surface ensures a direct cell–cell

contact, after cells accumulate with the help of the so-called fibrils, which consist

of ca. 50% protein and carbohydrate. Enterococcus faecalis uses a great variety

of special proteins called aggregation substance for interaction with the cell sur-

face-associated binding substance, which consists (at least partially) of LTA.

Dental-associated bacteria use a variety of cell surface components like proteins,

polysaccharides, and fimbriae for highly specific interactions. In my view, the most

a

b

Fig. 14.6 Adherence of the

SM1 archaeon via hami. (a)

Even spacing of cells is

observed for the SM1

archaeon growing on

polyethylene nets; size bar =
10 mm. (b) Ultrastructure of

the hami used for adhesion.

Reproduced with permission

from Moissl et al. (2005)
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highly sophisticated cell surface structure used for interactions is the hami of the

SM1 archaeon, functioning as a barbed wire ending in grappling hooks. Another

strategy used by microorganisms for cell–cell interactions is to give one structure

two functions. This has been convincingly shown for flagella, which can be used by

bacteria and archaea not only as motility organelles but also for adhesion.

The examples covered here demonstrate very nicely the enormous flexibility of

Nature for evolving special traits such as the ability for cell–cell interactions: on the

one hand an endless variety of different structures can be invented or on the other

hand existing structures can acquire new functions.

Note added in proof

Since editorial closing for this chapter was in autumn of 2008 some recent findings

could not be addressed here. I refer the reader to the following references for

l A detailed investigation of the intimate/intricate surface interactions

observed in Chlorochromatium aggregatum:
Wanner G, Vogl K, Overmann J (2008) Ultrastructural Characterization of the

Prokaryotic Symbiosis in Chlorochromatium aggregatum. J Bacteriol 190:3721–
3730

l Specific interactions between two different archaeal species:

Schopf S, Wanner G, Rachel R, Wirth R (2008) An archaeal bi-species biofilm

formed by Pyrococcus furiosus and Methanopyrus kandleri. Arch Microbiol

190:371–377
l Interactions of an Archaeum via its fimbriae:

Thoma, C, Frank M, Rachel R, Schmid S, Näther D, Wanner G, Wirth R (2008)

Fimbriae of Methanothermobacter thermoautotrophicus are encoded by mth60:
first characterization of an archaeal fimbrium. Env Microbiol 10:2785–2795

l A new type of archaeal cell surface organelle, used for interactions:

Müller D, Meyer C, Gürster S, Küper U, Huber H, Rachel R, Wanner G, Wirth R,

Bellack A (2009) The Iho670 fibers of Ignicoccus hospitalis: a new type of archaeal

cell surface appendage. J Bacteriol 191:6465–6468
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Chapter 15

Adhesion of Bacteria to Protists

Renate Radek

15.1 Introduction

Many unicellular eukaryotes (protists, protozoa) are associated with ecto- and/or

endobiotic prokaryotes (Ball 1969; Buck and Bernhard 2001; G€ortz 2006; Jeon

2006). Their relationship may be parasitic, commensalistic or mutualistic in nature;

the purpose of the relationship is often unknown. Endobiotic micro-organisms can

be found in virtually any compartment of their host cell, i.e., the cytoplasm (free or

enclosed in a vacuole), endoplasmic reticulum, nuclear envelope, or the karyo-

plasm. To date, only once has a bacterium been reported to infect a mitochondrion

of a protist (Fokin et al. 2003). Intracellular DNA-containing, membrane-bounded

bodies or organelles are also called xenosomes (alien bodies; Corliss 1985). The

present report focuses on the interaction of prokaryotes with the surface of protistan

host cells, i.e., ecto- or epibionts or epixenosomes. Only stable associations typical

of the respective species are included. Sometimes the whole surface of the host cell

is covered, while in other cases the ectobionts are limited to certain areas of the host

body. The prokaryotes are usually attached directly to the plasma membrane of

their host. Occasionally, the bacteria only interact with extracellular material such

as algal cell walls or gelatinous slime layers. Settlements by relatively unspecific

biofilm-forming bacteria are not included, such as an increased coating of, e.g.,

amoeboid shells or ciliate cysts in older cultures.

I will present examples of prokaryotic associations with different protist groups.

For reasons of clarity I will not follow the phylogenetic systematics of protists but

instead group together the traditional assemblages of flagellated, amoeboid and

ciliated protists. The spore-forming parasitic taxa (e.g., Apicomplexa, Microsporidia)

are not further considered here, as they seem to be only very rarely associated with
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ectobionts. Reasons for this may be their mostly intracellular way of life and the

physiological adaptations and exploitations of the host cell making symbiotic

prokaryotes inessential. One example of an existing association is the gregarine

Porospora portunidarum which lives in the intestine of the crab Carcinus medi-
terraneus. Porospora carries bacterial rods between its pellicular folds (Desportes

et al. 1977).

It has not yet been possible to culture ectobiotic protistan bacteria, and therefore

the identity of such ectobionts and the physiological basis of their associations

are mostly unknown. However indirect approaches such as electron microscopy,

the analysis of key enzymes and storage products, and the use of radioactive and

stable isotopes as tracers can provide some insight. In recent years, information

has been obtained with the help of PCR, using few or even a single isolated host

cell with its attached partners. This enables a molecular identification of these

uncultivable micro-organisms, and assumptions as to their metabolic functions

can be made by comparison with sequences, e.g., coding for special enzymes. So

far, mainly members of the Bacteria and, more rarely, methanogenic Archaea have

been identified as ectobionts. Most effort was spent investigating the bacterial

association of gut flagellates of lower termites and ciliates of micro-oxic or anoxic

environments.

15.2 Ectobionts of Ciliates

The association of ciliates with ectobiotic bacteria is relatively common, especially

in anoxic or micro-aerophilic environments such as guts or sediments. Recent

reviews dealing with ectobionts of ciliates have been published by, e.g., Rosati

(2001) and G€ortz (2006).

15.2.1 Host-Associated Ciliates with Focus on Rumen Ciliates

The rumen is the most developed part of the digestive apparatus of ruminant

mammals. It is a natural anaerobic fermenter in which up to 60% of the food is

degraded by an abundant and diverse microbial fauna, such as bacteria, archaea,

fungi and ciliates (Bohatier et al. 1990). The rumen ciliates possess hydrogeno-

somes instead of mitochondria and thus release H2 and CO2 as waste products. This

is the crucial event leading to the attachment of prokaryotes.

Methanogenic bacteria (Archaea) need these substances for drawing energy

from methane production. Therefore, they tend to adhere to the surface of the

ciliates in order to obtain H2 (Fig. 15.1). The free hydrogen concentration in the

rumen fluid is high in a well-fed ruminant, since H2 is also released by many

hydrogenic bacteria and fungi (Bryant 1970; Stumm and Hackstein 1995; Wolin

1974). Thus the methanogens can easily acquire H2 from the gut fluid. Under this

condition, for example, only 27% of sheep ciliates were associated with ectobiotic
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methanogenic bacteria (Stumm et al. 1982; Stumm and Zwart 1986). However,

the free H2 concentration is low in a hungry sheep. The ciliates still find some food

and produce H2, and therefore methanogenic bacteria approach these ciliates.

Under these circumstances, nearly 70% of the ciliates are associated with ectobiotic

methanogens (Stumm et al. 1982; Stumm and Zwart 1986). Apart from the fre-

quency of association, the number of attached Archaea varies depending on the

feeding status of the host animal. The number of associated methanogens is low in

well-fed animals, whereas the ciliate surfaces were almost completely covered with

long chains of methanogens under unfavorable conditions (Fig. 15.1b, c; Gijzen

et al. 1985). Both the ciliates and the methanogenic bacteria seem to profit from the

interspecies hydrogen transfer (hydrogen is inhibitory to the ciliate metabolism)

(Vogels et al. 1980). The mode of the quick attachment and release of the methano-

gens to the ciliate surface is unknown. In vitro experiments with sheep rumen fluid

demonstrated that up to 25% of methanogenesis depends on methanogens asso-

ciated with rumen ciliates (Newbold et al. 1995). In addition, Tokura et al. (1997)

showed the methane production of ciliates to be dependent on the number of

extracellularly associated methanogens.

Methanogenic bacteria can easily be recognized using ultraviolet irradiation

under the fluorescence microscope by the autofluorescence of their characteristic

coenzyme F420 (Fig. 15.1b, c; Doddema and Vogels 1978). Analyses of the 16S

rRNA sequences identified the most abundant population of attached methanogens

as Methanobacteriaceae, e.g.,Methanobrevibacter ruminantium (Sharp et al. 1998;

Whitford et al. 2001). In addition to methanogens, other bacterial species have been

described as adhering to rumen ciliates, e.g., Streptococcus bovis and Ruminococcus
albus (Imai and Ogimoto 1978).

Fig. 15.1 (a) Rumen ciliate with attached chains of methanogenic bacteria; scanning electron

microscopy (SEM). Bar: 10 mm. (Courtesy of Eugene B. Small, Maryland, USA). (b) and (c)

Methanogenic bacteria showing autofluorescence under UV irradiation attached to a rumen ciliate

cell from a well-fed sheep (b, few methanogens) and from a hungry sheep under unfavorable

conditions (c, numerous methanogens), Bars (b) and (c): 20 mm. (Courtesy of Claudius K. Stumm,

Nijmegen, Netherlands)
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Two major taxa of ciliates are found in rumens, the entodiniomorphids and

the isotrichids (Ogimoto and Imai 1981; Williams and Coleman 1992). Only the

entodiniomorphs associate with ectobionts, e.g., the genera Diplodinium, Entodi-
nium, Epidinium, Eudiplodinium, Ostracodinium and Polyplastron (Vogels et al.

1980). It is possible that the dense coat of cilia in the holotrichous genera of the

isotrichids does not allow bacterial settlement (Stumm and Hackstein 1995).

Reports of ciliate–ectobacteria consortia from other animals are scarce. The

mobiline peritrich Trichodinopsis from a terrestrial prosobranch mollusc is covered

with attached spirochaetes (Corliss 1979) which may support locomotion of their

host. Trichodina oviducti from the mucoid exudates from the copulatory sac of

female thorny rays sometimes carry numerous nonmotile rod-like bacteria (Khan

et al. 1974).

15.2.2 Anaerobic and Micro-Aerophilic Ciliates from Marine
Sediments and Other Sulfide-Rich Habitats

Ectobiotic bacteria living on sand-dwelling ciliates in anoxic habitats have been

known for many years (Sauerbrey 1928; Kahl 1933; Kahl 1935; Fauré-Fremiet

1950, 1951). The oxygen gradient in the sediment controls the vertical distribution

of communities of aerobic, micro-aerophilic (PO2
< 2%) and strictly anaerobic

species (Fenchel 1992). A broad diversity of anaerobic and micro-aerophilic cili-

ates exist, most of which have a fermentative metabolism (Esteban and Finlay

1994). Many of them harbor ecto- and/or endobiotic bacteria, the endosymbiotic

ones being generally methanogens (Fenchel and Finlay 1992). Ectobiotic bacteria

occur almost exclusively in marine anaerobic ciliates, and are especially conspicu-

ous in species which do not have endobiotic methanogens (Fenchel and Ramsing

1992). The latter may suggest a competition with intracellular methanogens for

common substrates (Fenchel and Finlay 1995). The diverse morphology of the

ectobionts suggests that they are host-specific.

A sulfur oxidation-based autotroph energy metabolism has been confirmed for

several epibionts of ciliates (Polz et al. 2000). This means that carbon is derived

autotrophically, and that the necessary energy is obtained through sulfide oxidation.

The problem is that in general sulfide and oxygen are mutually exclusive. They mix

only at the transition zone of oxic and anoxic environments. Because this zone is

variable in both time and space, free-living sulfide bacteria cannot easily find

optimal conditions for growth. Ectobiotic sulfur-oxidizing bacteria have the great

advantage that their agile and large host quickly brings them into favorable habitats

or creates water currents which pump sulfide- and oxygen-containing water towards

them. Their ability to autotrophically oxidize sulfur can be shown by different

methods. The presence of stored elemental sulfur is a hint. For example, the

ectobionts of Zoothamnium niveum (Fig. 15.2) possess elemental sulfur inclusions

as an intermediary storage product (Bauer-Nebelsick et al. 1996b). The detection
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of diagnostic enzymes is another possibility. The enzyme RuBisCO (ribulose

1,5-bisphosphate carboxylase/oxygenase), which is involved in the fixation of

carbon dioxide for use in the Calvin Benson metabolic cycle, has been proved to

be present in Z. niveum. In addition, the presence of the genetic code for specific

enzymes such as RuBisCO, APS reductase, and the dissimilatory sulfide reductase

reveals the physiological capabilities (e.g., in Z. niveum; Rinke 2007).
Several species of Zoothamnium have been reported to possess ectobiotic bacte-

ria on their nonciliated surface areas, e.g., Z. alternans (Fauré-Fremiet et al. 1963),

Z. balticum (Biernacka 1963), Z. pelagicum (Dragesco 1948; Hausmann and Walz

2007; Laval 1968), and Z. penaei (Song 1992). In sulfidic waters Z. entzi, Z. niveum,
Z. perlatum, Z. thiophilum and Z. urceolatum carried ectobacteria (Bauer-Nebelsick

et al. 1996a; Stiller 1946). The symbiotic system of Z. niveum has been studied in

much detail. The sessile, feather-like colonies of Zoothamnium niveum are prefer-

entially found in tidal channels cut into mangrove peat. At sites of high sulfide flux,

they colonize areas where the microbial surface mat has been disturbed in great

numbers, and disappear when the microbe mat has re-established itself after

about 3 weeks (Ott et al. 1998). The surface of Z. niveum is densely covered by

ectobionts (Fig. 15.2; Bauer-Nebelsick et al. 1996a, b). Special finely structural

features of the ciliates’ pellicle enabling attachment of bacteria were not recognized

(Bauer-Nebelsick et al. 1996b). Bacteria on the microzooids are generally coccoid
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Fig. 15.2 The colonial, stalked ciliate Zoothamnium niveum. (a) Microzooids with morphotype 1

bacteria (b1); SEM. (b) Macrozooid (ma) and terminal zooid (t) with morphotype 2 bacteria (b2),

b1 morphotype 1 bacteria; SEM. Bars: (a) and (b) 20 mm. (From Bauer-Nebelsick et al. 1996a)
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and slightly dumbbell-shaped, whereas rod-shaped bacteria cover the macrozooids,

terminal zooids and the stalk (Fig. 15.2a, b; Bauer-Nebelsick et al. 1996a). How-

ever, a gradual transition in cell shape from cocci to rods occurs, especially in the

aboral parts of the microzooids. Microzooids with a mixture of both morphotypes

have also been found. Recent 16S rRNA gene sequence analysis and fluorescent in

situ hybridization has shown that all forms belong to one pleomorphic phylotype

(Rinke et al. 2006). It is only moderately related to known symbiotic and free-living

bacteria within the Gammaproteobacteria. The conspicuous white color of the

colonies and inclusions seen in ultrathin sections indicates the presence of sulfur

in the bacteria (Fig. 15.2c). Culture experiments demonstrated that Zoothamnium
only survives when oxygen and sulfide are offered simultaneously, and when the

ectobacteria are present (Bauer-Nebelsick et al. 1996a; Rinke et al. 2007; Vopel

et al. 2001). Thus, the bacteria are obligate symbiotic sulfide oxidizers. Based on

the ultrastructure, culture experiments, 16S rRNA gene, intergenic spacer region

and partial 23S rRNA gene sequence, the name “Candidatus Thiobios zoothamni-

coli” was proposed for the ectobionts (Rinke et al. 2006). A special behavior of the

colonies enables acquisition of oxygen as well as sulfide: the colonies alternately

expand and contract (Ott et al. 1998). They expand up to a height of 15 mm and thus

extend into the oxic zone (with little or no sulfide content), but measure less than

1 mm in the contracted state. The contracted colony thus extends itself into the

anoxic, sulfidic region (of about 250 mmol/L sulfide). The intervals between con-

tractions generally range from 5 to 30 s, with a much shorter contracted phase

(<1 s). During the slow expansion, sulfidic water adheres to the surface of the

colony due to viscous forces, thus prolonging the time for uptake of sulfide (Ott

et al. 1998). Oxic and anoxic (H2S-containing) water are mixed by the contraction/

expansion cycles and by the feeding currents, helping to supply the chemoautotro-

phic sulfide bacteria with both O2 and H2S (Vopel et al. 2001, 2005). Furthermore, a

simultaneous venting of groups of Z. niveum colonies with sulfide-rich seawater

driven by pulsating boundary-layer currents could be demonstrated (Vopel et al.

2005). The fast contraction (520 mm/s) of the colonies seems to serve another

purpose as well; the shear stress caused by the high fluid velocity around the zooids,

the shrinkage and bunching of the zooids leads to detachment of bacteria (Vopel

et al. 2002). Once suspended, the former ectobionts may enter the feeding currents

of the ciliates and are then ingested and digested. In addition, organic compounds of

low molecular weight produced by the symbionts seem to be used for nutrition

(Rinke et al. 2003).

Further examples of ciliates with ectobionts from anaerobic sulfide-containing

sediments are Parablepharisma pellitum, P. chlamydopherum, Metopus contortus,
M. vestitus, Caenomorpha capucina, Sonderia vorax, and Myelostoma bipartitum
(Bernhard et al. 2000; Fenchel et al. 1977). The distribution and numbers of the

bacteria differ in the host species. It seems that some of the sulfide ciliates (e.g.,

Sonderia) secrete mucus that may be involved in bacterial attachment (Fenchel

et al. 1977). Using 16S rRNA binding oligonucleotide probes, Fenchel and

Ramsing (1992) proved the ectobionts of Metopus contortus and Caenomorpha
levanderi to be sulfate reducers belonging to the d-group of the purple bacteria.
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The micro-aerophile genus Kentrophoros is remarkable in that it has no oral

apparatus. It feeds by phagocytizing part of the sulfide-oxidizing, rod-shaped

bacteria that densely cover its dorsal surface (Fig. 15.3a); it has its own microbial

kitchen garden (Fauré-Fremiet 1950; Fenchel and Finlay 1989; Finlay and Fenchel

1989). Pseudopodia-like cytoplasmic protrusions are involved in the uptake of the

ectobionts (Raikov 1971, 1974). Newly formed food vacuoles containing single

bacteria fuse later to form large digestion vacuoles (Fenchel and Finlay 1989). The

bacteria are attached to the ciliate surface by a cell pole and are embedded in a

thick mucous layer produced by the ciliate (Foissner 1995). They divide length-

wise, enabling both arising cells to keep contact with their host. Kentrophoros
moves vertically in the sediment so that is it always positioned at the interface

between oxidized and anaerobic sulfide-reducing layers (Fenchel and Finlay 1995).

Parablepharisma is able to phagocytose its ectobacteria, although it has a function-
ing mouth (Finlay and Fenchel 1989). The bacterial rods of Parablepharisma are

inserted in pits in the cell membrane of the ciliate.

Some species of scuticociliates from anoxic marine sediments have been reported

to carry a layer of ectobiotic bacteria, i.e., Cristigera vestita and C. cirrifera
(Fenchel and Finlay 1991), Cyclidium (Epstein et al. 1998) and Paracyclidium
(Fig. 15.3b; micro*scope internet page). Further genera of sediment ciliates with

ectobionts were described in the survey of Epstein et al. (1998): The litostomatids

Loxophyllum and Paraspathidium, and the karyorelictids Tracheloraphis and

Geleia. All nine of the examined species mentioned in this survey had bacteria on

their surface. 2,000–10,000 bacteria per cell were arranged in or along the ciliated

grooves, uniformly distributed over the entire length. In Geleia fossata, the ecto-

bionts were situated in deep invaginations of the ciliate’s cell surface at an angle of
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Fig. 15.3 (a) The flat, micro-aerophilic ciliate Kentrophoros with sulfide-oxidizing rod-shaped

bacteria (b) on its dorsal surface; silver impregnation under differential interference contrast. Bar:
50 mm. (Courtesy of Genoveva Esteban, London, UK). (b) Ectobiotic bacteria (b) attached to the

scuticociliate Paracyclidium sp. from a salt marsh. Bar: 10 mm. (Copyright by David Patterson,

Linda Amaral-Zettler and Virginia Edgcomb, micro*scope internet page)
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about 45�. The only known folliculinid ciliate with ectobionts is Folliculinopsis sp.,
known from a deep-sea hydrothermal vent (Kouris et al. 2007). It forms dense

carpets of blue colored mats adjacent to hydrothermal venting. Irregularly scattered

filamentous and coccoid bacteria colonized the lorica (chitinous sheath), while

greater densities of short rods and cocci settle between the ciliary rows, especially

at the peristomal wings. The presence of bacteria on the lorica seems to be a case of

biofouling; the regularly distributed bacteria on the cell surface, however, are

symbionts (Kouris et al. 2007).

Although anoxia combined with high sulfide levels is seldom found in fresh

water, this condition is found in the sulfate-rich solution lake Arcas-2 (near Arcas in

central Spain), where anaerobic ciliates are found in the bottom water (Finlay et al.

1991). Two scuticociliates with a bacterial coat have been recorded, i.e., Cristigera
sp. (Esteban et al. 1993; Finlay et al. 1991) and Isocyclidium globosum (Esteban

and Finlay 1994). I. globosumwas isolated from different freshwater locations from

Spain and England but carried ectobionts only when the ciliates were obtained from

sulfate-rich anoxic water, suggesting that they may be sulfate reducers (Esteban and

Finlay 1994). Caenomorpha medusula from lake Arcas-2 was also shown to

possess ectobionts. They are located only on its ventral side (Finlay et al. 1991).

15.2.3 Free-Living Aerobic Ciliates

Extracellular structures of free-living ciliates may be settled by random bacteria,

such as the lorica of the large, trumpet-shaped ciliate Stentor muelleri (micro*scope

internet page). The colonial peritrich ciliate Epistylis may attach to the skin of fish

by its stalk (Hazen et al. 1978). Epistylis was suspected to be the aetiological agent

of the deadly red-sore disease of fish, but a secondary infection by the bacterium

Aeromonas hydrophila has since been shown to be responsible. These bacteria also
colonize the extracellular sheath of the stalks (not the zooid) of Epistylis (Hazen
et al. 1978). In an Australian population of the litonotid ciliate Acineria uncinata,
the pellicle was thickly covered with rod-like bacteria particularly in the posterior

part of the body (micro*scope internet page). Bacterial rods attach to the surface of

the scuticociliate Cyclidium from the body of a sea urchin (Beams and Kessel

1973). The ultrastructure of the pellicle is changed at the attachment sites, e.g., a

dense substance is present in the alveoli, and flattened mitochondria support the

alveoli close to the attached bacteria.

15.2.4 Defensive Extrusive Ectobionts of Euplotidium

Euplotidium species are marine, sand-dwelling hypotrich ciliates. On their dorsal

surface there are five rows of short cilia, and in a depression along both sides and at

the anterior end lies a band of ectobiotic bacteria or epixenosomes (Fig. 15.4a;
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Verni and Rosati 1990; Rosati 2006). The ectobionts are located in indentations of

the host cortex which exactly match their size (Verni and Rosati 1990). Giovanna

Rosati et al. (1999) studied these bacteria extensively. In former descriptions of

Euplotidium they were interpreted as being extrusomes (extrusive organelles;

Ito 1958; Tuffrau 1985). Tuffrau (1985) also described such “extrusomes” from

the genus Gastrocyrrus; they may also represent epixenosomes. Only E. itoi
and E. arenarium have been studied electron microscopically, a method through

which the localization and the bacterial nature of the structures could be recogni-

zed (Fig. 15.4). The epixenosomes are always on the exterior of the ciliates’

cortex. DAPI staining proved them to contain DNA, i.e., showed their cellular

nature (Verni and Rosati 1990). Sequence analysis of the 16S rRNA and in situ

Fig. 15.4 The ciliate Euplotidium itoi and its epixenosomes. (a) SEM showing ectobacteria

in the cortical band of the dorsal surface (arrows). Inset: Epixenosomes at higher magnification.

(b) Stage I epixenosomes; transmission electron micrograph (TEM). (c) Stage II epixenosome

with extrusive apparatus (ea), apical dome shaped zone (dz), and microtubule-like elements (t);

TEM. (d) Tube at the end of injection with head (h) and rest of epixenosome (r); SEM. Bars:
(a) and (d) 10 mm, (a) inset 2 mm, (b) and (c) 1 mm. ((a) and (b) from Verni and Rosati 1990,

(c) from Rosati 2006, (d) from Rosati et al. 1996)
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hybridization revealed that they are bacteria phylogenetically related to Verrumi-
crobia (Petroni et al. 2000). In previous in situ hybridization experiments the

bacterial probe EUB338 did not react with the ectobacteria (Rosati 1999). The

explanation seems to be the exchange of two bases in Verrumicrobia DNA (Daims

et al. 1999) that are known to prevent binding with the probe EUB338 (Rosati

2006). Two morphological forms of the epixenosomes exist: form I is spherical,

able to divide and mainly localized in the central region of the epixenosomal band

(Fig. 15.4b). Form II is egg-shaped, unable to divide, mainly localized in the peri-

pheral regions of the band, and has a highly complex organization (Fig. 15.4c). In

its cytoplasm are four well-defined structures: a dense apical dome-shaped zone, an

inclusion body, an extrusive apparatus, and a basket of tubules. Form I transforms

to form II. During this process the complex structures are gradually acquired

(Rosati et al. 1993a). First, lamellar material that belongs to the extrusive apparatus

appears. The concentric layers increase in number and become tightly wound

around a central core. Then randomly dispersed tubule-like structures with a

diameter of 20–24 nm are seen; they are later ordered in bundles. Dense material

accumulates apically. Some enzymes could be localized in different regions of the

cell, i.e., acid phosphatase between the two cell membranes, and endogenous

peroxidase in the inclusion body and at the top of the extrusive apparatus (Rosati

et al. 1996); there is thus a functional cell compartmentalization. In addition to

peroxidase, the inclusion body seems to contain (presumably storage) polysacchar-

ides. The tubules seem to be identical to microtubules, as demonstrated by antibody

staining and their sensitivity to antitubulin drugs and cold (Rosati et al. 1993b).

Furthermore, tubulin-like genes were found in the related free-living verrucomi-

crobial genus Prosthecobacter (Jenkins et al. 2002, Pilhofer et al. 2007). The

existence of such genes in the ectobionts of Euplotidium is under investigation.

The extrusive apparatus resembles R-bodies described in several genera of eubac-

teria. R-bodies are cylindrical structures of coiled, highly insoluble protein ribbons.

The extrusive apparatus of epixenosomes has an even more complex structure

(Rosati et al 1993a, 1996). During the ejection, a tube is formed by unrolling of

the wound layers of the extrusive apparatus. The elongating tube penetrates through

a hole in the dome-shaped zone and carries away DNA and proteins of this zone.

The extended tube is about 40 mm long and has a spear-shaped head consisting

mainly of the genetic material (Fig. 15.4d). Natural discharge occurs during dis-

turbances in the vicinity of the cells. The signals for activation were investigated by

Rosati et al. 1997. Membrane receptors at the top of the ectobiont detect an external

signal. This leads to an activation of the adenylate–cyclase–cAMP system trigger-

ing the discharge. The functions of the ejection are still under discussion, but at

least a defense against predators such as Litonotus lamella could be shown (Rosati

et al. 1999; Rosati 2006). Litonotus never ingests Euplotidium with intact epixeno-

somes but feeds well on stocks without epixenosomes. Several facts indicate that

the association of Euplotidium itoi with its peculiar ectobionts is obligate: all

ciliates in nature and in well-fed lab cultures have ectobionts, and the host cell

cycle is coordinated with their multiplication and differentiation from form I to II

(Giambelluca and Rosati 1996). However, experimentally depleted ciliates can
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survive, i.e., the ectobionts are not vital (at least for survival in the lab). In contrast,

isolated epibionts could not be cultured in artificial media. An obligate symbiosis

for the bacteria is also indicated by the presence of only one ribosomal operon with

unlinked 16S and 23S rRNA genes, which is typical of a reduced efficiency of

ribosome synthesis (Rosati 2006).

15.3 Ectobionts of Amoeboid Protozoa

Little information exists on interactions of amoeboid species with extracellular

bacteria. Generally, the bacterial symbionts of amoeba are intracellular (Jeon

2006). Possibly the flexible, rapidly changing surface areas and the ability of

phagocytosis nearly everywhere on the surface are responsible for this. Cyst walls

and tests may be accidentally colonized by bacteria, as was described for, e.g.,

the cysts of the heliozoon Echinosphaerium nucleofilum (Patterson and Thompson

1981). Light and electron microscopic images of the cochliopodid amoeba Gocevia
fonbrunei show numerous bacteria enclosed in a mucus layer (in French, “cuticle”)

(Pussard 1965; Pussard et al. 1977). Also the trophic stages of Endostelium amer-
osporum and E. zonatum always possess bacteria associated with the cell coat

(Bennett 1986). A direct interaction with the cell surface occurs, for example,

in the pelobiont Mastigamoeba aspersa (syn. Dinamoeba mirabilis) (Fig. 15.5;

Simpson et al. 1997). In addition to numerous pseudopods, Mastigamoeba cells

mostly possess a single, slow-beating anterior flagellum. The conical, hyaline pseu-

dopods of M. aspersa are covered with many thin rods, giving them a somewhat

hairy appearance (Page 1970). The rods are embedded in the thin, multilayered

glycocalyx of their host (Frolov et al. 2005). When a pseudopod is formed, some of

the adherent rods are carried along its surface; only the tip is usually free of them

(Page 1970). Adherent bacteria were also found surrounding the cell body of the

filose amoeba Nuclearia delicatula (Cann 1986). They are embedded in a mucilag-

inous glycocalyx. The only foraminiferan with ectobionts known to date is the

Fig. 15.5 Mastigamoeba aspersa. Drawing and phase contrast image depicting the anterior

flagellum (fl) and pseudopodia with attached bacterial rods (b); cv, contractile vacuole. Bar:
20 mm. ((a) after micro*scope internet page; (b) courtesy of Josef Brief, Frankfurt, Germany)
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benthic Uvigerina peregrine from a Monterey Bay cold seep (Bernhard et al. 2001).

It harbors rod-shaped bacteria in its pores, typically just above the pore plug.

15.4 Ectobionts of Flagellated Protozoa

Many bacteria/flagellate associations had already been found by light microscopy

early in the twentieth century (Jeon 2006). Most of them were ectobionts of termite

flagellates. The bacterial nature of presumed endobionts was not confirmed until

new techniques such as electron microscopy and advanced biochemical tests arose

in the late 1950s (Jeon 2006). In the following, free-living and host-associated

flagellates (particularly termite flagellates) associated with ectobiotic bacteria are

presented.

15.4.1 Free-Living Flagellated Protists

There do not seem to be any major taxa of free-living flagellates regularly asso-

ciated with attached bacteria. Instead there are single reports of different flagellate

species. Often the bacteria are not directly attached to the plasma membrane of their

host cell but to extracellular substances covering the surface; the specificity of the

interactions is thus questionable. For example, there are some photoautotrophic

flagellates bearing ectobionts. The chlorophycean Metapolytoma bactiferum living

in freshwater habitats rich in sulfur generally possesses numerous bacteria on its

surface (Skuja 1958). Resting cells are especially densely covered. The colonial

chlorophycean Volvox aureus needs rod-like Pseudomonas fluorescens cells asso-
ciated with the mucilage of the mother colony for continuous growth (Hamburger

1957). Bacteria-free daughter colonies removed from the mother cell under sterile

conditions stopped developing after only a few generations; their bacteria seem to

be obligate symbionts. The mucilaginous sheath of the colonial chrysomonad

Chrysostephanosphaera globulifera regularly contains bacteria (Geitler 1948).

However, since these globular bacteria are also phagocytosed and digested by the

chrysomonads, their symbiotic role is unclear. Bacteria on loricas are found, e.g., in

the chrysomonad Lepochromulina and the euglenoid Trachelomonas (Geitler 1948;
Rosowski and Langenberg 1994).

The prokaryotes described in the following are in direct contact with the host’s

cell membrane. Crescent-shaped bacteria were found on the surface of the colorless

soil-dwelling chrysomonad Spumella elongata (Belcher and Swale 1976). A free-

living photosynthetic cryptomonad of the genus Cryptomonas was described as

having a dense carpet of Caulobacter bacteria (Klaveness 1982). Caulobacter cells
are attached to a transversal groove of their host cell by the polar appendage. It was

possible to culture bacteria-free Cryptomonas clones without any negative effect on
the flagellate. The only visible change was a loss of the transversal constriction so
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that the cryptomonad assumed the characteristic shape of Cryptomonas curvata.
This change of cell form brought about by bacterial ectobionts may challenge the

descriptions of new species based on their anomalous cell shape.

Some habitats seem to favor the establishment of symbioses. The Beggiatoa
mats of the dysoxic and sulfidic sediments of the Santa Barbara Basin (California,

USA) contain abundant protists with prokaryotic ecto- and endosymbionts

(Bernhard et al. 2000). For example, anaerobic euglenozoans such as Postgaardi
mariagerensis (Fig. 15.6) and Calkinsia aureus and further undescribed species

carry numerous ectobiotic bacteria (Bernhard et al. 2000; Simpson et al. 1996/

1997). Diverse metabolic relationships of the bacteria/protist association are sug-

gested, for example sulfate reduction or sulfide-oxidizing capabilities of the bacte-

ria. Three morphotypes of euglenozoans associated with ectobacteria were reported

to be found in sulfidic cold seeps in Monterey Bay (Buck et al. 2000). In all of them

(one seems to be Postgaardi) the surface was completely covered by bacterial rods

attached by their sides. As many as 68% of the euglenozoans reported from this site

had ectobionts. One of the euglenozoan morphotypes possessed ectobacteria that

somehow approached their neighboring bacterium with short processes, as is also

the case for the ectobionts of Postgaardi mariagerensis (Fig. 15.6b, c; Simpson

et al. 1996/1997). These bacteria contained electron-lucent vacuoles with a multi-

layered membrane reminiscent of sulfur vesicles, suggesting that the bacteria are

sulfide oxidizers (Buck et al. 2000). The ectobionts of the euglenozoans do not

seem to be ingested by their host. Two species of the colorless euglenid genus

Dylakosoma are known to have ectobionts. Dylakosoma symbionticum (syn.

Petalomonas symbiontica) is densely covered by rod-like bacteria (Tschermak-

Woess 1950). Phagocytosed bacteria are only seldomly seen. D. pelophilum is

covered by coccoid bacteria (Wołowski 1995). Phototrophic euglenids normally

lack ectobionts, however the photoautotrophic freshwater species Euglena heli-
coideus possesses long, rod-shaped bacteria (Leander and Farmer 2000). These

bacteria fit tightly within the minor grooves of the pellicle. The minor grooves lie

Fig. 15.6 Numerous rod-like epibiotic bacteria are laterally attached to the surface of the eugle-

nozoan Postgaardi mariagerensis. (a) SEM; arrow points to lipped depression including flagellar

pocket; b, bacteria; fl, flagellum. (b) and (c) Ultra-thin cross-sections; n, nucleus. The ectobionts

possess wing-like projections. Bars: (a) and (b) 2 mm, (c) 0.5 mm. (From Simpson et al. 1996/1997)
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within a proteinaceous strip and are thus not distorted during euglenoid movement,

i.e., the attachment sites lie in a stable region. Furthermore, the areas between the

large keels of the pellicle are predestined for any excretion of the host cell such

as muciferous secretions, possibly giving the ectobionts easy access to nutrients

(Leander and Farmer 2000). Some non-photosynthetic genera of marine dinofla-

gellates were reported to contain symbiotic ecto- or endobiotic cyanobacteria

(Foster et al. 2006).

15.4.2 Further Host-Associated Flagellated Protists

An example for a parasitic flagellate that carries ectobiotic bacteria is the kineto-

plastid Cryptobia vaginalis, which infects the vagina of leeches (Vickerman 1977),

but only some of the individuals were shown to have elongate bacteria here. They

are attached to the body in parallel with the cortical microtubules and are most

abundant at the flagellates’ posterior end. The opalinid flagellate Protoopalina
pomacantha lives in the hindgut chamber of angelfishes (Grim et al. 2000). Ecto-

symbionts have been observed in numerous specimens of P. pomacantha from

different specimens of two angelfish species. They are attached between the flagella

of a kinety and lie within shallow pits on the surface.

15.4.3 Gut Flagellates of Termites and Wood-Feeding
Cockroaches

Flagellate genera with ectobiotic associations: The numerous oxymonad and

parabasalid flagellates inhabiting the hindgut of lower termites and wood-feeding

cockroaches (Cryptocercus) are involved in the their host’s cellulose digestion

(Brune and Stingl 2006; O’Brien and Slaytor 1982; Radek 1999). Generally,

these flagellates are associated with ecto- and/or endobiotic bacteria (Ball 1969;

Bloodgood and Fitzharris 1976; Dolan 2001; Radek et al. 1992; Smith and Arnott

1974). Oxymonad genera carrying ectobionts include Barroella, Dinenympha,
Microrhopalodina, Oxymonas, Pyrsonympha, Sauromonas and Streblomastix
(see references in Yamin 1979). Parabasalid genera with ectobacteria include

Astronympha, Barbulanympha, Bullanympha, Caduceia, Calonympha, Deltotri-
chonympha, Devescovina, Eucomonympha, Evemonia, Foaina, Hexamastix,
Holomastigotoides, Hyperdevescovina, Joenia, Kirbynia, Lophomonas, Macrotri-
chomonas, Metadevescovina, Microspironympha, Mixotricha, Parajoenia, Pro-
joenia, Pseudodevescovina, Rostronympha, Snyderella, Spirotrichonympha,
Spirotrichonymphella, Staurojoenina, Stephanonympha, Trichonympha and Uri-
nympha (see references in Yamin 1979). The bacteria occupy typical positions on

their host cell so that these stable associations may be even part of the diagnosis

and species descriptions of the flagellates (Dolan 2001). For example, of 177
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trichomonad species, bacterial symbionts are included in the diagnosis of 56

species, and bacteria are mentioned in the descriptions of 18 further species.

The ectobiotic micro-organisms are either rod-like bacteria attached by a cell

pole or by a side, or spirochaetes which are always attached by a pole (Bloodgood

and Fitzharris 1976; Bloodgood et al. 1974; Hollande and Carruette-Valentin 1970;

Kirby 1945; Smith and Arnott 1974; Tamm 1980; Maaß and Radek 2006). Long

rods attached by a tip may be undulated, resembling spirochaetes (Hongoh et al.

2007a, b). Normally, only the nonflagellated regions of the surface are partly or

totally colonized species-specifically. To date, spirochaetes have been found in a

typical localization between the flagella only in the multiflagellate trichonymphids

Trichonympha (Hongoh et al. 2007b) and Eucomonympha imla (Carpenter and

Keeling 2007). Carpenter and Keeling (2007) showed that the spirochaetes are

not directly attached to the cell body of E. imla.
Morphology of attachment sites and adhesion mechanisms: Mostly, the attach-

ment sites at the flagellates’ surface have special structures that are developed by

the protist and/or the prokaryote. The junctional zones may be located in special

indentations or on elevations (Bloodgood and Fitzharris 1976; Cleveland and

Grimstone 1964; Grassé 1938; Tamm 1980). For example, rods which are attached

to Joenia annectens via a pole lie in a circular indentation of the plasma membrane

(Fig. 15.7a–c; Radek et al. 1992). The indentation is supported by electron-dense

material. In other cases, rods lying parallel to the surface are situated on top of

elongate ridges, e.g., in Devescovina glabra (Radek et al. 1996), Hoplonympha
natator (Brugerolle and Bordereau 2004), Staurojoenina sp. (Fig. 15.7d–f; Dolan

and Margulis 1997; Stingl et al. 2004) or Streblomastix strix (Leander and Keeling

2004). A certain amount of electron-dense material is often found supporting the

flagellates’ plasma membrane at the contact site, but sometimes there is no visible

specialization at the attachment site (Radek et al. 1996). For example, in the

trichomonad Stephanonympha nelumbium, bacterial rods are laterally attached

only to the glycocalyx (which has a constant thickness of 0.2 mm) (Fig. 15.7g). In

the oxymonad Microrhopalodina multinucleata, the ectobiotic rods do not even

have direct access to the plasma membrane but are in contact with extracellular

surface structures (Fig. 15.7h; Radek et al. 1996). Often, filamentous extracellular

material of the glycocalyx bridges the small space between the partners. Sometimes

the bacteria possess special attachment structures, such as the nose-like, teat-like or

more complexly structured appendages of spirochaetes (Fig. 15.7i; Bloodgood and

Fitzharris 1976; Radek et al. 1992; Wenzel et al. 2003). The spirochaetes attached

to the oxymonad Pyrsonympha vertens have special internal structures in their

attached tip, and a rootlet extends into the cytoplasm of the flagellate (Smith and

Arnott 1974; Smith et al. 1975). It has been suggested that the particular partner

which benefits from the association tends to form specialized attachment structures

(Bloodgood and Fitzharris 1976). The association of the ectobionts to the surface is

generally tight and specific, and even persists on disrupted fragments of the host

membrane (Tamm 1980; Radek and Tischendorf 1999).

The nature of the interactions on the molecular level is poorly understood; only a

few studies exist (Radek et al. 1992, 1996; Radek and Tischendorf 1999; Tamm
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Fig. 15.7 Termite flagellates associated with rod-like bacteria (b) and spirochetes (s). (a), (b), (d)

and (e) SEM, (c), (f), (g)–(i) TEM. fl, flagella. ((a)–(c)) Joenia annectens. (a) and (b) Rod-like

bacteria attached by a cell pole cover most of the body surface. Circular indentations are

seen where the ectobionts were accidentally removed (arrows). Bars: (a) 20 mm, (b) 5 mm. (c)

Electron-dense material (arrow) supports the attachment sites of the rods. Bar: 1 mm. (d)–(f) The

bacteria are laterally attached to elongated ridges on the surface of Staurojoenina sp. Arrow in (f):

phagocytosed ectobiont with its attachment site. Bars: (d) 20 mm, (e) and (f) 0.5 mm. (g) Ecto-

bionts on the thick glycocalyx (gl) of Stephanonympha nelumbium. Bar: 0.5 mm. (h) Bacteria

adhering to extracellular surface structures (arrow) of Microrhopalodina multinucleata, lantha-
num nitrate impregnation. Bar: 0.5 mm. (i) Nose-like end of attached spirochete on J. annectens.
Bar: 0.1 mm. ((a) and (i) from Radek et al. 1992; (d) courtesy of Annelie Maaß, London, UK;

(e) and (f) from Stingl et al. 2004, (g) and (h) from Radek et al. 1996)
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1980, 1982). The cells must be able to discriminate between potential partners,

bind specifically and establish a firm final adhesion. Interaction of sugars of the

glycocalyx with lectins seems to be involved in the adhesion, e.g., in Joenia
annectens (Radek et al. 1996). However in other flagellates, e.g., Devescovina
glabra, a role for sugars in mediating the attachment could not be demonstrated.

Basically, either ionic or hydrophobic interactions may be involved in such asso-

ciations. Experiments to remove the bacteria of D. glabra, J. annectens, Mixotricha
paradoxa and Deltotrichonympha with chemicals disturbing ionic or hydrophobic

binding revealed that no ionic binding is involved (Radek and Tischendorf 1999;

Radek and Nitsch 2007). Instead, results indicated hydrophobic interactions

between proteins, except for J. annectens. Freeze–fracture studies showed aggrega-
tions of integral membrane proteins at the cell junctions of some species (Radek and

Tischendorf 1999; Radek and Nitsch 2007; Tamm 1980). For D. glabra, the mem-

brane proteins seem to be in contact with an additional outer, probably proteina-

ceous S-layer (surface layer) of the ectobiotic rods (Radek and Tischendorf 1999).

Apparently, there is no single, general mechanism for bacterial attachment to

termite flagellates. Differences in the morphology of the binding partners, the fine

structure of the cell contacts, the sugar compositions of the glycocalyces and chemi-

cals evoking detachment rather indicate that adhesion follows different strategies.

Suggested roles of ectobionts; motility symbioses: The roles that the pro- and

eukaryotic cells play in the partnership are mostly unknown; they possibly often

profit from an exchange of nutrients. Former ectobacteria are also found in diges-

tion vacuoles of their flagellate host with the attachment structures still present, and

may supplement the nitrogen-poor diet of their host (Lavette 1969; Noda et al.

2006a; Radek et al. 1992). An involvement of flagellate-associated bacteria in

cellulose digestion has also been proposed but remains unproved (Bloodgood and

Fitzharris 1976). Instead, the flagellates and termites themselves were shown to

produce sets of enzymes involved in cellulose hydrolysation (e.g., Breznak and

Brune 1994; Todaka et al. 2007; Yoshimura 1995). Streblomastix strix harbors long
rod-like ectobionts that are presumed to have a chemosensory function which

directs the flagellate toward food sources (Dyer and Khalsa 1993). Furthermore,

being laterally attached to the 6–7 longitudinal vanes of their host cell, they

stabilize the flagellate’s typical cell form. Antibiotic treatment leads to a loss of

most bacteria and to a transformation of the slender cell to a teardrop-shaped cell

(Leander and Keeling 2004). Thus the ectobionts seem to function as an extra-

cellular skeleton structurally or osmotically supporting the vane morphology (Dyer

and Khalsa 1993; Leander and Keeling 2004). Similarly,Mixotricha paradoxa dra-
stically changes its cell form (from pear-shaped to rounded) when the system of

ectobionts and attachment structures is destroyed (Radek and Nitsch 2007). In the

micro-oxic gut environment, ectosymbionts may also participate in protecting their

host against oxygen by consuming it in the surrounding area (Noda et al. 2006a).

The motility symbioses of Mixotricha paradoxa (Fig. 15.8a–d) and Caduceia
versatilis (Fig. 15.8e–g) are remarkable. Here, the associated prokaryotes are

responsible for the locomotion of their host. The large trichomonad Mixotricha
paradoxa is propelled by the action of regularly attached spirochaetes (Brugerolle
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2004; Cleveland and Grimstone 1964; K€onig et al. 2007) that were first taken for

cilia (Sutherland 1933). Their movement is synchronized so that metachronal

waves resembling ciliary beating travel across the cell body. The thousands of

spirochaetes are attached to small brackets of complex internal structures which

arise in rows from the cell surface (Fig. 15.8a–c). A cortical microfibrillar network

of strands is found subjacent to the cell contact structures (Brugerolle 2004). While

up to four spirochaetes are in contact with the posterior faces of the brackets, a

single short rod is found at the anterior faces. At least three different spirochete

clones of the Treponema cluster could be identified on the surface of Mixotricha

a b c

d

e f g

a b c

d

e f g

Fig. 15.8 (a)–(d) Mixotricha paradoxa. (a)–(c) Spirochetes (s) and rod-like bacteria (b) densely

cover the cell surface; they are attached to brackets (br). Only the posterior cell pole is free of

ectobionts. (d) Spirochetes transformed to cystic stages (cy) in starved termites. (a) and (b) SEM, (c)

and (d) TEM. Bars: (a) 100 mm, (b) 10 mm, (c) 1 mm, (d) 0.5 mm. (e)–(g) Caduceia versatilis with
attached bacteria. (e) Differential interference contrast image focused on the ectobionts. (f) Cortical

cytoplasm depicting cross-sectioned flagellated bacterial rods (rb) (Candidatus Tammella cadu-

ceiae) within deep pockets and fusiform bacteria (fb) on surface ridges (r); f, bacterial flagella; TEM.

(g) Diagram of the junctional complexes with rod-like bacteria (flagella not shown) and fusiform

bacteria. At right side distribution of intramembrane particles of P face. Bars: (e) 10 mm, (f) 0.5 mm.

((a) from Wenzel et al. 2003, (d) From Radek and Nitsch 2007, (e)–(g) from Tamm 1980)
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(Wenzel et al. 2003). They have a special distribution. Starvation and the application

of antibiotics lead to a transformation of the treponemes into rounded cystic stages

with enclosed protoplasmic cylinders (Fig. 15.8d; Radek and Nitsch 2007). This

may be a survival mechanism when faced with hostile conditions. In addition to the

treponemes and short rods, large spirochaetes resembling Canaleparolina and long

rods may contact the surface of Mixotricha (Brugerolle 2004; Wier et al. 2000).

The devescovinid Caduceia versatilis (informally “Rubberneckia”) exhibits a

rapid gliding movement when it is in contact with a substratum, powered by the

flagella of thousands of rod-like ectobionts (Fig. 15.8e–g; d’Ambrosio et al. 1999;

Tamm 1980, 1982; Hongoh et al. 2007a). The laterally attached flagellated rods are

embedded in specialized invaginations (Fig. 15.8f, g). These pockets are coated by

dense material and contain high densities of intramembrane particles (Tamm 1980).

The motility symbiont bears a thick glycocalyx and flagella on the area of the

surface which is exposed to the external medium. Slender, fusiform bacteria are

attached to surface ridges between the flagellated rods. Dense material underlies

their attachment sites, and intramembrane particles are integrated into the ridge

membrane. Generally, however, the ectobionts of termite flagellates are not respon-

sible for the movement of their host. They are either nonmotile rods or motile

spirochaetes which do not move in a coordinated manner due to an irregular

attachment pattern (Beams et al. 1960; Bloodgood and Fitzharris 1976; Kirby

1941, 1945). In the latter case they disturb rather than support the normal movement

of the flagellates.

Ectobiotic phylotypes and coevolution with flagellate and termite hosts: None of
the flagellates’ ectobionts have been successfully cultured to date. Most of them are

only described morphologically, e.g., as Gram-negative rods of a certain size. The

recognition of phylotypes has been possible since the introduction of PCR and

sequence analyses. Meanwhile, a number of bacterial ectobionts have been char-

acterized by comparison of their 16S rRNA sequences. All ectobiotic spirochaetes

known to date belong to the Treponema branch of the Spirochaetes which is divided
into two clusters, i.e., Treponema clusters I and II (II ¼ Treponema bryantii
subgroup). For example, spirochaetes of Devescovina, Stephanonympha and

Oxymonas from Neotermes koshunensis (Noda et al. 2003), Dinenympha and

Pyrsonympha from Hodotermopsis sjoestedti and Dinenympha porteri from Reti-
culitermes speratus (Iida et al. 2000), and Mixotricha paradoxa from Mastotermes
darwiniensis (Wenzel et al. 2003) are definitely treponemes. Treponema cluster II

spirochaetes seem to be restricted to the oxymonad group of the pyrsonymphids

(Noda et al. 2003). Often the flagellates harbor several spirochete species on their

surface, and common phylotypes may be shared among different protists. Thus,

there seem to be multiple independent origins of ectobiotic spirochaetes (Noda et al.

2003). However, at least some specificity to the host protist is present; e.g., in the

termite Neotermes koshunensis two bacterial phylotypes (NkS-Dev1, NkS-Dev14)

from Devescovina and Stephanonympha never occur on Oxymonas and the Oxy-
monas phylotype (NkS-Oxy8) is never attached to these devescovinids. Results

suggest that there is a co-evolution with the host flagellate rather than with the host

termite (Noda et al. 2003).
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Members of the Bacteroidales are also widely distributed ectosymbionts of gut

flagellates. For example, Bacteroidales were described from Mixotricha paradoxa
(Wenzel et al. 2003), Staurojoenina (candidate taxon “Vestibaculum illigatum”,

Stingl et al. 2004), Barbulanympha (Merritt et al. 1996, Noda et al. 2006a),

Hoplonympha, Urinympha, Devescovina and Streblomastix (Noda et al. 2006a),

Caduceia (Goss and Gunderson 2000, Hongoh et al. 2007a) and Dinenympha
(“Candidatus Symbiothrix dinenymphae”, Hongoh et al. 2007b). The ectobiotic

Bacteroidales are divided into three distinct lineages, and their protist hosts also

belong to diverse phylogenetic groups (Noda et al. 2006a). This implies that the

flagellates acquired their ectobionts independently several times. Freely swimming

lineages of Bacteroidales are abundant and common in the guts. Some co-evolution

with the protist host definitely exists; e.g., the ectobionts of the families Hoplo-

nymphidae and Staurojoeninidae of the order Trichonymphida form a monophy-

letic group within the Bacteroidales Cluster IV (Noda et al. 2006a). However, one

of the two ectobiotic phylotypes of the oxymonad Oxymonas was grouped with the

sequences of ectobionts from the parabasalid Devescovina (Noda et al. 2006b).

Thus in this case the bacteria are unrelated to their hosts’ phylogeny. The authors

conclude that the host-ectobiotic evolutionary relationships are not simple (Noda

et al. 2006b). One flagellate species can be associated with more than one lineage of

Bacteroidales; e.g., two phylotypes were found on Oxymonas (Noda et al. 2006b)
and three on Streblomastix strix (Noda et al. 2006a). Generally, however, each host
cell of one species carries a single Bacteroidales phylotype, suggesting a competi-

tive behavior (e.g., on Oxymonas, Noda et al. 2006b). Members of Bacteroidales
are also found as endobionts (Noda et al. 2007).

It has recently been discovered also that a member of the phylum Synergistes can

be an ectobiont of termite flagellates (Hongoh et al. 2007a). It is present on the

surface of Caduceia versatilis, in addition to a fusiform Bacteroidales bacterium.

It is a flagellated motility symbiont and was named “Candidatus Tammella cadu-

ceiae” (Hongoh et al. 2007a). Other members of the “Synergistes” group, including
one sharing 95% sequence identity with Tammella, are free-living in the gut

suggesting that the motility symbiont evolved from such a free-living bacterium.

Methanoarchaea of termite guts are also occasionally attached to the surface of

flagellates, such as on a small trichomonad from Schedorhinotermes lamanianus
(Brune and Stingl 2006).

15.5 Conclusions

Multiple and complex associations of bacterial ectobionts and their protist hosts

exist. This review does not mention all known examples, nor are all relationships

yet understood. Bacterial–eukaryotic symbiotic communities seem to be wide-

spread in nature, especially in low oxygen habitats. The degree of adaptation of

the partners varies widely, ranging from accidental to facultative and obligatory

interactions. In some of the cases, a co-evolution of the ectobiont and its host cell
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could be demonstrated. Successful systems seem to have an ecological advantage,

for example by enabling the exploitation of further nutrients, survival in new

ecological niches or better defense against hostile environmental conditions or

predators. Furthermore, a stable ectosymbiosis may be an important precondition

for establishing endosymbiotic associations (Smith 1979).

Many questions regarding the relationship of host and ectobiont still remain

unanswered. For example, the recognition and binding mechanisms are mostly

unknown, as well as the control mechanism for growth of the prokaryotes. Also

the roles the partners play in the association are mostly obscure. Who benefits and

who suffers, or do both profit from the union?
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Fauré-Fremiet E (1951) The marine sand dwelling ciliates of Cape Cod. Biol Bull 100:59–70
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Evol 97:188–206
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Chapter 16

Prokaryotic Cell Wall Components: Structure

and Biochemistry

Nanobiotechnological Applications of S-Layers

Uwe B. Sleytr, Eva-Maria Egelseer, Nicola Ilk, Paul Messner, Christina

Sch€affer, Dietmar Pum, and Bernhard Schuster

16.1 Introduction

In nano(bio)technology one of the key challenges is the technological utilization of

self-assembly systems, wherein molecules spontaneously associate under equilib-

rium conditions into reproducible supramolecular aggregates (“bottom-up strat-

egy”). The attractiveness of “bottom-up” processes lies in their capability to build

uniform, ultra-small functional units and in the possibility of exploiting such

structures at meso- and macroscopic scale for life- and nonlife-science applications

(Sleytr et al. 2004a).

In this chapter, we describe the application potential of crystalline bacterial cell

surface layers (S-layers), which are one of the most commonly observed cell

envelope structures in prokaryotic micro-organisms (see Chap. 3).

Studies of their structure, chemistry, genetics, morphogenesis, and function

clearly demonstrated that S-layers represent the simplest type of proteinaceous

membrane developed during evolution (for review see Sleytr et al. 2005; Sára

and Sleytr 2000). They are composed of a single protein or glycoprotein species

endowed with the intrinsic ability to assemble into monomolecular lattices repre-

senting a structure of low free energy during cell growth. The broad application

potential of S-layers depends on the capability of isolated subunits to assemble in

defined orientation into crystalline arrays in suspension or on suitable surfaces or

interfaces (Fig. 16.1). Since S-layers are periodic structures, they exhibit identical

physicochemical properties on each molecular unit down to the subnanometer scale

and possess pores identical in size and morphology. Very important for most

nanobiotechnological applications is the fact that on S-layer lattices functional

groups are aligned on the surface and within the pore areas in well-defined spacings
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and orientation. Moreover, the possibility of changing the properties of S-layer

proteins by chemical modifications and genetic engineering breaks new ground for

tuning their structural and functional features. S-layers also represent a unique

structural basis for generating complex supramolecular assemblies, involving all

relevant “building blocks” for life, such as proteins, lipids, glycans, nucleic acids,

and combinations of them (for reviews see Egelseer et al. 2008; Sleytr et al.

2007a, b; Sára et al. 2006; Sleytr et al. 2001, 2005).

a b

c

d

e

f

Fig. 16.1 Schematic illustration of the reassembly of isolated native S-layer proteins (a) or

recombinant S-layer fusion proteins into crystalline arrays. Formation of self-assembly products in

suspension (b). The self-assembly process can occur in defined orientation at the air/water interface

(c), on solid supports which may be coated with secondary cell wall polymer (SCWP) (d), on

Langmuir lipid films (e), and on liposomes or nanocapsules (f). (Modified after Sára et al. 2005)
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16.2 Self-Assembly of S-Layer Proteins

Important information on the morphogenesis of S-layer lattices on intact cells has

been derived from self-assembly studies of isolated S-layer subunits in vitro (Sleytr

and Messner 1989; Sleytr and Plohberger 1980; Sleytr et al. 2005). Up to now, a

great variety of methods has been described for the detachment and disintegration

of S-layers from bacteria and archaea (Messner and Sleytr 1988; Sleytr et al. 1996;

Schuster et al. 2005). Generally, in Gram-positive bacteria, a complete disintegra-

tion of S-layers into monomers can be obtained by treatment of intact cells or cell

walls with high concentrations of hydrogen bond-breaking agents (e.g., urea,

guanidine hydrochloride), because the S-layer proteins are not covalently linked

to each other or to the supporting cell wall component.

From various extraction and disintegration experiments it can be concluded that

the intersubunit bonds in the S-layer lattice are stronger than those binding the

crystalline array to the supporting envelope layer (Sleytr 1975). Isolated S-layer

proteins reassemble into two-dimensional arrays on removal of the disrupting agent

used in the dissolution procedure (Fig. 16.1). The self-assembly products generated

in suspension may have the form of flat sheets, open-ended cylinders, or closed

vesicles (Sleytr 1978, 1981; Sleytr et al. 2003, 2005). Shape and size of the self-

assembly products depend on several environmental parameters, such as tempera-

ture, pH, ion composition, and/or ionic strength (Sleytr et al. 1993; Schuster et al.

2005). Particularly recrystallization of S-layer subunits on technologically relevant

substrates, such as silicon wavers, noble metals, or synthetic polymers, revealed

a broad range of applications in nano(bio)technology (Pum and Sleytr 1995;

Györvary et al. 2003; Sleytr et al. 2005).

Adsorption and recrystallization studies have shown that S-layer lattices are

highly anisotropic structures with regard to their inner and outer surfaces. Most

detailed studies on the recrystallization have been performed with S-layer lattices

from Lysinibacillus sphaericus (formerly Bacillus sphaericus) and Geobacillus
stearothermophilus strains. It has been shown that the formation of coherent

crystalline arrays on solid supports, lipid films, liposomes, and the air/water inter-

face is initiated simultaneously at many randomly distributed nucleation points and

proceeds in-plane until the crystalline domains meet, thus leading to a closed

coherent mosaic of individual S-layer patches several micrometers in size (Pum

and Sleytr 1995; Györvary et al. 2003; Sleytr et al. 2005).

Recrystallization of isolated S-layer subunits at the air/water interface and on

lipid films has been shown to be an easy and reproducible way of producing coherent

S-layer protein meshworks at large scale (Pum et al. 1993a; Pum and Sleytr 1994).

As on solid supports, the defined orientation of S-layer lattices at liquid interfaces

and lipid films is determined by the anisotropy in the physicochemical surface

properties of the protein lattice. In Bacillaceae it has been shown that in vivo the

N-terminal part of the S-layer proteins interacts via a lectin-type binding with

heteropolysaccharides, so-called secondary cell wall polymers (SCWPs) which are

covalently linked to the peptidoglycan-containing sacculi (see Chap. 3; Sára 2001).
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For their exploitation as biomimetic linkers (Sleytr et al. 2004b), SCWPs are

extracted from the peptidoglycan and the reducing end of the polymer chains is

chemically modified to introduce an amino or thiol group (Mader et al. 2004;

Györvary et al. 2003; Völlenkle et al. 2004). Solid supports (e.g., gold, polymers)

coated with these modified SCWPs enable recrystallization of S-layer lattices with

an orientation resembling the situation in vivo (Sára et al. 2005). This is particularly

important for the use of recombinant S-layer proteins with functional groups

exposed on the C-terminal part (for reviews see Sleytr et al. 2007b; Egelseer et al.

2008).

16.3 S-Layers as Matrix for the Immobilization of Functional

Macromolecules and Nanoparticles

The bioinspired synthesis of metallic and semiconducting nanoparticles has

attracted much attention over the last two decades. Nanoparticle arrays on S-layers

may be either formed by wet chemical synthesis or, alternatively, by binding of

preformed nanoparticles. In the wet chemical approach, self-assembled S-layer

structures have been exposed to metal-salt solutions, such as tetrachloroauric(III)

acid (HAuCl4) solution, followed by slow reaction with a reducing agent such

as hydrogen sulfide (H2S) or by electron irradiation in an electron microscope

(Shenton et al. 1997; Dieluweit et al. 1998; Mertig et al. 1999). Since the precipita-

tion of the metals was confined to the pores of the S-layer lattice, the nanoparticles

also resembled the distribution and morphology of the pores. In a more controlled

and specific way of making highly ordered nanoparticle arrays, genetic approaches

have been used for the construction of chimeric S-layer fusion proteins with

polypeptides responsible for precipitation and biomineralization processes (Naik

et al. 2002). Based on work on binding biomolecules, such as enzymes or anti-

bodies, it has already been demonstrated that preformed metallic and semiconduct-

ing nanoparticles can be bound in regular arrangements on S-layers (Hall et al.

2001; Györvary et al. 2004). The pattern of bound molecules frequently reflects the

lattice symmetry, the size of the morphological units, and the physicochemical

properties of the array. Specific binding of molecules on S-layer lattices may be

induced by different noncovalent forces or by genetically introduced functional

domains (Moll et al. 2002). This approach offers the advantage that particle size

and hence the contact distances of neighboring particle surfaces may be precisely

controlled (Fig. 16.2). Both parameters are important for studying and exploiting

quantum phenomena. In fact, the controlled binding of biomolecules, such as

glucose oxidase, was developed more than two decades ago for amperometric

and optical biosensors (for reviews see Pum et al. 1993b; Neubauer et al. 1993).

Subsequently, a layer-by-layer technique was established allowing the fabrication

of multi-enzyme biosensors (Neubauer et al. 1994).
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a

c

b

Fig. 16.2 Digital image reconstructions of transmission electron micrographs of negatively

stained preparations of (a) the native S-layer protein SbsB from Geobacillus stearothermophilus
PV72/p2 and (b) the SbsB streptavidin fusion protein (bars = 10 nm). In the lattice of the fusion

protein (b), the streptavidin heterotetramers show up as additional mass (arrows). The schematic

illustration shows the self-assembling part of S-layer fusion proteins and their well-oriented

functional domains (c). Such arrays provide, theoretically, the highest possible order (spatial

control and orientation) of functional domains at the nanometer scale. The knights resemble the

functional domains (antigens, enzymes, antibodies, ligands, etc.) and the cut squares represent the

S-layer. (Modified after Fig. 3 from Ref. Pum et al. 2006)
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16.4 S-layer Fusion Proteins

One of the most relevant areas in nanobiotechnology concerns the technological

utilization of self-assembly systems. Thus, S-layer technology has been advanced

by the construction of recombinant functional S-layer fusion proteins comprising

(1) the N-terminal cell wall anchoring domain, (2) the self-assembly domain, and

(3) a functional sequence introduced by genetic engineering (Sleytr et al. 2007a, b;

Egelseer et al. 2008). A great variety of functional S-layer fusion proteins has been

cloned and heterologously expressed in Escherichia coli (Table 16.1). Based on the
high density and regular display of the introduced functions when self-assembled in

suspension or on various supports, a broad range of applications of S-layer fusion

proteins is envisaged, particularly in the fields of biotechnology, molecular nano-

technology, and biomimetics (Sára et al. 2006; Sleytr et al. 2007a, b).

Table 16.1 Properties of S-layer fusion proteins

S-layer fusion

protein

Length of

function

Functionality Reference

rSbsB1–889/core

streptavidin

rSbpA31–1068/core

streptavidin

118 amino

acids (aa)

Binding of biotinylated

molecules

Moll et al. (2002); Huber

et al. (2006)

rSbpA31–1068/Bet v 1

rSbsC31–920/Bet v 1

116 aa Birch pollen allergen for

immunomodulation

Ilk et al. (2002);

Breitwieser et al.

(2002)

rSbpA31–1268/

Strep-tag

rSbpA31–1068/

Strep-tag

9 aa Affinity tag for streptavidin Ilk et al. 2002

rSbpA31–1068/ZZ 116 aa Binding of IgG Völlenkle et al. (2004)

rSbpA31–1068/EGFP 238 aa Intrinsic fluorescence Ilk et al. (2004)

rSbpA31–1068/cAb 117 aa Heavy chain camel antibody

recognizing lysozyme

Pleschberger et al. (2003)

rSbpA31–1068/cAb 117 aa Heavy chain camel antibody

recognizing PSA

Pleschberger et al. (2004)

rSbpA31–1068/AG4

and AGP35

rSbpA31–1068/CO2P2

12 aa

12 aa

Binding of silver

Binding of cobalt

Naik et al. 2002;

Personal

communication

rSbpA31–1068/LamA 263 aa (Hyper)thermophilic enzyme

activity

Tschiggerl et al. (2008a)

rSgsE331–903/RmlA 299 aa Enzyme activity (biocatalyst) Sch€affer et al. (2007)
SbsA/Omp26 200 aa Vaccine against Haemophilus

influenzae infection
Riedmann et al. (2003)

rSbpA31–1068/F1

rSbsB1–889/F1

20 aa Antibody binding for EBV

diagnostics

Tschiggerl et al. (2008b)

Mature S-layer proteins:

SbpA of Lysinibacillus sphaericus (formerly Bacillus sphaericus) CCM 2177 (1,238 aa)

SbsB of Geobacillus stearothermophilus PV72/p2 (889 aa)

SbsC of G. stearothermophilus ATCC 12980 (1,099 aa)

SgsE of G. stearothermophilus NRS 2004/3a (903 aa)

SbsA of G. stearothermophilus PV72/p6 (1,228 aa)
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To generate an universal affinity matrix for binding biotinylated molecules,

S-layer streptavidin fusion proteins have been constructed (Huber et al. 2006;

Moll et al. 2002). Minimum-sized core streptavidin has been fused either to the

N-terminus of the S-layer protein SbsB from G. stearothermophilus PV72/p2 or

to the C-terminus of a truncated form of SbpA from L. sphaericus CCM 2177

(see Table 16.1). Functional heterotetramers (HT) have been obtained by mixing

excess of core streptavidin with the fusion proteins, followed by a protein refolding

procedure. Analysis of negatively stained preparations of self-assembly products

formed by these S-layer fusion proteins revealed that neither the oblique S-layer

lattice of SbsB (Fig. 16.2), nor the square lattice of SbpA, was changed due to the

presence of streptavidin. Hybridization experiments with biotinylated and fluores-

cence-labeled oligonucleotides have been performed by means of surface-plasmon-

field-enhanced fluorescence spectroscopy and surface plasmon resonance (SPR)

spectroscopy, and demonstrated that a functional sensor surface can be generated

by the recrystallization of HT on gold chips (Huber et al. 2006).

To generate the S-layer fusion protein rSbpA/ZZ, two copies of the Fc-binding

domain (ZZ), a synthetic analog of the IgG binding domain of protein A from

Staphylococcus aureus, were incorporated (Völlenkle et al. 2004). On average,

approximately 66% of the theoretical saturation capacity of a planar surface was

covered by IgG with Fab regions in the condensed state. By recrystallization of

rSbpA/ZZ on microbeads, a biocompatible matrix for the microsphere-based detoxi-

fication system used for extracorporeal blood purification of patients suffering from

autoimmune disease has been generated (Völlenkle et al. 2004).

The two chimeric S-layer proteins rSbpA31–1068/Bet v 1 and rSbsC31–920/Bet v 1

have been generated, each carrying the major birch pollen allergen Bet v 1 at the

C-terminus (Table 16.1), maintaining not only the ability to self-assemble but also

the functionality of the fused allergen to bind the Bet v 1-specific monoclonal mouse

antibody (Breitwieser et al. 2002; Ilk et al. 2002). In cells of birch pollen-allergic

individuals, the histamine-releasing capacity induced by the S-layer fusion protein

was significantly reduced compared to stimulation with free Bet v 1 and no Th2-like

immune response was observed (Bohle et al. 2004; Gerstmayr et al. 2007). Due to

its immunomodulating capacity, this fusion protein is generally considered to be a

promising approach for specific treatment of allergic diseases (Sleytr et al. 2007b).

The S-layer fusion protein comprising the C-terminally truncated form of SbpA,

rSbpA31–1068, and the hypervariable region of heavy chain camel antibodies recog-

nizing a prostate-specific antigen (PSA), has been constructed. At least three of four

possible PSA molecules can be bound per morphological unit of the square lattice

(Pleschberger et al. 2003, 2004). The fused ligands on the S-layer lattice show a

well-defined spatial distribution down to the sub-nanometer scale, which might

reduce diffusion limited reactions. These S-layer fusion proteins can be considered

as sensing layers for label-free detection systems such as SPR, surface acoustic

wave, or quartz crystal microbalance, where the specific binding event can be

directly measured by the increase in mass (Sleytr et al. 2007a).

A completely new field of applications may emerge from the recent evaluation

of S-layers as a combined carrier/patterning element for the conceptualization of
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novel types of biocatalysts, aiming at controllable display of biocatalytic epitopes,

storage stability, and reuse (Sch€affer et al. 2007; Tschiggerl et al. 2008a). Currently
used immobilization methods are based on the adsorption or covalent binding

of enzymes to water-insoluble carriers, the incorporation of enzymes into semi-

permeable gels, and the enclosure of enzymes in polymer membranes (Angenendt

2005; Zhu and Snyder 2003). Due to the diversity of (nano)biotechnological

processes, the development of novel carriers is still a focus of recent attention,

with the major goals of improving enzyme performance and reducing process costs.

Based on the demonstrated suitability of the S-layer protein self-assembly system

for covalent enzyme immobilization (Neubauer et al. 1994; Pum et al. 1993b; Sára

et al. 1993), a genetic engineering, bottom-up approach has been chosen to con-

struct multi-domain proteins from a selected, self-assembling portion of an S-layer

protein and an enzyme. This concept has been exemplified on two different S-layer/

enzyme fusion proteins: the enzymes glucose-1-phosphate thymidylyltransferase

RmlA from G. stearothermophilus NRS 2004/3a and the extremophilic b-1,
3-endogluanase LamA from Pyrococcus furiosus have been translationally fused to

the C-terminus of the S-layer proteins SgsE31–773 or SgsE31–573 from G. stearother-
mophilus NRS 2004/3a (Sch€affer et al. 2007) and SbpA31–1068 from L. sphaericus
CCM 2177 (Tschiggerl et al. 2008a), respectively. Triggered by the intrinsic self-

assembly property of the chimeric S-layer monomers into an oblique (SgsE) or

square (SbpA) 2D crystalline array with a periodicity in the nanometer scale, two

types of S-layer biocatalysts have been constructed: (1) self-assembled biocatalysts

in solution, and (2) self-assembled biocatalysts on diverse supports, such as lipo-

somes, planar glass slides, or porous polymer membranes. It is noteworthy that the

measured enzyme activity of the recrystallized S-layer/enzyme fusion proteins can

reach 100% of that of the native enzyme. The S-layer protein part of the biocatalysts

confers significantly improved shelf-life of the fused enzyme without loss of

activity over more than three months, and also enables biocatalyst recycling.

Significant advantages for enzyme immobilization by the S-layer self-assembly

system include (1) the requirement of only a simple, one-step incubation process for

site-directed immobilization without preceding surface activation of the support,

(2) the provision of a cushion for the enzyme through the S-layer moiety of the

fusion protein preventing denaturation and consequently loss of enzyme activity

upon immobilization, (3) the principal applicability of the “S-layer tag” to any

enzyme, (4) the high flexibility for variation of enzymatic groups within a single

S-layer array by co-crystallization of different enzyme/S-layer fusion proteins to

construct multifunctional, nanopatterned biocatalysts, and (5) the possibility for

deposition of the biocatalysts on different supports with the additional option of

cross-linking of individual monomers to improve robustness. Liposome-type bio-

catalysts in particular could make valuable contributions to the fields of nanome-

dicine, pharmacy, and also nutrition, where engineering of multifunctional

nanocarriers combining properties such as targetability, longevity, and loading is

in great demand (Koo et al. 2005). To produce essentially endotoxin-free biocata-

lysts for such applications, recombinant S-layer protein production has been set up

in Lactococcus lactis (Novotny et al. 2005). Enzyme immobilization on membranes
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also constitutes an interesting area of applied research, because such microporous

composites favor easy flow of substrates and products (Bora et al. 2006), and may

be integrated in more complex processes, where combination of a catalytic function

with a conventional filtration function is required (Hilal et al. 2006; Pum et al.

1993b; Sára et al. 1993). Despite none of the constructed nanopatterned biocatalysts

representing a fully developed product, it is expected that these novel, S-layer-

based architectures can be optimized by directed evolution and will open up new

functional concepts for biocatalytic applications.

Current studies focus on the production of S-layer fusion proteins consisting of

the S-layer proteins L. sphaericus CCM 2177 and G. stearothermophilus PV72/

p2 and the peptide mimotope F1 which mimics an immunodominant epitope of

Epstein–Barr virus (EBV) (Tschiggerl et al. 2008b). Diagnostic studies have been

performed by screening 83 individual EBV IgM-positive, EBV-negative, and

potential cross-reactive sera and resulted in 98.2% specificity and 89.3% sensitivity

as well as no cross-reactivity with related viral diseases. This result demonstrates

the potential of these S-layer fusion proteins to act as a matrix for site-directed

immobilization of small ligands in solid-phase immunoassays (Tschiggerl et al.

2008b)

Finally, the uptake of vesicular structures into eukaryotic cells has been

visualized by means of liposomes which have previously been coated with the

fluorescent S-layer fusion protein rSbpA31–1068/EGFP (enhanced green fluorescent

protein) (Ilk et al. 2004).

16.5 S-Layers as Carrier/Adjuvant for Immunotherapy

Basic research on bacterial S-layers as attenuated pathogens, antigen/hapten

carrier, adjuvants, or as part of vaccination vesicles has progressed in three areas

of application: (1) antibacterial vaccines, (2) immunotherapy of cancers, and (3)

anti-allergic immunotherapy (Table 16.2) (for review see Messner et al. 1996;

Sleytr et al. 2003).

For the development of fish vaccines to fight Aeromonas infections which can

cause furunculosis in fish, freshwater, and marine environments, the S-layer protein

of the fish-pathogenic bacteria itself is essential for virulence and has been consid-

ered to constitute a good vaccine candidate (Ford and Thune 1992) (Table 16.3).

Table 16.2 S-layers in vaccine development

S-layer properties Preparations

Attenuated pathogen S-layers on whole cells, cell sonicates, crude cellular preparations

Antigen/hapten

carrier

Chemical coupling of antigen/hapten to S-layers,

S-layer antigen/hapten fusion proteins

Adjuvant Exploitation of the immunomodulating properties of the S-layer moiety in

S-layer conjugates and fusion proteins

Part of vaccination

vehicles

liposomes coated with S-layer (fusion) proteins and bacterial cells, self-

assembly products in bacterial ghosts (vaccine delivery system)
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S-layers may be deployed as a carrier for chemically coupled immunogenic

antigens and haptens (Sleytr et al. 1991, 1993). Since common carriers for peptide

epitopes are used as monomers in solution (e.g., tetanus or diphtheria toxoids) or as

dispersions of unstructured aggregates on aluminium salts, reproducible immobili-

zation of ligands to the carrier protein cannot be achieved (Brown et al. 1993;

Powell and Newman 1995). Consequently, the applicability of regularly structured

S-layer self-assembly products as immobilization matrices represents a highly

promising approach. One project has been directed at immunotherapy of cancer,

where conjugates of S-layer with small, tumor-associated oligosaccharides have

been found to elicit hapten-specific delay-type hypersensitivity (DTH) responses

(Smith et al. 1993). Further investigations focused on the development of several

model conjugate vaccines with S-layer (glyco)proteins of thermophilic bacilli and

clostridia, and weekly immunogenic carbohydrate antigens, e.g., Streptococcus
pneumoniae serotype 8 poly- and oligosaccharides, haptens, or recombinant birch

pollen allergen have given promising results at vaccination trials (Jahn-Schmid

et al. 1997; Malcolm et al. 1993a, b; Messner and Sleytr 1992; Messner et al. 1996;

Smith et al. 1993) (Table 16.3). Furthermore, there is an urgent need for new

vaccines allowing mucosal administration instead of intramuscular injections to

achieve desired specific effects, such as adjuvant targeting, site-specific delivery,

and controlled immune responses. Significant vaccination responses have been

induced even after oral/nasal administration of S-layer/hapten conjugates. To

overcome the disadvantage of using potentially toxic chemicals during the coupling

procedure, a challenging approach can be seen in the production of recombinant

S-layer fusion proteins comprising immunogenic sequences (Table 16.3). Allergen/

S-layer conjugates and fusion proteins have been prepared with the intention of

suppressing the Th2-directed, IgE-mediated allergic responses to Bet v 1, the major

allergen of birch pollen. Studies have been performed resulting in the produc-

tion of S-layer protein conjugate induced interferon-g (IFN-g), thus activating the

phagocytotic cells and confirming the Th1-enhancing properties of the S-layer

protein conjugate (Jahn-Schmid et al. 1996a, b). Furthermore, the recombinant

allergen–S-layer fusion protein rSbsC/Bet v 1 altered an established Th2-dominated

phenotype as well as the de novo cytokine secretion profile toward a more balanced

Th1/Th0-like phenotype (Bohle et al. 2004; Gerstmayr et al. 2007). These studies

have clearly demonstrated the immunomodulating properties of the S-layer moiety

in S-layer allergen conjugates.

Recombinant S-layer fusion proteins and empty bacterial cell envelopes (ghosts)

have been investigated for possible antigens (Omp26) acting as vaccines against

nontypeable Haemophilus influenzae (NTHi) infection. The bacterial ghost system
inducing Omp26-specific antibody response in mice is a vaccine delivery system

endowed with intrinsic adjuvant properties (Riedmann et al. 2003).

For the development of vaccination vehicles with enhanced immune response to

an antigen, S-layers have been explored with the intrinsic property of forming

highly ordered displays of foreign peptides like the pilus tip epitope (adhesintope)

of the Pseudomonas aeruginosa pilin on the Caulobacter vibrioides (formerly

Caulobacter crescentus) cell surface (Bingle et al. 1997; Umelo-Njaka et al. 2001).
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This presentation system may have many potential applications, such as whole-

cell vaccines, tumor suppressors, cellular adsorbents, and peptide display libraries

(Bhatnagar et al. 2006; Georgiou et al. 1997; Nomellini et al. 2004; Simon et al.

2001). Furthermore, the eleven amino acids epitope c-myc from the human c-myc
proto-oncogene has been successfully expressed in every S-layer subunit of the

Lactobacillus brevis S-layer (SlpA) (Åvall-J€a€askel€ainen et al. 2002). Delivery of

antigens to mucosal surfaces by lactic acid bacteria can be considered a safe

alternative to live attenuated pathogens because of their GRAS status. In another

study, a recombinant Bacillus anthracis strain has been constructed by integrating a
translational fusion harboring DNA fragments encoding the cell-wall targeting

domain of the S-layer protein EA1 and tetanus toxin fragment C (ToxC). The

humoral immune response has been studied and was sufficient to protect mice

against tetanus toxin challenge (Mesnage et al. 1999). Current vaccination studies

using immunogenic self-assembly products of S-layer fusion proteins comprising

the antigen mpt64, a Mycobacterium tuberculosis protein, are investigating the

ability of S-layer proteins to serve as a carrier and adjuvant for vaccination against

tuberculosis (Tschiggerl et al. 2008b).

16.6 S-Layers as Naturally Tailored Ultrafiltration Membranes

Studies on the permeability properties of isolated S-layers from Bacillaceae have

shown that the protein lattices function as isoporous molecular sieves in the

ultrafiltration range (Sára and Sleytr 1987a). This observation has led to the

development of a completely new type of ultrafiltration membrane (Sára and

Sleytr 1987b). Unlike S-layer lattices which show a very sharp exclusion limit,

conventional ultrafiltration membranes produced of synthetic polymers reveal a

wide pore size distribution with pores differing as much as one order of magni-

tude. The heteroporous structure of conventional ultrafiltration membranes is also

responsible for their less accurate separation characteristics, low resolution of

protein mixtures, uneven pore clogging and inhomogeneous flux distribution

(Sára et al. 1996).

For the production of S-layer ultrafiltration membranes (SUMs), S-layers or

S-layer coated cell wall fragments from Bacillaceae were deposited on commercial

microfiltration membranes with either a spongy open cell structure and a variable

pore size or a smooth surface and a well-defined pore size, such as radiation track

membranes. Subsequently, the S-layer protein was inter- and intramolecularly

cross-linked with glutaraldehyde, and Schiff bases were reduced with sodium

borohydrate to increase the mechanical and thermal resistance of the active filtra-

tion layer. The nominal molecular weight cut-off of SUMs from S-layers of a

variety of mesophilic and thermophilic Lysinibacillus and Geobacillus strains has
been determined to be in the range of 30,000–40,000 Da (Sára and Sleytr 1987b,

1988; Sára et al. 1988, 1996). The porosity of S-layers lies between 30% and
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50% and, therefore, is significantly higher than that measured for polymeric

ultrafiltration membranes with a maximum in the region of 10%.

Since S-layers are periodic structures composed of identical subunits, functional

groups on the polypeptide chains (e.g., carboxyl, amino, hydroxyl groups) are

located on each constituent subunit at an identical position and identical orientation.

This uniformity of reactive groups on the surface and the pores of the S-layer lattice

provide possibilities for a broad range of chemical modifications for obtaining

differently charged or hydrophilic and hydrophobic membranes (K€upc€u et al.

1991, 1993; Sára et al. 1996). Different surface properties of ultrafiltration mem-

branes are of particular interest for minimizing membrane adsorption (fouling), and

thus leading to a increase in membrane performance (Weigert and Sára 1995). By

immobilizing molecules of different size in the pore areas, SUMs with different

molecular sieving properties and accurate cut-off values can be obtained (Sára et al.

1993). In this context it is interesting to note that native S-layers reveal a remark-

able antifouling characteristic which is seen as an essential requirement to prevent

pore plugging and to maintain a free exchange of molecules up to a defined

molecular weight in living cells.

16.7 S-Layer-Stabilized Liposomes and Lipid Membranes

One promising approach for the generation of biomimetic membrane systems

includes the stabilization of lipid membranes with S-layer lattices. These composite

structures mimic the supramolecular assembly of archaeal cell envelopes which are

composed of a cytoplasmic membrane and a closely associated S-layer as exclusive

wall component (König 1988; Schuster and Sleytr 2005, 2006). In this biomimetic

architecture, artificial or isolated purified lipids replace the cytoplasmic membrane,

and isolated or recombinantly produced S-layer proteins are attached on either one

or both sides of the lipid membrane. By a combination of microscopic, spectro-

scopic and surface sensitive (scattering) techniques, at least two or three contact

points have been proposed between the adjacent lipid monolayer and the attached

S-layer protein (Weygand et al. 2000; Wetzer et al. 1998). Thus, S-layer-supported

lipid membranes, also referred to as “semifluid lipid membranes” (Pum and Sleytr

1994), possess nanopatterned properties where less than 5% of the lipid molecules

are anchored to protein domains on the S-layer lattice while the remaining �95%

lipid molecules may diffuse freely in the membrane between pillars consisting of

anchored lipid molecules (Schuster and Sleytr 2006; Schuster 2005).

S-layer-coated liposomes (Fig. 16.1f) are biomimetic structures resembling the

building principle of archaeal cells or virus envelopes. S-layer proteins or fusion

proteins, once crystallized on liposomes, can be cross-linked and exploited as

matrix for the covalent attachment of functional molecules as required for drug-

targeting or immunodiagnostic assays (K€upc€u et al. 1995, 1996; Nomellini et al.

1997; Mader et al. 2000). Furthermore, a general stabilization of the whole
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composite structure has been achieved by coating liposomes with S-layer proteins

(Mader et al. 1999).

The high mechanical and thermal stability of S-layer-coated liposomes and the

possibility of immobilizing or entrapping biologically active molecules (Mader

et al. 1999, 2000; Moll et al. 2002) reveal a broad application potential, particularly

as carrier and/or drug delivery systems, as artificial viruses, and for medicinal

applications such as drug targeting systems or in gene therapy (Sára et al. 2005,

Schuster and Sleytr 2006; Sleytr et al. 2003, 2004a, b, c, 2007a).

Planar-supported lipid membranes have been generated across an aperture, on

S-layer ultrafiltration membranes (SUMs; see section 19.6), and on S-layer coated

electrodes or structured silicon chips, with the S-layer functioning as a stabilizing

and biomimetic layer (Schuster et al. 2001; Gufler et al. 2004). S-layer-coated silicon

chips with attached lipidmembranes are also referred to as lipid chips and, combined

with microfluidics, these platforms constitute a prerequisite for the lab-on-a-chip

technology (Bayley and Cremer 2001). The electrochemical properties of S-layer-

supported lipid membranes on porous and solid supports (Fig. 16.3) are comparable

with those of free-standing lipid membranes (Schuster et al. 2001, 2003; Gufler et al.

2004). In addition, membranes on S-layer-covered gold electrodes exhibit a remark-

able long-term robustness of up to 1 week, which is not feasible with any other

stabilization technique. The functionality of lipid membranes resting on SUMs and

S-layer-covered gold electrodes has been demonstrated by the reconstitution of the

pore-forming protein a-hemolysin and membrane-active peptides like alamethicin,

gramicidin, or valinomycin (Schuster et al. 1998, 2001, 2003; Gufler et al. 2004).

Recently, even recordings on single pores have been performed with a-hemolysin

a b

Fig. 16.3 Schematic drawing of an S-layer-coated solid (e.g., gold electrode, sensor surface) or

porous support onto which a phospholipid bilayer (a) or a tetraetherlipid monolayer (b) has been

generated. Integral membrane proteins can be reconstituted into this S-layer supported lipid

membrane. Furthermore, a second S-layer lattice can be recrystallized on the top of this biomi-

metic structure to provide enhanced long-term stability and to act as a protective coat with pores in

the nanometer range. (Modified after Sleytr et al. 2003)
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and gramicidin reconstituted in S-layer-supported lipid membranes (Schuster et al.

2001, 2003; Schuster and Sleytr 2002).

These results have demonstrated that the biomimetic approach of copying the

supramolecular architecture of archaeal cell envelopes opens new possibilities for

exploiting functional lipid membranes at the meso- and macroscopic scale. More-

over, this technology has the potential to initiate a broad range of developments in

many areas such as diagnostics, high-throughput screening for drug discovery,

membrane protein-based sensor technology, electronic and optical devices, and

might even find application in DNA sequencing (Sleytr et al. 2003, 2004c; Schuster

2005; Schuster and Sleytr 2005, 2006; Kasianowicz et al. 1996; Meller et al. 2000).

16.8 Functional S-Layer Neoglycoproteins

Since the 1970s it has been known that S-layer proteins can be modified with

covalently attached glycans (see Chap. 3). S-layer glycoproteins have been identified

in all major lineages of Archaea (Mescher and Strominger 1976; Wieland et al. 1982)

and in a few Gram-positive organisms of the domain Bacteria, affiliated to the

Bacillaceae family (Sleytr and Thorne 1976, Messner and Sch€affer 2003; Sch€affer
and Messner 2004; Messner et al. 2008). Only very recently, the first studies have

been reported on the occurrence of S-layer glycoproteins in the Gram-negative

species Tannerella forsythia (Lee et al. 2006) and Bacteroides distasonis (Fletcher
et al. 2007). In contrast to the S-layer glycoproteins of Bacillaceae (Messner et al.

2008) investigated to date, these glycoproteins originate from potential pathogens

and, therefore, exploitation of their S-layer nanoglycobiology might be of medical

relevance (Messner 2004). Generally, S-layer glycosylation might be a relevant

virulence factor in pathogenic organisms.

S-layer nanoglycobiology (Messner et al. 2008) accounts for the nanometer-

scale cell surface display feature of S-layer protein glycosylation and includes

structural and biochemical aspects of S-layer glycans as well as molecular data

on the machinery underlying the glycosylation event. The concept of S-layer

protein modification with glycans was developed when the first attempts to con-

struct model vaccines based on the use of S-layer proteins as immobilization matrix

for glycans were successful (Sleytr et al. 1991; Messner et al. 1992; see also

Sect. 19.5). A key aspect for the full potency of S-layer nanoglycobiology for

applied research is the unique self-assembly feature of the S-layer protein matrix

(Sleytr et al. 2005; Sch€affer and Messner 2004; see also Chap. 3), because molecu-

lar self-assembly systems that exploit the molecular scale manufacturing precision

of biological systems are prime candidates in nanobiotechnology. Knowing that in

many cases the glycan structures associated with a protein are the key to protein

function (Spiro 2002), tailor-made (“functional”) S-layer protein glycosylation will

add a new and very valuable component to an “S-layer based molecular construc-

tion kit” (Sleytr et al. 2007a, b). It is conceivable that this technology, as was the

case for DNA and protein engineering, will become an important tool, both in basic
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and applied S-layer research, for analyzing the S-layer protein glycosylation pro-

cess and for artificially equipping S-layer proteins with “functional” glycosylation

motifs for (nano)biotechnological or biomedical purposes. Engineering of tailor-

made self-assembly S-layer neoglycoproteins will decisively change our capabil-

ities to influence and control complex biological systems and to conceive novel

self-assembly nanomaterials.

As a necessary prerequisite for the design of S-layer neoglycoproteins, based on

the considerable body of S-layer glycan structures from organisms of the Bacilla-
ceae family (see Chap. 3), investigation of the S-layer protein glycosylation pro-

cess at the molecular level was initiated about 10 years ago. This endeavor has been

lagging behind the structural work due to the lack of suitable molecular tools. In

2002, the first S-layer gene sequence of the S-layer glycoprotein-carrying bacterium

G. stearothermophilus NRS 2004/3a became available (Sch€affer et al. 2002), and
shortly afterwards it was evident that S-layer protein glycosylation of the investi-

gated bacterium is encoded by an S-layer glycosylation (slg) gene cluster (Novotny
et al. 2004). Only recently, the initiation enzyme as a first key module for S-layer

protein glycosylation and, consequently, also for glyco-engineering of S-layer

proteins was functionally characterized (Steiner et al. 2007).

Our approach for “functional” S-layer protein glycosylation is the utilization of

the native glycosylation sites on the protein, because these sites can be expected to

be located in surface-exposed loops within the bulk of the S-layer protein, allowing

the display of attached glycans. The research strategy follows two principal lines of

development. The first one is the in vivo display of glycoproteins with specific

functions on the surface of bacteria enabled by means of recombinant DNA

technology. This has become an increasingly used strategy in various applications

in microbiology, nanobiotechnology, and vaccinology (Samuelson et al. 2002,

Campbell et al. 2007; Thibodeaux et al. 2007), with the S-layer display system

being a very attractive and promising alternative. The second strategy concerns the

in vitro line of development utilizing the recrystallization capability of the S-layer

protein matrix on various supports. In both lines, the S-layer “anchor” offers the

unique advantage of providing a crystalline, regularly arrayed immobilization

matrix that should eventually allow the controlled and periodic surface display of

“functional” glycosylation motifs. Nanobiotechnological applications of tailored

S-layer neoglycoproteins may include the fields of receptor mimics, vaccine design,

and drug delivery using carbohydrate recognition.

16.9 Conclusions

Nanobiotechnology as a multidisciplinary field covers a great variety of knowledge

domains including biology, chemistry, physics, and material sciences.

One of the main strategies in nanobiotechnology concerns the design and creation

of novel materials on the nanoscale, exploiting self-assembly systems with build-

ing blocks at the molecular level. It is now apparent that S-layer proteins are
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exceptional proteins in their capability to self-assemble into monomolecular arrays,

in suspension, and on surfaces and interfaces. Furthermore, S-layers stabilizing lipid

membranes mimic the supramolecular assembly of archaeal cell envelopes.

Basic studies on the structure, chemistry, genetics, assembly, and function of

S-layer proteins have demonstrated that they represent ideal patterning elements for

nanobiotechnological and biomimetic applications. The repetitive structural and

physicochemical properties and isoporosity of the (glyco)protein lattices make

them ideal matrices and building blocks for generating highly reproducible layered

and 3D supramolecular structures.

Moreover, S-layers have proven to be particularly suited to “bottom-up” strate-

gies in combination of all major classes of biological molecules and nanoparticles.

During the last decade S-layer technologies have particularly advanced by the

construction of S-layer fusion proteins comprising the self-assembly domain and a

fused functional sequence (Egelseer et al. 2008; Sleytr et al. 2007a).

Although a broad range of applications for S-layer has been suggested, many

other areas of utilization may emerge in life and nonlife sciences.
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K€upc€u S, Sára M, Sleytr UB (1991) Chemical modification of crystalline ultrafiltration membranes

and immobilization of macromolecules. J Membr Sci 61:167–175
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Sára M, Sleytr UB (1988) Membrane biotechnology: two-dimensional protein crystals for ultrafil-

tration purposes. In: Rehm HJ (ed) Biotechnology, vol 6b. VCH, Weinheim, pp 615–636
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Messner P, Pum D, Sára M (eds) Crystalline bacterial cell surface layer proteins (S-layers). R.

G. Landes, Academic Press, Austin, TX, pp 133–159
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M (2000) Coupling of protein sheet crystals (S-layers) to phospholipid monolayers. J Mater

Chem 10:141–148

Wieland F, Lechner J, Sumper M (1982) The cell wall glycoprotein of halobacteria: structural,

functional and biosynthetic aspects. Zbl Bakt Hyg I Abt Orig C 3:161–170

Zhu H, Snyder M (2003) Protein chip technology. Curr Opin Chem Biol 7:55–63

16 Prokaryotic Cell Wall Components: Structure and Biochemistry 481



Chapter 17

Accumulation of Heavy Metals by

Micro-organisms: Biomineralization

and Nanocluster Formation

Sonja Selenska-Pobell and Mohamed Merroun

17.1 Introduction

The unicellular Prokaryotes (Bacteria and Archaea) are the most widely distributed

organisms on earth. They inhabit in quite high density and diversity not only the so-

called life-friendly habitats of humans, animals, plants, insects and other Eukarya,

but they also represent the only form of life in niches with very harsh conditions,

such as extremely hot thermal springs, permafrost, highly acidic mine drainages,

etc. This is possible for them because a large variety of prokaryotic organisms

exhibit fascinating resistant mechanisms to extreme temperatures, acidity, alkalin-

ity, high metal, radionuclide, and salt concentrations. In addition, many of them

possess the capability to metabolize an enormous number of different organic and

inorganic compounds, some of them highly poisonous to other living organisms.

The universal distribution and the robustness of bacteria and archaea are due not

only to their diverse and unusual metabolic activities but also to the very varied,

phylum-specific structural organization and functionality of their outermost com-

ponent – the cell wall. The cell wall of prokaryotes plays an important role in the

following vital functions: protection of the cells from toxicity and other kinds of

environmental stress, uptake of nutrients and other life-essential elements, includ-

ing metals, as well as secretion and anchoring of important molecules, such as

enzymes which often support the metabolism and the life of particular species. On

the other hand, the cell wall is involved in cell detoxification processes such as

efflux of poisonous or other metals accumulated in toxic concentrations (Nies

2003), and secretion of specific ligands (Bonthrone et al. 2000; Macaskie et al.

1992) or waste products of cellular metabolism (Rosen et al. 2004). Here, we

describe the accumulation of heavy metals by micro-organisms.
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17.2 Role of Prokaryotic Cell Wall in Biologically Induced

Mineralization

Analyses of microfossils demonstrate that prokaryotic organisms were the first

forms of life established on our planet about 3.6 billion years ago and they also

show that those ancient micro-organisms were involved in precipitation and bio-

mineralization of inorganic compounds (Bäuerlein 2003; Beveridge 1989, 2005;

Ehrlich 1998). Because the shape of the ancient microfossils looks very similar to

those of prokaryotes currently living, it is believed that their cell wall structure and

function were close or equivalent to that of modern bacteria and archaea (Beveridge

1989; Ehrlich 1998). Hence, interactions with metals and the biomineralization

accompanied prokaryotic life from its beginning.

Due to their ubiquitous distribution in surface and subsurface terrestrial and

aquatic environments, bacteria and archaea play a major role in deposition and

weathering in the earth’s crust of a large variety of minerals enriched with or

consisting mainly of different metals, such as iron, manganese (Beveridge 1989;

Douglas and Beveridge 1998; Frankel and Bazylinski 2003; Lovley 1993), copper

(Sillitoe et al. 1996), or gold (Kashefi et al. 2001), and even radionuclides (e.g.,

uranium) (Lovley et al. 1991). The structure of biologically synthesized minerals is

strongly influenced by the metabolic properties of the bacterial or archaeal strains

involved in their production and also by the differences in their cell wall organiza-

tion (for the latter see details in Parts I and II of this volume).

The main metal-binding groups of the cell walls of Gram-positive and Gram-

negative bacteria, where the primary accumulation of metals occurs, are the car-

boxylic and phosphate groups, which are provided from different biopolymers

characteristic of the bacterial groups mentioned. The concentration of metals at

the sites enriched with metal-binding ligands increases above the saturation point,

and this results in precipitation and nucleation of mineral building.

In the case of Gram-negative bacteria, the highest concentration of metal¼bind-

ing groups is in the highly anionic lipopolysacharide wrap which represents the

outer face of their outer membrane, which is a complex mosaic bilayered structure

containing in addition phospholipids and proteins (see Chap. 5, this volume). The

carboxylic and phosphate groups of the rather thin (about 3 nm) peptidoglycan layer

of Gram-negative bacteria lying in the periplasm, between the outer and the plasma

membranes, also contribute to metal binding but to a significantly lesser extent than

in Gram-positive bacteria (Beveridge 1989).

The highly cross-linked and multiple peptidoglycan layer, consisting of sugar

derivatives and a particular small group of amino acids (Chap. 2, this volume) is

between 15 and 25 nm thick in Gram-positive bacteria, and plays the major role in

metal binding due to the lack of an outer membrane in the latter. Additional

phosphate-containing components, called secondary polymers, such as teichoic

acids and/or teichuronic acids (Chap. 6, this volume), are often bound to the

peptidoglycan of Gram-positive but not of Gram-negative bacteria. They contribute
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further to the net negative charge of the cell wall and enhance its metal-binding

capacity (Beveridge 1989; Urrutia Mera et al. 1992).

The accumulation of metals in both Gram-positive and Gram-negative bacteria

described above is a passive process and it is not controlled by the living cells.

Moreover, it was demonstrated that spores (Beveridge 1989) and dead cells of some

Gram-positive bacteria can be also implicated in metal binding and that in some

cases this binding is even more effective than in the case of the active, metabolizing

cells (Urrutia Mera et al. 1992). The reason for this is that the metabolizing cells

continuously pump protons into the cell wall which compete with the metal ions for

the negatively charged carboxylic and phosphate groups. In many Gram-negative

bacteria it is suggested that the metal-saturated parts of their outer cell membranes

can bleb off from the cells, forming vesicles which are responsible for the further

precipitation of metals and development of minerals (Beveridge 1989).

The periplasm, as a space component in the cell wall mainly in Gram-negative

bacteria, plays an important role in metal precipitation and biomineralization due

to the enzymes harbored there, such as oxido-reductases and hydrogenases

involved in bio-transformation, immobilization, and consequent biomineralization

of a large variety of metals (De Luca et al. 2001; Elias et al. 2004; Glasauer et al.

2007; Lloyd 2003). Because of the limited space, the biominerals formed in the

periplasm are often nanoscale (Creamer et al. 2007). When metal reductases are

situated on the outer membranes of the Gram-negative bacteria, they are involved

in extracellular metal accumulation and nucleation with consequent formation of

larger biominerals (DiChristina et al. 2002; Marshall et al. 2006). This kind of

biomineralization, which involves direct redox transformations of the accumulated

metals, is referred as active bacteria-induced mineralization (Frankel and Bazylinski

2003).

The cell walls of Archaea are very different chemically from those of Bacteria,

and they vary significantly between the phylogenetic groups of this prokaryotic

kingdom, possessing various electrochemical charges and metal-binding properties.

The interactions of these micro-organisms with metals are poorly studied (Kashefi

et al. 2001, 2008).

Most archaea and a large number of bacteria possess proteinaceous layers

external to their cell walls (Sleytr et al. 1996; see also Chap. 3 of this volume).

These layers are in some cases glycosylated (Sleytr et al. 1996), possess a large

number of carboxylated amino acids (Sleytr et al. 1996; Pollmann et al. 2005), and

can be also phosphorylated (Merroun et al. 2005). As a result, they have an affinity

to metal cations (Fahmy et al. 2006; Pollmann et al. 2006; Sleytr et al. 1996).

S-layers of some photosynthetic bacteria can be implicated in processes of active

biomineralization (Schulze-Lam et al. 1992). The authors demonstrated that at

moderate photosynthetic activity the S-layer of a Synechococcus sp. strain serves

as a template for formation of gypsum (CaSO4.2H2O). In strong light, however, an

alkalization of the surrounding cells takes place due to photosynthesis and as a

result calcite (CaCO3) is formed.

Other surface layers such as capsules, slimes, and sheaths as outermost cell

structures also play an important role in the biomineralization processes of many
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prokaryotic organisms due to their richness in carboxylic and phosphate groups

(Beveridge 1989; Bäuerlein 2003; Hanert 2006).

A combination of passive metal sorption by the negatively charged cell wall

extracellular polymers and active secretion of phosphate groups due to phosphatase

activity was described as an interesting kind of biomineralization by Macaskie et al.

(2000); it was confirmed for many bacterial isolates recovered from extreme

(Martinez et al. 2007; Merroun et al. 2006; Nedelkova et al. 2007) and non-extreme

habitats (Jroundi et al. 2007).

There are many interesting cases of microbe-controlled intracellular biominer-

alization which are not discussed in this chapter but can be found in other reviews

and publications (Bazylinski and Frankel 2003; Glasauer et al. 2002, 2007).

The next two sections of this chapter will focus, firstly, on bacterial and archaeal

cell wall-dependent accumulation and biomineralization of metals (mainly iron and

uranium) and, secondly, on the cell wall-supported formation of metallic palladium

bio-nanocatalysts by particular Gram-positive and Gram-negative bacteria.

17.3 Prokaryotic Cell Wall-Dependent Accumulation

and Biomineralization of Iron and Uranium

The biologically induced mineralization processes by prokaryotes include passive

(Beveridge 1989, 2005; Brown et al. 1998) or active (Fortin et al. 1996; Hanert

2006; Lloyd 2003; Lovley 2002; Macaskie et al. 1992, 2000) interactions with and

accumulation of a large variety of metals on the cell wall. The metal accumulates

can serve as nucleation sites for growth of cell minerals under suitable biogeochem-

ical conditions (Bäuerlein 2003; Beveridge 1989, 2005; Frankel and Bazylinski

2003; Macaskie et al. 2000; Martinez et al. 2007; Renninger et al. 2004).

The largest and best studied group of biominerals is based on iron. This is due to

the wide distribution of this element, which is the fourth most abundant element in

the earth’s crust (after oxygen, silicon, and aluminum), and also because of its

importance for life. It is supposed that some of the earliest inhabitants of the anoxic

prebiotic Earth were able to conserve energy via Fe(III) reduction with H2 as an

electron donor and were implicated in this way in the earliest biological deposition

of magnetite (Lovley 2002; Vargas et al. 1998).

Fe(III) reduction is an ubiquitous process in modern Earth habitats and is

performed by a large variety of psychrophylic, mesophilic, thermophilic, and

even hyperthermophilic bacteria and archaea (Kashefi et al. 2008; Lloyd 2003;

Roh et al. 2006).

In a large variety of Gram-negative bacteria, the dissimilatory Fe(III) reduction

is supported by periplasmic, outer-membrane, or extracellularly located c-type of

cytochromes which are responsible for direct transfer of electrons to Fe(III) oxides

which are highly insoluble at circum-neutral pH (DiChristina et al. 2002; Elias et al.

2004; Lloyd 2003). Part of the resultant ferrous iron is usually up taken by the cells
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and used for the metabolic needs of the organisms. A significant amount of the

solubilized metal is adsorbed by the negatively charged ligands (mainly carboxylic

and phosphate groups) of the cell wall and usually stimulates an extracellular

formation of iron minerals. Beveridge and colleagues were able to demonstrate

that in one representative of these organisms, the gammaproteobacterial strain

Shewanella putrefaciens CN32, not only does deposition of de novo formed

magnetite precipitates on the cell surface occur, but also precipitation and even

penetration and deposition of mineral nanocrystals from the environment into the

periplasm and within the peptidoglycan layers (Glasauer et al. 2001). In the cell

cytoplasm of this strain, intracellular magnetite-like granules were found which

were more reduced than the extracellularly and cell-wall-deposited mineral parti-

cles (Glasauer et al. 2002, 2007). The authors relate the formation of these granules

to an unique mechanism closely linked to the dissimilatory Fe(III) reduction which

is driven in the periplasm by enzymes located at the cytoplasm membrane. The

latter also explains the release of mineral-containing blebs into the cytoplasm and

not into the environment. This process, however, differs significantly from the

biologically controlled formation of magnetite in the magnetosomes of magneto-

tactic bacteria (Glasauer et al. 2002; Bazylinski and Frankel 2003).

In natural environments the formation of mixed Fe(II)/Fe(III) minerals such as

magnetite is not only a result of iron (hydr)oxides reduction but also o Fe(II)

oxidation under anaerobic conditions (Chaudhuri et al. 2001) or in aerobic/micro-

anaerobic environments with acidic pH, such as mine drainages, where Fe(III) is

highly soluble (Fortin et al. 1996). Moreover, in distinct micro-aerophilic sites of

the latter environments, synergetic consortia consisting of iron-oxidizing and sul-

fate/iron-reducing micro-organisms are established which provide iron in both

oxidation forms and facilitate its mineralization. The initial precipitation of the

iron minerals occurs onto the cell walls of these prokaryotic organisms (Fortin et al.

1996) and also in the acidic extracellular phosphate-containing lipopolysaccharide

layers of the iron-oxidizing organisms, such as Acidithiobacillus ferrooxidans
(Gehrke et al. 1998). A process of direct passive precipitation of regularly

distributed iron arrays onto the highly ordered lattices of the S-layers enveloping

some bacteria in natural biofilms was demonstrated by Brown et al. (1998).

In addition to iron, prokaryotic cells are able to accumulate, in either active or

passive ways, a large variety of other metals, such as Mn, V, Cr, Co, Pt, Pd, Au, and

Ag, and even radionuclides such as Cm, Np, Pu, Tc, and U (Lloyd 2003). In natural

conditions a co-precipitation of several metals and formation of mixed minerals can

occur as well (Beveridge 1989; Lloyd 2003).

The bioaccumulation and biologically induced mineralization of uranium is a

subject of particular interest due to the increased pollution of the environment with

this rare element as a result of its mining and processing for nuclear fuel and

military applications during recent decades. Bacteria, because of their fascinating

resistance to heavy metals and radionuclides and also to their capability to bind

metals from both concentrated and also highly diluted solutions, offer effective and

cheap solutions for reclamation of polluted sites. The interaction mechanisms of

prokaryotes with uranium, although dependent on the chemistry of this rare earth
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element, are similar to the interactions with iron and most other metals. For

instance, cell wall-located cytochromes are involved in U(VI) reduction as in Fe

(III) reduction (Elias et al. 2004; Marshall et al. 2006; Lloyd 2003; Lovley et al.

1993).

The reduction of the soluble U(VI) to insoluble U(IV) was induced in many

uranium-contaminated liquid wastes and sediments via addition of electron donors

such as lactate, pyruvate, acetate, or ethanol (Istok et al. 2004; Nevin et al. 2003;

Suzuki et al. 2003). However, it was demonstrated that after depletion of the added

electron donors, the immobilized uranium was reoxidized and returned back to the

treated habitat (Anderson et al. 2003; Nyman et al. 2006; Wan et al. 2005).

It seems that the reduction of U(VI), which is attributed to the formation of

uranium deposits in the remote past (Lovley et al. 1991), has only a temporary and

rather limited success in modern industrially produced uranium-containing envir-

onments (Anderson et al. 2003; Nyman et al. 2006; Wan et al. 2005), at least at

the early stages of their remediation. This is not surprising bearing in mind that the

biogeochemical conditions in the wastes are obviously not comparable with the

ancient Earth conditions in which most of the uranium deposits were formed

(Lovley et al. 1991).

For instance, in uranium mill-tailings, nitrate is the most common co-contami-

nant of uranium from its processing (Finneran et al. 2002; Istok et al. 2004; Nevin

et al. 2003). In the solid waste material of uranium mining, large amounts of iron

and other minerals are present as well, deposited during the long geologic history of

the uranium ores (Finneran et al. 2002; Geissler and Selenska-Pobell 2005; Petrie

et al. 2003; Roh et al. 2006). After mining, this material is exposed to aeration,

temperature, and moisture conditions which are rather different from those in its

natural surroundings.

In addition, it was demonstrated that uranium waste water, sediment, and soil

material is occupied by a large variety of active and/or resting micro-organisms

which have been subjected to a long evolution and have developed different and

very effective protection mechanisms against toxic metals and radionuclides

(Francis et al. 2004; Macaskie et al 2000; Merroun et al. 2005, 2006; Nies 2003;

Renninger et al. 2004; Selenska-Pobell 2002). It was demonstrated that micro-

organisms in the subsurface of the uranium wastes preferentially use nitrate and Fe

(III) for anaerobic respiration because their reduction is thermodynamically more

favorable than the reduction of U(VI) (Finneran et al. 2002; Istok et al. 2004;

Suzuki et al. 2003). In model microcosm experiments performed under oligotrophic

and anaerobic conditions, close to the natural, with samples collected from depleted

and lightly contaminated uranium mining wastes near the city of Johanngeorgen-

stadt (Germany), it was found that the addition of uranyl nitrate results in immobi-

lization of the added U(VI) in mixed inorganic and organic phosphate compounds

(Geissler et al. 2009). The latter was attributed to the activity of a surprisingly large

number of various bacterial species which were induced by the treatments. Most of

the newly induced bacterial populations were denitrifiers which were not identified

in the untreated samples, most probably due to their low density which was below

the limit of detection of the identification methods used (Geissler et al. 2009).
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No detectable reduction of U(VI) was found in the samples treated with uranyl

nitrate during the experiments, which were monitored for about 100 days. Instead,

an increased reduction of Fe(III) to Fe(II) with increasing incubation time was

demonstrated, which signified that after the reduction of the added nitrate, Fe(III)

was the main electron acceptor used by the bacterial community established at the

later stages of treatment with uranyl nitrate. At these late stages of the treatments,

establishment of uranium-sensitive bacterial populations and recovery to the initial

bacterial composition occurred, which indicated that the added uranium was no

longer bioavailable. Time-resolved laser-induced fluorescence spectroscopic anal-

ysis demonstrated that most of the added U(VI) was bound by phosphate phases of

biotic origin (Geissler et al. 2009).

In order to study the mechanisms of the uranium immobilization and to charac-

terize the uranyl phosphate mineral phases formed, bacterial strains were cultured

from different uranium mining waste samples. Their interactions with uranium

were studied by transmission electron microscopy combined with energy dispersive

X-ray (TEM-EDX) and extended X-ray absorption fine structure (EXAFS) spectro-

scopic analysis (Francis et al. 2004; Merroun and Selenska-Pobell 2001; Merroun

et al. 2002, 2003, 2005, 2006, 2008; Nedelkova et al. 2007).

These studies demonstrated that U(VI) was predominantly precipitated in uranyl

phosphate phases and that the form and localization of the precipitates were

dependent on the phylogenetic affiliation of the strains and especially on their

cell wall structural characteristics.

Several examples of U(VI) bioaccumulation and mineralization by Gram-posi-

tive and Gram-negative bacterial isolates are presented in Figs. 17.1 and 17.2. It is

important to note that the experiments with all strains were performed under the

same conditions: 48 h of intensive shaking in 0.5 mmol/L solution of uranyl nitrate

at pH 4.5, which corresponds to the conditions in the above-mentioned uranium

waste near the city of Johanngeorgenstadt in Germany.

In the case of the Bacillus sphaericus isolates JG-7B and JG-A12 (Fig. 17.1a–c),

uranium was bound exclusively by the components of the cell wall. Most of it was

accumulated onto the internal side of the S-layer and also into the cross-linked

peptidoglycan layers (see the arrows in Fig. 17.1b). No intracellular precipitates of

uranium were found in these two strains (Merroun et al. 2005, 2008). Due to its

ability to accumulate selectively and reversibly high amounts of U(VI) from mill-

tailing waters (Selenska-Pobell et al. 1999), the strain JG-A12 was successfully

used for construction of biological ceramics for bioremediation (Raff et al. 2003).

The S-layer of B. sphaericus JG-A12 is involved in interactions not only with

uranium but also with other radionuclides. Fig. 17.1d shows, for instance, an

example of accumulation of the chemical analog of Cm(III), namely Eu(III), onto

the surface of the strain. In this case the S-layer heavily loaded with Eu(III) is

removed from the cell and is further mineralized. The cell is, however, protected

from the remaining Eu(III) in the solution by the newly synthesized S-layer which

continues to accumulate the metal (arrows).

The presence of empty uranium-encrusted cell walls was very typical for the

studied actinobacterial isolates of the speciesMicrobacterium oxydans (Fig. 17.1e, f).

17 Accumulation of Heavy Metals by Micro-organisms 489



As already reported, these strains accumulated uranium exclusively in their

extremely thick peptidoglycan layer (Nedelkova et al. 2007). In contrast, the cells

of another group of actinobacterial isolates, which were affiliated with the genus

Arthrobacter, accumulated uranium only intracellularly (Fig. 17.1g). The latter is

concurrent with the results of Suzuki and Banfield (2004) who demonstrated using

TEM-EDX that the intracellularly accumulated uranium is associated with polypho-

sphate granules. In our case, we demonstrated not only association with the poly-

phosphate granules but also growth of intracellular nanocrystals. It is not clear why

the cell wall is not protecting this kind of bacteria from the extremely toxic U(VI) at

the studied acidic pH. Moreover, it was demonstrated that about 80% of the

Arthrobacter cells are able to up take the dissolved uranium very quickly and that

they remain viable after that (Suzuki and Banfield 2004; Geissler 2007). Interest-

ingly, it seems that the cell wall of Arthrobacter plays an important role in

detoxification of lead (Fig. 17.1h). Most of the metal added in the form of Pb

(N03)2 was accumulated at the cell walls in the form of a phosphate-containing

a

c

e

g h

f

d

b

Fig. 17.1 Transmission electron micrographs of thin sections of the cells of B. sphaericus JG-7B
treated with U(VI) (a, b), B. sphaericus JG-A12 treated with U(VI) (c) and with Eu(III) (d),

M. oxydans SW-3 (e) and S15-M2 treated with U(VI) (f), Arthrobacter sp. JG37-iso3 treated with
U(VI) (g) and with Pb(II) (h). I in Fig. 17.1h corresponds to the electron diffractogram of the

pyromorphite phase (shown by an arrow) deposited at the cells of the strain JG37-iso3. The

uranium-phosphate nature of the crystals and granules was confirmed by EDX (not shown).

The strains JG-A12, JG-7B and JG37-iso 3 were recovered from the uranium waste pile near

Johanngeorgenstadt, SW3 from water of the flooded uranium mill tailings near the Seelingstadt,

Germany, and S15-M2 from a deep-well monitoring site S15 of a Siberian radioactive waste

repository, Russia (Nedelkova et al. 2007)
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mineral pyromorphite (Pb5(PO4)3Cl) (Geissler 2007). The interaction of the Arthro-
bacter isolates with uranium is very unusual and seems to be an exception within the

Gram-positive bacteria. In general, the cell wall in these bacteria plays the main role

in protection against uranium toxicity (Francis et al. 2004; Merroun et al. 2005,

2006; Nedelkova et al. 2007).

It was demonstrated that the accumulation of U(VI) by Gram-negative bacteria is

also species-specific and occurs mainly on the cell wall as phosphate complexes

(Francis et al. 2004, Merroun et al. 2002, 2003, 2005, 2006, 2008; Renninger et al.

2004; Suzuki and Banfield 2004). Examples shown in Fig. 17.2 demonstrate various

Fig. 17.2 Transmission electron micrographs of thin sections of the cells of P. stutzeri DSMZ

5190 (a), P. rhodesiae R5 (b), P. migulae CIP 105470 (c), and S. maltophilia JG-2 (d) treated with
uranium. S. maltophilia JG-2 was recovered from a sediment of the uranium mining waste pile

near the town of Johanngeorgenstadt, Germany. P. rhodesiae R5 from heavy metal contaminated

soil in Bulgaria
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U(VI) accumulation mechanisms in some Pseudomonas species of the Gamma

subdivision of Proteobacteria which are widely distributed in heavily contaminated

uranium wastes (Selenska-Pobell 2002; Geissler et al. 2009). It is noticeable that not

all bacterial cells are equally loaded with uranium and that some of them were even

free of uranium. This phenomenon might be connected with the different physio-

logical state of the cells in the treated bacterial cultures which were not synchro-

nized. Pseudomonas stutzeri DSMZ 5190, which possesses a thick layer of mucous

extracellular polymers, accumulates U(VI) initially onto its outer membrane, where

at particular sites growth of bigger crystals is initiated which migrate from the cell

surface into the surrounding mucous layer and continue to grow further, forming big

needle-like crystals (Fig. 17.2a). According to Macaskie et al. (2000) similar

extracellular lipopolysaccharide layers to those in P. stutzeri DSMZ 5190 play the

role of a supporting matrix for further growth of uranyl phosphate crystals, due to the

secretion of inorganic phosphate groups by the stressed bacteria.

Representatives of the species Pseudomonas rhodesie form fine uranium pre-

cipitates on their cell wall (Fig. 17.2b), whereas in the case of Pseudomonas
migulae a multilayer of fine uranium accumulates was formed which is associated

with the outer membrane, with the thin peptidoglycan layer, and also with the

cytoplasmic membrane (Fig. 17.2c). Occasionally, uranium associated with poly-

phosphate bodies was also found in the cells of the latter strain. Renninger et al.

(2004) have demonstrated that in Pseudomonas aeruginosa uranium is initially

sorbed onto the surface in the form of uranyl hydroxides and then precipitated as

uranyl phosphate due to the release of orthophosphate from the cells as a result of

stress-activated degradation of the polyphosphate bodies. This mechanism seems

also to be the case with the above-mentioned P. rhodesiae strain, because no

intracellular accumulates of uranium have ever been found in its cells. The

observed intracellular accumulation of uranium in the case of P. migulae is possibly
due to the properties of its outer membrane which permits metal diffusion inside the

cells where the metal is complexed into the polyphosphate bodies and detoxified.

Similar observations were made with other Gram-negative bacteria such as Halo-
monas sp. (Francis et al. 2004) and Acidithiobacillus ferrooxidans (Merroun et al.

2002). Another interesting case of uranium mineralization was found in the ura-

nium mining waste isolate Stenotrophomonas maltophilia JG-2 (Fig. 17.2d). In

most of the cells of this strain, uranium was associated with the cytoplasmic

membrane and in some of the cells intracellular needle-like uranium crystals

were formed. Such formations were reported earlier for a Pseudomonas sp. strain
(Marqués et al. 1991). The growth of such crystals may be associated with inter-

actions with the polyphosphate bodies but they can be also attributed to the uranium

precipitates formed onto the plasma membrane which were released into the cell

cytoplasm and rearranged there. This case is similar to the case described above of

formation of intracellular iron nanoparticles by S. putrefaciens CN32 (Glasauer

et al. 2007).

The atomic structure of the uranyl precipitates formed by different bacterial

strains recovered from both extreme and non-extreme habitats was characterized by

using extended X-ray absorption fine structure (EXAFS) (Francis et al. 2004;
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Jroundi et al. 2007; Beazley et al. 2007; Merroun et al. 2002, 2003, 2005, 2006,

2008; Nedelkova et al. 2007). It was demonstrated that the fine structure of the

complexes formed (organic and/or inorganic phases) is affected by the pH of the U

(VI) solution (Kelly et al. 2002; Merroun et al. 2006; Nedelkova et al. 2007). At pHs

ranging from 4 to 7, formation of autunite/meta-autunite (Beazley et al. 2007;

Jroundi et al. 2007; Merroun et al. 2006; Nedelkova et al. 2007) or H-autunite

(Macaskie et al. 1992, 2000) mineral phases was reported.

The EXAFS spectra of the uranium complexes formed by the cells of two of the

above-mentioned strains, namely P. stutzeri DSMZ 5190 and B. sphaericus JG-7B,
are similar to those of m-autunite (Fig. 17.1) (U is co-ordinated to phosphate groups

in a monodentate binding mode with a U–P bond distance of about 3.60 � 0.02 Å)

indicating that the cells of these two strains are able to precipitate U in a m-autunite-

like mineral phase. However, as shown in Fig. 17.3, the local co-ordination of U

associated with the purified S-layer of B. sphaericus JG-7B is different from that in

the case of the whole cells and its EXAFS spectrum possesses different structural

parameters. In the S-layer protein sample U(VI) is co-ordinated to carboxyl groups

in a bidentate fashion with an average distance between the U atom and the C atom

of 2.89 � 0.02 Å, and to phosphate groups in a monodentate fashion with an

average distance between the U atom and the P atom of 3.61 � 0.02 Å. The

implication of both functional groups (phosphate and carboxyl) in the co-ordination

of U has also been observed in the case of the S-layer of the strain B. sphaericus
JG-A12 (Merroun et al. 2005), and also in the purified cell wall of Bacillus subtilis
(Kelly et al. 2002).

Fig. 17.3 Uranium LIII-edge k
3–weighted EXAFS spectra (left) and corresponding Fourier trans-

form (FT) (right) of the uranium complexes formed on microbial cells and on an isolated S-layer

protein at pH 4.5. Meta-autunite and fructose-1,6-phosphate are presented as reference

compounds
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In the case of the acidophilic uranium mining isolate A. ferrooxidans D2, U(VI)
was co-ordinated to organic phosphate groups in a monodentate binding mode (U–P

bond distance 3.61 � 0.02 Å), and the EXAFS spectrum of the corresponding U

complexes is similar to that of U/fructose phosphate complexes (Koban et al. 2004).

A different local co-ordination of U(VI) was found recently for the cells of the

acidophilic and thermophilic archaeal strain Sulfolobus acidocaldarius (Fig. 17.3)
which inhabits different uranium mill tailings. The high Debye–Waller factor of the

U–Oeq1 (second co-ordination shell in the FT) shell suggests that this equatorial

shell is split into more than one oxygen bond. This splitting may involve two

distances, a shorter U–Oeq1 from the backscattering contribution of the phosphate

oxygen(s) (monodentate binding mode) and a longer U–Oeq1 bond distance proba-

bly from co-ordinated water or from carboxyl groups. These results indicate that

two types of ligands are implicated in the co-ordination of U(VI): phosphate groups

(most probably from the plasma membrane) and possibly hydroxyl/carboxyl

groups. The latter groups can originate from the S-layer which envelops the cells

of the archaeon and which, in contrast to that of B. sphaericus 7B, is glucosylated.
No information about the localization of the uranium accumulates is available at the

moment and we cannot exclude intracellular accumulation of U(VI) in this case.

Interestingly, the halophilic archaeon Halobacterium halobium complexes U pre-

dominantly by inorganic phosphate groups (Francis et al. 2004). Bearing in mind

that archaea possess very diverse cell surfaces, it is possible to expect a large variety

of biominerals to be formed on them.

It is necessary to stress once again that in uranium-contaminated environments

many additional biotic and abiotic factors influence the biomineralization of ura-

nium. In addition to the bacterial populations mentioned, actively interacting with

the radionuclide, there is a large amount of dead biomass due to the uranium

toxicity. For this reason the organic uranyl phosphate complexes found along

with the inorganic phases in the natural samples (Geissler et al. 2009) can be

connected to interactions with phosphorylated biopolymers supplied by both dead

and live bacteria which, besides the orthophosphate released by particular popula-

tions, contribute to the observed U(VI) immobilization and biomineralization. The

reduction of U(VI) from the mixed phosphate minerals formed could take place

when the other, thermodynamically more favorable electron acceptors, such as

nitrate or Fe(III)), are reduced and when enough electron donors, possibly from

the dead microbial populations, are released and supplied to support the reduction.

17.4 Cell Wall-Supported Formation of Metallic Palladium

Nanoparticles

Bioreductive formation of Pd(0) nanoparticles from Pd(II)-containing solutions was

demonstrated on the cell surfaces of different bacteria includingDesulfovibrio desul-
furicans (Lloyd et al. 1998), Desulfovibrio fructosovorans (Macaskie et al. 2005),
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Rhodobacter sphaeroides (Redwood et al. 2007), and Shewanella oneidensis (De
Windt et al. 2006). The so-called palladized cells have a high catalytic activity in test

reactions involving production of hydrogen from hypophosphite (Yong et al. 2002),

hydrogenolytic dehalogenation of polychlorinated biphenyls (DeWindt et al. 2006),

reduction of toxic Cr(VI) to less toxic Cr(III) (Macaskie et al. 2005), or chloride

release from chlorinated aromatic compounds (Redwood et al. 2007). The formation

of the Pd(0) starts with Pd(II) complexation to carboxylic or amino groups of the

proteins in the cell’s periplasm, where the reduction of the deposited metal is

mediated by one of the three major hydrogenases via hydrogen oxidation (Macaskie

et al. 2005). The size of the particles can be modulated by loading with different Pd

amounts and the resulting catalytically active nanoparticles with a size of about 5 nm

are stabilized by the architecture of the cell wall. These nanoparticles are ferromag-

netic, in contrast to the bulk Pd which is paramagnetic (Creamer et al. 2007).

Nanoparticles with the same size, similar hydrogenation catalytic activity, and

ferromagnetic properties were produced on the surface of the S-layer-enveloped

Gram-positive bacterium B. sphaericus JG-A12 (Creamer et al. 2007). The forma-

tion mechanism of the latter nanoclusters is, however, completely different. It was

demonstrated that in this case Pd(II) is deposited in the pores of the inner side of the

S-layer (Fig. 17.4). This localization is similar to the accumulation of U(VI)

described in the preceding section (compare with Fig. 17.1b). However, in contrast

to U(VI) which is co-ordinated by phosphate and carboxylic groups, Pd(II) is co-

ordinated only by the carboxylic groups of the S-layer (Fahmy et al. 2006).

As confirmed by EXAFS spectroscopic analysis, the formation of the Pd(0)

nanoclusters occurred after addition of H2 as a reducing agent (Creamer et al.

2007). The reduction of Pd(II) was also achieved by using purified and recrystal-

lized S-layers of B. sphaericus and applying hydrogen (Pollmann et al. 2006) or

electron irradiation (Wahl et al. 2001). The advantage of the S-layer-supported Pd

nanoparticles is that they not only possess a regular size of about 2 nm, but that they

are also regularly distributed following the lattice symmetry of the protein matrix.

The latter is of great importance for nano-electronics and other nanotechnological

applications.

Fig. 17.4 TEM micrograph

of Pd(0) nanoclusters on the

cells of B. sphaericus JG-A12
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17.5 Conclusions

The biologically induced biomineralization of iron and uranium strongly depends

on the cell wall structure of bacteria and archaea. The main metal binding ligands of

the cell wall components of these organisms are carboxylic and phosphate groups.

Due to the diverse organization of prokaryotic cell walls, these two chemical groups

are surrounded by different biopolymers in Gram-negative and Gram-positive

bacteria, as well as in Archaea, which strongly influences the form and the size of

the biominerals formed.

In natural environments, mixed Fe(II)/Fe(III) minerals are formed due to the

activities of different groups of prokaryotic organisms able to oxidize or reduce this

element on the cell surface or in the periplasm and to facilitate its biomineralization

in this way.

In the oligotrophic and acidic conditions of uranium mining wastes, an increase

of the U(VI) concentration in the absence of electron donors leads to formation of

uranyl phosphate minerals.

In laboratory experiments under conditions similar to those of the natural

uranium mining waste environments, bacteria bind soluble U(VI) mainly via

phosphate groups on their cell walls forming meta-autunite mineral phases. In

addition, both archaea and bacteria are able to precipitate uranyl phosphate mineral

phases due to the secretion of orthophosphate groups into their extracellular surface

polymers.

The cell walls of some Gram-positive and Gram-negative bacteria can serve as a

template for fabrication of Pd nanoparticles which are requisites for development of

bionanocatalysts and for other technological applications.
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uranium and copper by biocers. Chem Mater 15:240–244

Redwood MD, Deplanche K, Baxter-Plant VS, Macaskie LE (2007) Biomass-supported palladium

catalysts on Desulfovibrio desulfuricans and Rhodobacter sphaeroides. Biotechnol Bioengin.
DOI:On line publication: 10.1002/bit.21689

Renninger N, Knopp R, Nitsche H, Clark DS, Keasling JD (2004) Uranyl precipitation by

Pseudomonas aeruginosa via controlled polyphosphate metabolism. Appl Environ Microbiol

70:7404–7412

Roh Y, Gao H, Vali H, Kennedy DW,Yang ZK, GaoW, Dohnalkova AC, Stapelton RD,Moon J-W,

Phels TJ, Fredricson JK, Zhou J (2006) Metal reduction and iron iomineralization by a psychro-

tolerant Fe(III)-reducing bacterium, Shewanella sp. strain PV-4. Appl Environ Microbiol

72:3236–3244

Rosen R, Becher D, Buttner K, Biran D, Hecker M, Ron EZ (2004) Highly phosphorylated

bacterial proteins. Proteomics 4:3068–3077

Schulze-Lam S, Harauz G, Beveridge TJ (1992) Participation of a cyanobacterial S-layer in fine-

grain mineral formation. J Bacteriol 174:7971–7981

Selenska-Pobell S (2002) Diversity and activity of bacteria in uranium waste piles. In: Keith-

Roach MJ, Livens FR (eds) Interactions of micro-organisms with radionuclides. Elsevier

Sciences Ltd, Oxford, UK, pp 225–254

17 Accumulation of Heavy Metals by Micro-organisms 499



Selenska-Pobell S, Miteva V, Boudakov I, Panak P, Bernhard G, Nitsche H (1999) Selective

accumulation of heavy metals by three indigenous Bacillus isolates, B. cereus, B. megaterium
and B. sphaericus in drain waters from a uranium waste pile. FEMS Microbiol Ecol 29:59–67

Sillitoe RH, Folk RL, Saric N (1996) Bacteria as mediators of copper sulfide enrichment during

weathering. Science 272:1153–1155
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