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Introduction

Why a book on bacterial adhesion? Adhesion plays a major role in the bac-
terial lifestyle. Bacteria adhere to all surfaces and did so long before the first
eukaryotes were around; stromatolites, which are calcium-based rocks in shallow
seawaters formed and inhabited by cyanobacteria, are among the oldest fossils
found (Battistuzzi et al., 2004). Bacteria can adhere to each other, a phenomenon
referred to as autoagglutination, which is generally viewed as one of the first steps
towards biofilm formation. Bacteria can also form more complex and defined struc-
tures, such as the Myxococcus fruiting bodies – Myxococcus is generally seen as a
“social” bacterium with complex inter-cell interactions, and as a model for the early
evolution of multicellularity (Konovalova et al., 2010). Last but not least, bacteria
can adhere to other cells: different prokaryotic species in the formation of com-
plex biofilms, or eukaryotic cells during disease. Adhesion to eukaryotic cells can
serve different purposes in commensalism, symbiosis, and pathogenesis. The gen-
eral principle, the expression of surface molecules to adhere to other structures, stays
the same.

But why this particular book when reviews on bacterial pathogenesis are com-
mon, if not quite a dime a dozen? Our focus is: how are such adhesion phenomena
best studied? Microbial genetics experiments have greatly enhanced our knowl-
edge of what bacterial factors are involved in adhesion. For numerous reasons,
though, biochemical and structural biology knowledge of the molecular interactions
involved in adhesion is limited. Moreover, many of the most powerful biophysi-
cal methods available are not frequently used in adhesion research, meaning that
the time dimension – the evolution of adhesion during biofilm formation remains
poorly explored. The reason for this is, we believe, on the one hand microbiologists,
who are experts at handling and manipulating the frequently pathogenic bacterial
organisms in which adhesion is studied, lack detailed knowledge of the biophysi-
cal possibilities and have limited access to the frequently expensive instrumentation
involved. On the other hand, the experts in these methods frequently do not have
access to the biological materials, nor do they necessarily understand the biological
questions to be answered. The purpose of this book is thus to overcome this gap in
communication between researchers in biology, chemistry, and physics, and to
display the many ways and means to address the topic of bacterial adhesion.
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vi Introduction

Thus, the book consists of three loosely connected parts. The first Chapters 1 to 7
deal, broadly speaking, with bacterial adhesion from a biological perspective,
where different bacterial species and their repertoire of adhesion molecules are
described. The chemistry section includes the biochemistry and structural biol-
ogy knowledge which have been obtained on some of the adhesin systems. The
physics section contains examples of biophysical methods that have been success-
fully applied to bacterial adhesion. For obvious reasons, we had to limit ourselves
in the choice of systems and methods described in this book. The biological
systems described are only examples, and mostly come from genera containing
the better-studied human pathogens. We tried nonetheless to cover a broad spec-
trum of organisms, both Gram-positive and Gram-negative bacteria. Chapters 1
and 9 also put specific Gram-negative and Gram-positive systems into a historical
perspective and describe the development of the field of infectious diseases. Many
of the findings also apply to bacteria that are either non-pathogenic (Chapter 13)
or pathogenic on different species and kingdoms, and Chapter 5 nicely shows that
in plant pathogens, adhesins similar to those of human pathogens exist and serve
comparable functions.

The chemistry section (Chapters 8 to 15), contains examples of molecular struc-
tures of the very different types of adhesins found. These are mostly from the human
pathogens discussed in the biology section, again from both Gram-negative and
Gram-positive bacteria. We have also included two chapters on carbohydrate struc-
tures (13 and 14), as these structures are at least as important as the proteins in
bacterial pathogenesis. One pattern that emerges is that most of these adhesins con-
tain repetitive elements, which make them long and fibrous, but which might also
allow for easy recombination and thus evolution in the face of the host immune
system.

The physics section (Chapters 16 to 22) originally seemed the hardest to fill:
how should we identify methods useful in adhesion research, but infrequently used?
Discussions with colleagues and literature searches led us to authors on such diverse
methods as force measurements, electron microscopy, NMR, and optical tweez-
ers, as well as a chapter on how bacteria adhere to medical devices and how this
can be studied (Chapter 22). Moreover, the enthusiastic response of these authors
showed to us that indeed, there is a need for a forum to display the panel of technical
possibilities to the researchers who struggle with unsolved biological questions.

Now that the book is finished and out of our hands, we hope that it will achieve
our goals – that it will be of broad interest to researchers from different fields all
working on different aspects of bacterial adhesion. We hope it provides an advanced
but jargon-free introduction to the state of adhesion research in 2010, one that
will bring researchers together in new, exciting, and most importantly, interdisci-
plinary projects. The struggle for new therapies against bacterial infections is not
made easier by the “Red Queen Principle” – the fact that pathogens evolve and
adapt quickly in the face of new challenges (van Valen, 1973). We strongly believe
that only interdisciplinary research can tackle the growing problems of multidrug
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resistance, hospital-acquired infections, and other adhesion- and biofilm-related
topics in human health that require new drugs, disinfectants, or vaccines.

We thank all of our authors for their hard work and Thijs van Vlijmen of Springer
for being always available to answer our questions.

Tübingen Dirk Linke
Helsinki Adrian Goldman
November 2010
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Chapter 1
Adhesins of Human Pathogens
from the Genus Yersinia

Jack C. Leo and Mikael Skurnik

Abstract Bacteria of the Gram-negative genus Yersinia are environmentally
ubiquitous. Three species are of medical importance: the intestinal pathogens
Y. enterocolitica and Y. pseudotuberculosis, and the plague bacillus Y. pestis. The
two former species, spread by contaminated food or water, cause a range of gastroin-
testinal symptoms and, rarely, sepsis. On occasion, the primary infection is followed
by autoimmune sequelae such as reactive arthritis. Plague is a systemic disease with
high mortality. It is a zoonosis spread by fleas, or more rarely by droplets from indi-
viduals suffering from pneumonic plague. Y. pestis is one of the most virulent of
bacteria, and recent findings of antibiotic-resistant strains together with its potential
use as a bioweapon have increased interest in the species. In addition to being sig-
nificant pathogens in their own right, the yersiniae have been used as model systems
for a number of aspects of pathogenicity. This chapter reviews the molecular mech-
anisms of adhesion in yersiniae. The enteropathogenic species share three adhesins:
invasin, YadA and Ail. Invasin is the first adhesin required for enteric infection; it
binds to β1 integrins on microfold cells in the distal ileum, leading to the ingestion
of the bacteria and allows them to cross the intestinal epithelium. YadA is the major
adhesin in host tissues. It is a multifunctional protein, conferring adherence to cells
and extracellular matrix components, serum and phagocytosis resistance, and the
ability to autoagglutinate. Ail has a minor role in adhesion and serum resistance.
Y. pestis lacks both invasin and YadA, but expresses several other adhesins. These
include the pH 6 antigen and autotransporter adhesins. Also the plasminogen acti-
vator of Y. pestis can mediate adherence to host cells. Although the adhesins of the
pathogenic yersiniae have been studied extensively, their exact roles in the biology
of infection remain elusive.

J.C. Leo (B)
Institute of Biotechnology, Viikinkaari 1, University of Helsinki, FIN-00014 Helsinki, Finland
e-mail: jack.leo@helsinki.fi

1D. Linke, A. Goldman (eds.), Bacterial Adhesion, Advances in Experimental
Medicine and Biology 715, DOI 10.1007/978-94-007-0940-9_1,
C© Springer Science+Business Media B.V. 2011



2 J.C. Leo and M. Skurnik

1.1 Introduction

Plague is arguably the most notorious of all diseases. This calamitous affliction is
particularly virulent, and has shaped the course of history. It is estimated that the
Black Death of fourteenth century Europe wiped out approximately 30% of the
population (Perry and Fetherston, 1997). In 1894, Alexandre Yersin discovered the
causative agent of plague to be a Gram-negative bacillus. Later, this bacterium was
named Yersinia pestis in his honour. In addition to this infamous pathogen, two
other members of the genus, Y. enterocolitica and Y. pseudotuberculosis, are known
to cause human diseases.

Y. enterocolitica and Y. pseudotuberculosis cause food poisoning and are rela-
tively abundant in the environment. Plague is still endemic in several regions of
the world, including the Western USA and many regions in Africa, Asia and Latin
America. Between 1000 and 5000 cases of human plague have been reported to
the World Health Organisation per year, 100–200 leading to death, but a significant
number of cases probably go unreported. Worryingly, antibiotic-resistant stains of Y.
pestis have emerged, including some which are resistant to multiple drugs (Prentice
and Rahalison, 2007).

Thus, the genus Yersinia is a medically important one, being prevalent and
responsible for several human diseases. In addition, bacteria of the genus serve as
important model organisms for various aspects of pathogenicity, including adhesion,
invasion, immune evasion and effector protein delivery. This chapter gives a short
overview of the biology of the human pathogenic yersiniae, followed by a more
detailed discussion of the adhesins expressed by this family of bacteria.

1.2 The Human Pathogenic Yersiniae

1.2.1 Enteropathogenic Yersiniae

The yersiniae are facultative anaerobic Gram-negative pleiomorphic rods of the
family Enterobacteriaceae. The genus contains 15 recognised species, with envi-
ronmental, commensal and pathogenic representatives. Pathogenicity to humans
correlates with the presence of the Yersinia 70-kb virulence plasmid pYV, found
in disease-causing strains of Y. enterocolitica, Y. pseudotuberculosis and Y. pestis,
but absent from the other species.

The two most commonly encountered human pathogenic species are Y. ente-
rocolitica and Y. pseudotuberculosis. Like most other Yersinia species, both are
ubiquitously found in aquatic environments, soil, and animals. Infections caused
by both organisms have been reported worldwide. Although rather distantly related,
Y. enterocolitica and Y. pseudotuberculosis share a number of features.

Though regarded as a single species, Y. enterocolitica is heterogeneous and is
now considered to consist of two genetically distinguishable subspecies, Y. ente-
rocolitica subsp. enterocolitica and Y. enterocolitica subsp. palearctica (Neubauer
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et al., 2000). In addition, the species comprises 6 biogroups (1A, 1B, 2, 3, 4 and 5),
based on biochemical variability, which are further subdivided into approximately
60 serotypes (Bottone, 1997). Y. enterocolitica has been isolated from a number of
mammalian hosts, with swine being a significant reservoir for pathogenic strains of
this organism. Y. enterocolitica is responsible for the majority of human cases of
yersiniosis, and undercooked pork products have been implicated in a large number
of outbreaks (Bottone, 1997).

Y. pseudotuberculosis derives its name from the tuberculosis-like granulomatous
abscesses it causes in the spleen and liver of infected animals. A less common
human pathogen than Y. enterocolitica, Y. pseudotuberculosis is associated with
outbreaks from fresh produce like lettuce and carrots (Jalava et al., 2006). Y. pseu-
dotuberculosis infections are generally more severe than those of Y. enterocolitica,
and are more likely to require hospitalisation (Long et al., 2010). In addition to gas-
trointestinal infections, Y. pseudotuberculosis is implicated as the cause of Far East
scarlet-like fever and Kawasaki disease. The former mimics symptoms often seen in
scarlet fever caused by group A streptococci, including widespread scarlatinoid rash
and toxic shock syndrome (Eppinger et al., 2007). The latter is an inflammatory syn-
drome affecting the blood vessels, lymphatics, skin, mucous membranes and heart.
Though the aetiology of Kawasaki disease has not been established, epidemiologi-
cal data suggest Y. pseudotuberculosis as a possible agent in the development of the
syndrome (Vincent et al., 2007).

Infection by either organism follows a similar course. The bacteria are ingested
with contaminated food or water. The bacteria then traverse the gastrointestinal tract
until they reach the terminal ileum, where they cross the intestinal mucosa. Crossing
is facilitated by microfold (M) cells in the intestinal epithelium (Miller et al., 2007).
M cells are transcytotic epithelial cells associated with Peyer’s patches, the lym-
phoid follicles of the intestine. They function in sampling the luminal solution for
immunogenic substances, which are then transported by transcytosis to the under-
lying immune cells of the follicle. Yersiniae and several other enteropathogens,
including Salmonella and Shigella, can hijack this transport process to gain entry
to the submucosa.

Once in the follicle, yersinae replicate extracellularly. Growth of these bacteria
leads to destruction of the follicle (Autenrieth and Firsching, 1996). The bacte-
ria can then disseminate to the mesenteric lymph nodes. Usually the infection is
self-limiting, but in severe cases bacteria can spread to other organs (the liver,
spleen, kidneys and lungs), leading to systemic infection and bacteraemia. In addi-
tion to this infection route, it is probable that bacteria from a pool replicating in the
intestinal lumen can infect the liver and spleen by some other means, possibly by
disseminating through the hepatic portal vein (Barnes et al., 2006).

The symptoms of yersiniosis are varied. Cases range from mild gastroenteritis
and diarrhoea to pseudoappendicular syndrome (Bottone, 1997). Enterocolitis is a
typical manifestation of yersinioisis in young children, whereas terminal ileitis and
mesenteric lymphadenitis (the causes of pseudoappendicitis) are usual for adults.
Diarrhoea, occasionally bloody, is associated with most cases of Y. enterocolitica
infection but is less usual for Y. pseudotuberculosis. Sepsis is an uncommon result
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of yersiniosis. Primary infections by enteropathogenic yersiniae are infrequently
followed by sequelae such as reactive arthritis (inflammation of joints), erythema
nodosum (localised skin inflammation), iritis or glomerulonephritis (inflammation
of the kidney) (Bottone, 1997).

1.2.2 Yersinia pestis

Three major plague pandemics have blighted recorded human history (Perry and
Fetherston, 1997). The first, referred to as the Justinian plague, spread around the
Mediterranean in the sixth century AD. The most famous was the second pandemic,
the Black Death of Europe, which started in the fourteenth century and continued
intermittently for a further 300 years. Although there is some debate as to whether
Y. pestis was in fact the pathogen behind these historical pandemics, there is con-
siderable evidence linking the bacterium to the Black Death (Stenseth et al., 2008).
The third pandemic (“modern plague”) initiated in China in the mid-nineteenth cen-
tury and has since spread across the world to continue to the present, albeit at a low
incidence.

Y. pestis appears to have diverged from its parent species Y. pseudotuberculosis
within the last 20,000 years. In contrast, the Y. pseudotuberculosis and Y. entero-
colitica lineages diverged between approximately 150 and 200 million years ago
(Achtman et al., 1999). Y. pestis is thus very closely related to Y. pseudotuberculosis,
and in fact can be considered a pathovar of this species. However, due to its histor-
ical importance and public health considerations Y. pestis has not been reclassified
as belonging to its parent species.

Y. pestis is one of the most virulent organisms known. It is highly invasive and
proliferates rapidly in host tissues. Like its enteropathogenic relatives, Y. pestis repli-
cates extracellularly and the first sites for replication are within lymphatic tissues,
normally lymph nodes. However, Y. pestis is also able to survive and replicate within
macrophages (Prentice and Rahalison, 2007). The swift replication of plague bacilli
in lymph nodes quickly leads to their spread into the blood stream resulting in mas-
sive bacteraemia (∼108 bacteria/ml blood). The mortality of plague is staggering;
untreated, the disease is fatal in 40–70% of cases (Stenseth et al., 2008).

Plague is a zoonosis. The primary hosts for Y. pestis are rodents. Fleas, usually
of the genus Xenopsylla, act as the vector transporting the pathogen from host to
host. This form of plague (sylvatic plague) is endemic to many regions of the world
(Perry and Fetherston, 1997). However, in inhabited areas of poor hygiene where
rodents, particularly rats, and humans interact, the disease can be transmitted to
humans (urban plague). Xenopsylla fleas will take blood meals from humans, and
so the disease can spread from rodent to human or human to human aided by the
flea vector.

When a flea takes a blood meal from a host infected with Y. pestis it ingests a
significant number of bacteria. Once inside the flea, Y. pestis adheres to the spines
of the proventriculus, a compartment at the beginning of the digestive tract, and
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forms a biofilm that obstructs the gut of the flea. This has two effects: firstly, the
flea is no longer able to digest blood meals and therefore begins to starve. This
leads to increased frequency of feeding. Secondly, ingested blood washes up against
the blocking biofilm, releasing Y. pestis cells that then enter the host as the flea
regurgitates some of its blood meal. The inoculum of Y. pestis cells required to
initiate the disease is very low, less than 10 cells (Hinnebusch, 2005).

From the primary site of infiltration, i.e. the flea bite, Y. pestis travels to regional
lymph nodes, probably inside macrophages. In the lymph nodes, the bacteria escape
the macrophages and begin to replicate extracellularly, resisting further phagocyto-
sis. The fast, prodigious reproduction of bacteria leads to a greatly swollen lymph
nodes, called “buboes”. These are of course where the bubonic form of plague
gets its name. The proliferation of Y. pestis generally leads to destruction of the
lymph node and escape of the bacteria into the blood stream (septicaemic plague).
The bacilli can now colonise numerous organs, particularly the liver and spleen,
but on occasion also colonising the lungs (secondary pneumonic plague). This is a
very serious condition, for not only is it almost invariably fatal but also allows the
spread of Y. pestis by aerosols (Perry and Fetherston, 1997). Y. pestis disseminated
in this manner can directly infect the lungs when contaminated aerosols are inhaled,
leading to primary pneumonic plague.

1.3 Adhesins of Human Pathogenic Yersiniae

Y. enterocolitica and Y. pseudotuberculosis are facultative intracellular pathogens.
Their primarily extracellular lifestyle necessitates factors that promote survival in
host tissues: serum resistance, immune evasion, iron uptake, and adhesion. Both
species elaborate at least three adhesins involved in virulence. All three are mul-
tifunctional proteins; in addition to adhesive activity they display other properties
such as promoting cell invasion and serum resistance.

1.3.1 Invasin

The first adhesin required in the infection process is invasin (Inv). The chromoso-
mally encoded inv gene is expressed optimally at +26◦C, or under acidic conditions
at +37◦C, and so the protein is thought to be present in the bacteria when they reach
the small intestine, allowing them to be primed for adhesion (Grassl et al., 2003).
Inv binds to several cell types, including epithelial cells and platelets (Simonet et al.,
1992)

Invasin is an outer membrane protein, related to intimin of enterohaemorrhagic
Escherichia coli. The prepeptide consists of an N-terminal signal peptide fol-
lowed by the transmembrane β-barrel domain. The extracellular C-terminal region
is a rod-like structure formed of 3–4 all-β domains (D1-D4) belonging to the
immunoglobulin fold superfamily (Fig. 1.1). The distal domain (D5) has a C-type
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Fig. 1.1 Structure of the extracellular region of Y. pseudotuberculosis invasin. The crystal struc-
ture of Inv (PDB 1CWV) shows an elongated, rod-like formation. Domains D1-5 are indicated.
D1-4 have an immunoglobulin-like fold, whereas D5 displays a C-type lectin fold. D4-5 are suf-
ficient for tight binding to β1 integrins. The two aspartate residues important for adhesion are
highlighted in space-filling representation (Asp811 in white and Asp911 in black). D2 (not present
in Y. enterocolitica Inv) is a self-association domain

lectin fold (Hamburger et al., 1999). The difference between the Inv proteins from
Y. enterocolitica and Y. pseudotuberculosis is the presence of the D2 domain in the
latter, lacking in the former.

Inv binds directly to β1 integrins, which are found on the apical surface of M cells
(Grassl et al., 2003). Invasin is thus required for the initial steps of host colonisation
and penetration of the intestinal epithelium. D4 and D5 domains are sufficient for
tight binding to the integrin. Inv binds to α5β1 integrin with 100-fold higher affinity
than its natural ligand, fibronectin. D4 and D5 form a rigid, fibronectin-like struc-
ture. Two asparagine residues, Asp911 and Asp811 (according to the numbering in
the Y. pseudotuberculosis protein) are important for binding, with the former being
more critical (Grassl et al., 2003). These are thought to form sites similar to the
Arg-Gly-Asp motifs found in fibronectin.

The Inv-mediated binding to the integrin receptors normally results in internalisa-
tion of the bacteria. This requires that the density of Inv molecules on the cell surface
be high. Binding and recruiting of receptors results in β1 integrin clustering, which
in turn leads to cell signalling events and the formation of adhesion foci containing
e.g. phosphorylated Fac and Src proteins (Grassl et al., 2003). The subsequent rear-
rangement of the actin cytoskeleton triggers the internalisation of Inv-expressing
bacteria (or Inv-coated beads) by a zipper mechanism. The D2 domain, present
in the Y. pseudotuberculosis protein, is a self-association domain and enhances
the effect of Inv-initiated integrin clustering (Grassl et al., 2003). In addition to
cytoskeletal rearrangements, Inv-mediated signalling elicits the secretion of proin-
flammatory cytokines such as interleukin (IL)-1 and IL-8. Signalling events initiated
by Inv-mediated integrin clustering result in the activation of the transcription factor
NF-κB and upregulation of cytokine genes (Grassl et al., 2003).

1.3.2 YadA

After crossing the intestinal epithelium, the major adhesin of both enteropathogenic
yersiniae is the Yersinia adhesin YadA, previously known as Yop1. In contrast to
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Fig. 1.2 Expression and structure of YadA. Electon micrographs of YadA-expressing Y. enteroco-
litica grown at +37◦C (panel A) and a pYV-cured isogenic control (panel B). YadA is expressed
at high density on the cell surface and forms a “quasi-periplasmic space” between the outer mem-
brane and the distal head domains. A model for the structure of YadA (from Y. enterocolitica
serotype O:8) (panel C). The model (Koretke et al., 2006) shows a lollipop-like organistion, with
the globular head followed by an extended coiled-coil stalk and finally a 12-stranded β-barrel mem-
brane anchor. The three chains of YadA are coloured differently. Panels A and B are reprinted by
permission from Macmillan Publishers Ltd: EMBO J, Hoiczyk et al. (2000)

Inv, YadA is encoded by the virulence plasmid pYV and expressed only at +37◦C.
Under these conditions, it is present at very high levels, virtually coating the entire
outer surface of the cell (Hoiczyk et al., 2000) (Fig. 1.2a). YadA is an obligate
homotrimeric protein, and belongs to the trimeric autotransporter adhesin family.
The protein is shaped like a lollipop (Fig. 1.2b), with its globular head extended
from the cell surface by a coiled-coil stalk (the structure and biogenesis of YadA are
discussed in more detail in Chapter 9).

YadA has multiple functions. As an adhesin, its primary targets are the large pro-
teins of the extracellular matrix (ECM): collagen, fibronectin and laminin (El Tahir
and Skurnik, 2001). The preferred ligand for YadA from Y. enterocolitica is col-
lagen. YadA binds to wide range of fibrillar collagens (e.g. types I, II, III and V)
and to the network-forming collagen type IV (El Tahir and Skurnik, 2001). This
binding is promiscuous: collagens do not contain a specific binding sequence for
YadA; rather, YadA recognises and binds to the triple-helical structure of collagen.
Although YadA has no specific target sequence, it binds most tightly to regions rich
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in 4-hydroxyproline (an amino acid abundant in collagens) and with a low net charge
(Leo et al., 2010). The affinity of YadA for triple-helical peptides with repeats of the
triplet proline-hydroxyproline-glycine is of the same order as its affinity for colla-
gen type I, approximately 0.3 μM (Leo et al., 2008). The high density of YadA on
the bacterial cell surface confers an avidity effect on this interaction, where multiple
YadA molecules bind to the same collagen fibril, thus conferring a tighter overall
adhesion for yersiniae to collagenous substrata. Indeed, the YadA-collagen interac-
tion is a very stable one, resisting extremes of heat and pH. The collagen-binding
activity of YadA is further associated with reactive arthritis. In a rat model, YadA
was required for eliciting reactive arthritis. Bacteria expressing a deletion mutant
of YadA lacking the collagen-binding activity were significantly less arthritogenic
than wild type bacteria (El Tahir and Skurnik, 2001).

In contrast, Y. pseudotuberculosis YadA binds preferentially to fibronectin (Heise
and Dersch, 2006). This change in specificity is apparently due to a 30-amino-acid
extension at the N-terminus of the protein, whereas the rest of the protein sequence is
highly similar between the two species. The YadA binding site(s) in fibronectin have
not been determined, but the binding is independent of the Arg-Gly-Asp motifs (El
Tahir and Skurnik, 2001). The collagen-binding activity of YadA in Y. enterocolitica
is an absolute requirement for pathogenicity; however, YadA is not required for
virulence in Y. pseudotuberculosis (El Tahir and Skurnik, 2001).

In addition to binding to the ECM, YadA mediates adhesion to a number of cell
types, including epithelial cells and macrophages, and further acts as a haemagglu-
tinin (El Tahir and Skurnik, 2001). Y. pseudotuberculosis YadA promotes invasion
of epithelial cells and can substitute for this activity of Inv. The receptors for YadA
on the epithelial cell surface also appear to be β1 integrins. However, unlike Inv,
YadA does not bind directly to the integrin but through a bridging ECM molecule
(Eitel and Dersch, 2002). This binding triggers intracellular signalling cascades
that lead to actin cytoskeleton rearrangements and IL-8 production, similarly to
Inv (Eitel et al., 2005). The Y. enterocolitica YadA is not as efficient an invasin as
Y. pseudotuberculosis YadA (Heise and Dersch, 2006).

YadA also has affinity for itself. One of its functions is to act as an autoagglu-
tinin, which causes flocculation of the bacteria (El Tahir and Skurnik, 2001). This
activity is mediated by head domains, which apparently interact in an antiparallel,
zipper-like arrangement to induce autoagglutination (Hoiczyk et al., 2000). YadA
also induces the formation of densely packed microcolonies of Y. enterocolitica,
reminiscent of the microabscesses found in infected tissues, when grown in a three-
dimensional collagen gel (Freund et al., 2008). Interestingly, this phenotype was not
dependent on the collagen-binding activity of YadA.

A final adhesive activity of YadA is to bind to intestinal mucus. Y. enterocolitica
binds to mucus, mucin and brush border vesicles from rabbits, and this binding
correlates strongly with the expression of YadA. YadA appears to primarily interact
with the carbohydrate moiety of mucin (Mantle and Husar, 1994).

As extracellular bacteria, yersiniae must survive the barrage of both innate and
adaptive host immune responses. Yersiniae are serum resistant, i.e. they are able to
tolerate the usually bacteriocidal effects of complement. The major player in serum
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resistance of Y. enterocolitica is, again, YadA. The dense YadA layer covering the
cell may in itself present a physical barrier that prevents opsonisation and membrane
attack complex formation. In addition, YadA binds to serum factors that regulate the
activity of complement. Serum factor H regulates the alternative complement path-
way by promoting the cleavage of C3b to the inactive iC3b. YadA binds factor H and
thus protects the bacterium from the alternative pathway of complement (Biedzka-
Sarek et al., 2008a, b). In addition, YadA can recruit C4 binding protein, which
is a negative regulator of the classical pathway (Kirjavainen et al., 2008). Thus,
YadA plays a pivotal role in protecting yersiniae against the classical and alternative
branches of complement. Furthermore, YadA mediates resistance to antimicrobial
peptides produced by granulocytes (Visser et al., 1996).

In addition to its other functions, YadA also has antiphagocytic properties. The
autoagglutination and densely packed microcolony formation mediated by YadA
probably contribute to phagocytosis resistance (Skurnik et al., 1994; Freund et al.,
2008). Additionally, YadA probably acts as a docking system: YadA binds via its
N-terminus to professional phagocytes allowing the injectisome of the type III secre-
tion system to come into contact with the target cell plasma membrane and deliver
antiphagocytic effector proteins into the target cell’s cytoplasm (Visser et al., 1995).
This is supported by the finding that the length of the YadA stalk correlates with the
length of the injectisome needle: an artificially shortened injectisome was unable to
deliver effectors into target cells, but simultaneous shortening the YadA stalk res-
cued the secretion of effectors. Conversely, a needle of normal length no longer
functioned when co-expressed with a longer version of YadA, but an abnormally
long needle did (Mota et al., 2005). These data demonstrate that the injectisome
must be positioned at a specific distance from other Yersinia cell surface structures
in order to contact the host cell membrane and suggest that the injectisome has
coevolved with other components, most notably YadA.

1.3.3 Ail

The third virulence-associated adhesin from enteropathogenic yersiniae is Ail (for
attachment and invasion locus). This chromosomally encoded protein is, like YadA,
expressed at +37◦C under aerobic conditions (Pierson and Falkow, 1993). It is a
small (17 kDa) outer membrane with an eight-stranded β-barrel fold. Like Inv, Ail
also mediates epithelial cell binding and invasion, but only certain cell lines are
targets for Ail, possibly reflecting the presence of receptors for Ail only in certain
cell types (Miller and Falkow, 1988). As a small protein, Ail is usually masked by
the O-antigen chains of lipopolysaccharide (LPS) and therefore only plays a minor
role in pathogenesis in vivo (Wachtel and Miller, 1995).

Ail also plays a small but detectable role in serum resistance. Though usu-
ally masked by the LPS O-antigen, Ail confers serum resistance to mutant Y.
enterocolitica strains lacking the O-antigen chain and outer core oligosaccharide
(Biedzka-Sarek et al., 2005). Like YadA, Ail binds to factor H and C4 binding pro-
tein. Serum resistance in yersiniae is thus multifactorial, and is dependent on two
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outer membrane proteins, YadA and Ail. The expression of O-antigen is temperature
regulated in yersiniae, with more rough LPS (i.e. lacking the O-antigen chain) being
expressed at +37◦C (Skurnik and Bengoechea, 2003). The reduction in O-antigen
expression +37◦C could expose Ail, allowing it to bind the complement-regulatory
factors H and C4 binding protein (Biedzka-Sarek et al., 2005).

1.3.4 Adhesins of Y. pestis

The highly virulent Y. pestis has adapted to a significantly different lifestyle and
mode of infection than its enteropathogenic cousins. Due to the close relation-
ship between Y. pestis and Y. pseudotuberculosis and the availability of genomic
sequences, the genetic differences presumably leading to the increased virulence
of Y. pestis have been identified (Chain et al., 2004). Surprisingly, Y. pestis has
undergone significant gene loss; the Y. pestis genome contains approximately 200
pseudogenes, corresponding to ∼5% of open reading frames (Chain et al., 2004).
Inactivated genes include those coding for the adhesins Inv and YadA. The inacti-
vation of the former is due to the insertion of a transposable IS200 element in the
inv gene, whereas a single base-pair deletion causes a frame shift in the yadA gene,
rendering it a pseudogene (Rosqvist et al., 1988; Simonet et al., 1996). The loss of
these and other genes may reflect changes in lifestyle: as Y. pestis no longer needs
to traverse the gastrointestinal tract for infection, factors promoting invasion of the
intestinal epithelium are no longer needed, so the activity of these loci is not under
selection.

Much speculation has centred around the loss of YadA and its effect on Y. pestis
virulence; it has been hypothesised that expression of this adhesin would inhibit
the dissemination of the bacterium from primary infection sites. Heterologous
expression of YadA in Y. pestis resulted in a mild decrease in virulence (Rosqvist
et al., 1988). However, a recent study identified two chromosomal yadA-like genes,
yadBC, both of which are expressed in Y. pestis and mediate epithelial cell invasion
and have a role in virulence of bubonic plague (Forman et al., 2008). These genes
are also present in Y. pseudotuberculosis, which – if they can substitute for some of
the activities of YadA – may explain why this protein is not essential for virulence in
either organism. In addition, Y. pestis expresses several other proteins with adhesive
activity.

An important virulence factor of Y. pestis is plasminogen activator (Pla), which is
encoded by a small (9.5 kb) plasmid called pPla (also pPCP1 or pPst). Pla is an outer
membrane protease of the omptin family (Haiko et al., 2009) (Fig. 1.3). It activates
host plasminogen, leading to the dissolution of fibrin clots, activation of matrix met-
alloproteases and degradation of the ECM. Pla is required for dissemination of Y.
pestis from intradermal infection sites to lymph nodes, consistent with its activity
as a “bulldozer” that allows the bacteria to clear a path from subcutaneous tissues to
lymph vessels. In addition, Pla can cleave the complement factor C3, though it is not
critical for the serum resistance of Y. pestis (Haiko et al., 2009). Pla also functions
as an adhesin, mediating attachment to laminin and host cells. Though not needed
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Fig. 1.3 Structure of Y. pestis
plasminogen activator. The
crystal structure of Pla
(2X55) shows a narrow
10-stranded β-barrel with an
elliptical cross-section. Five
loops extend into the
extracellular space. Catalytic
residues conserved in the
omptin family are depicted in
red. In addition, the presumed
nucleophilic water involved
in catalysis is shown in space
filling representation and
coloured blue. The residues
involved in LPS binding,
which is important for Pla
activity, are shown in green
(Eren et al., 2010)

for septicaemic plague, Pla is required for the development of pneumonic plague
(Lathem et al., 2007).

A chromosomally encoded virulence-related adhesin of Y. pestis is the pH 6 anti-
gen. This fimbrial structure is the product of the psa locus and is expressed at low pH
and mammalian body temperature. pH 6 antigen acts as a haemagglutinin and binds
to cultured cells and β1-linked galactosyl residues in glycosphingolipids (Payne
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et al., 1998). It also enhances phagocytosis resistance in a Yop-independent man-
ner (Huang and Lindler, 2004). pH 6 antigen is possibly induced by the low pH
in phagolysosomes of macrophages, and consequently protects the bacteria from
later phagocytosis once they have escaped from the first macrophage. In addition
to these functions, it has been reported to bind both low-density lipoprotein and
human IgG Fc to protect against immunological recognition (Zav’yalov et al., 1996;
Makoveichuk et al., 2003). The pH 6 antigen is also present in both Y. pseudotuber-
culosis and Y. enterocolitica (where it is called mucoid factor or Myf), but its role
has not been studied extensively in the pathogenesis of these organisms. However,
pH 6 antigen appears to mediate thermoinducible adhesion of Y. pseudotuberculosis
to cultured cells (Yang et al., 1996).

Interestingly, possibly because Y. pestis produces constitutively rough LPS lack-
ing the O-antigen, Ail (also known as OmpX) seems to have a more pronounced
role in serum resistance and adhesion in Y. pestis (Bartra et al., 2008). Similarly,
also the function of Pla appears to be blocked by O-antigen (Kukkonen et al., 2004).
In Y. pestis, Ail substitutes for YadA in docking onto cells to allow Yop delivery,
and this binding is dependent on fibronectin (Tsang et al., 2010). Ail also promotes
cell invasion, and full activity of this protein is dependent on an intact LPS core
structure (Kolodziejek et al., 2010).

In addition to Pla, pH 6 antigen, Ail and YadBC, chromosomal sequencing has
identified numerous putative adhesins in Y. pestis. These include 10 classical auto-
totransporter adhesins (Yen et al., 2007), two of which, YapC and YapE, have been
studied in more detail. Recently, YapE has been shown to have a role in Y. pestis
virulence. It mediates attachment to epithelial cells and promotes autoagglutination
(Lawrenz et al., 2009). YapC also mediates host cell binding, autoagglutination and
the formation of biofilm, but its effect on pathogenicity remains untested (Felek
et al., 2008).

1.4 Conclusions

The human pathogenic yersiniae are group of highly adept, facultative intracellu-
lar pathogens. The diseases they cause range from mild gastroenteritis to more
severe symptoms, such as terminal ileitis and mesenteric lymphadenitis, or even
septicaemia. At the extreme end of this spectrum are the lethal symptoms of plague.

The virulence of all three species is heavily dependent on surface-expressed
adhesins. These are multifunctional proteins, mediating attachment to cells and the
ECM, but also stimulating cell invasion, conferring serum resistance, or in the case
of Pla acting as a protease to promote bacterial metastasis. Although we now have a
fairly detailed understanding of molecular mechanisms for many of these phenom-
ena, the exact roles of the various adhesins in vivo remain unclear, partly due to
overlapping functions and the complexity of interactions with the host. Much work
still needs to be performed to clarify the contribution of these adhesins to the biology
of yersiniosis.
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Chapter 2
Adhesive Mechanisms of Salmonella enterica

Carolin Wagner and Michael Hensel

Abstract Salmonella enterica is an invasive, facultative intracellular pathogen of
animal and man with the ability to colonize various niches in diverse host organisms.
The pathogenesis of infections by S. enterica requires adhesion to various host cell
surfaces, and a large number of adhesive structures can be found. Depending on the
serotype of S. enterica, gene clusters for more than 10 different fimbrial adhesins
were identified, with type I fimbriae such as Fim, Lpf (long polar fimbriae), Tafi
(thin aggregative fimbriae) or the type IV pili of serotype Typhi. In addition, auto-
transporter adhesins such as ShdA, MisL and SadA and the type I secreted large
repetitive adhesins SiiE and BapA have been identified. Although the functions of
many of the various adhesins are not well understood, recent studies show the spe-
cific structural and functional properties of Salmonella adhesins and how they act in
concert with other virulence determinants. In this chapter, we describe the molec-
ular characteristics of Salmonella adhesins and link these features to their multiple
functions in infection biology.

2.1 Introduction

Some bacterial pathogens are equipped with a wealth of adhesive structures. One
remarkable example is Salmonella enterica, a frequent gastrointestinal pathogen.
Although a close relative of the commensal enterobacterial species Escherichia coli,
S. enterica possesses a large number of virulence factors that confer an invasive, fac-
ultative intracellular lifestyle to this pathogen. These virulence traits mainly depend
on the injection of toxin-like proteins into eukaryotic target cells. Prior to these
manipulations of host cells, various Salmonella serovars deploy an astonishingly
large number of adhesive structures that belong to the various classes of fimbrial and
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non-fimbrial adhesins. In this chapter, we will describe the molecular and functional
properties of Salmonella adhesins and link these features to their role in infection
biology.

2.2 Pathogenesis of Infections with Salmonella enterica

Salmonella enterica causes food-borne infections of animals and man. The pathogen
is primarily transmitted through contaminated food and water, including poultry,
egg, meat, fish and also vegetables or fruits. Infections lead to diseases that can
cause severe health problems, mainly in developing countries or in patients with
compromised immune status, such as children, elderly people or HIV patients. In
addition, the presence of Salmonella in livestock animals is known to have a seri-
ous impact on economy. Diseases caused by Salmonella lead to different outcomes,
depending on the serotype encountered and the immune status of the host. While the
serovars Typhimurium or Enteritidis cause self-limiting gastroenteritis in humans,
infections with serovars Typhi or Paratyphi lead to typhoid fever, a severe systemic
disease.

After ingestion, successful passage through the stomach and entering the gut,
Salmonella has to counterbalance the intestinal peristalsis and to ensure its adhesion
for the colonisation of the gut. Adhesion to host tissues is a crucial step during
pathogenesis: the first tight contact between host and microbe is a prerequisite for
triggering distinct processes like biofilm formation or protein translocation that may
be followed by entry into the host cell and later systemic dissemination. Salmonella
has evolved various strategies to initiate adhesion and host serovars have adapted a
characteristic combination of different adhesion systems. The description of diverse
adhesion systems is the scope of the following sections. A detailed understanding
of the molecular basis for each adhesion system is required in order to develop new
strategies for treatment and for prevention of severe disease outcomes.

2.3 Atypical Adhesive Structures in Salmonella

The various adhesion systems present in S. enterica have been organised into dif-
ferent categories. Fimbrial and non-fimbrial adhesins are the two major groups of
adhesive structures; they differ according to their assembly pathways (Soto and
Hultgren, 1999) as will be discussed in detail in Sections 2.4 and 2.5, respectively.
Additionally, several surface structures of Salmonella, whose main functions are
primarily not involved in adhesion, also contribute in part to the attachment and
colonisation of host tissues.

One of these surface structures is the flagellum, a long polymeric protein
appendage necessary for bacterial motility. Furthermore, flagella are involved in
chemotaxis and other forms of directed movement, induction of immune responses
and inflammation and they contribute to attachment to and colonisation of both



2 Salmonella Adhesins 19

mucosal tissues (reviewed in Ramos et al., 2004) and gall bladders in chronically
infected carriers. A transposon mutagenesis study recently revealed that mutations
in structural and assembly genes of flagella impaired the ability of the mutants to
adhere to cholesterol-coated surfaces. Among these, FliC, the conserved and major
subunit of flagella, was suggested to be the critical component. The attachment via
FliC to cholesterol might be an initial step for Salmonella to colonize and form
biofilms on human gall stones (Crawford et al., 2010).

A system assembled similarly to the flagellar system is the type III secretion
system (T3SS). Once adhered, Salmonella employs the Salmonella pathogenicity
island (SPI) 1-encoded T3SS to translocate effector proteins through a needle-like
structure into the host cell leading to uptake of Salmonella. It has recently been
shown that a complex consisting of 3 translocon proteins (SipB, SipC and SipD) is
required to mediate intimate attachment of the bacterium to epithelial cells. Thus,
the T3SS provides its own attachment system to translocate effector proteins into
the host cell (Lara-Tejero and Galan, 2009).

In contrast to the T3SS and flagella, there is no specific attachment factor known
for lipopolysaccharide (LPS). The adhesive effect of the cell wall component LPS
is rather attributed to its amphiphilic character. LPS is composed of a central
hydrophobic glycolipid (Lipid A) and a hydrophilic core polysaccharide and vari-
able O-antigen side chains. LPS is an essential component of the outer membrane
that protects the bacterium against defensins and other antimicrobial factors, but
can also act as endotoxin that triggers a life-threatening condition in patients known
septic shock. It has been shown that the entire LPS molecule is required for colonisa-
tion of host tissue; and Nevola and co-workers (1985) showed that an LPS-deficient
strain was outcompeted by a wild-type strain in a mouse colonisation experiment.

2.4 Fimbrial Adhesins

The group of fimbrial adhesins comprises most of the annotated Salmonella
adhesins. Fimbriae are proteinaceous surface appendages that appear in sev-
eral copies per cell. Fimbrial adhesins are assembled by different systems: the
chaperone-usher pathway, the extracellular nucleation pathway and a special system
for type IV pili, which is similar to the type II secretion system. Some representa-
tive electron microscopy images of type I fimbriae, type IVB pili in S. enterica
serovar Typhi, long polar fimbriae (Lpf) and thin aggregative fimbriae (Tafi) can be
found in Korhonen et al. (1980), Tam et al. (2006), Bäumler and Heffron (1995) and
Sukupolvi et al. (1997), respectively.

2.4.1 Chaperone-Usher Assembled Fimbrial Adhesins

Fimbriae assembled by the chaperone-usher pathway (CUP) have been studied in
great detail. Fimbrial subunits are directed to the periplasm through the general
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secretion pathway (GSP) via an N-terminal secretion sequence that is cleaved off
during transport. In the periplasm, interaction with specific chaperones prevents the
premature assembly of fimbrial subunits and rapid degradation by proteases. The
chaperones also direct fimbrial subunits to the usher, which is composed of integral
outer membrane proteins that coordinate the assembly of the fimbriae. On the tip
of the completed fimbriae, the distal subunit contains the receptor-binding site that
interacts with its host receptor.

According to genomic analysis of various S. enterica serovars, there exist at least
15 operons predicted to encode fimbrial adhesins. Each serovar is characterised by a
distinct combination of fimbriae that act synergistically (summarized in Townsend
et al., 2001; van der Velden et al., 1998). The varying distribution of fimbrial oper-
ons is likely to reflect the adaptation of the various serovars to different niches.
However, the identification and functional characterisation of fimbrial adhesins is
challenging, since many of the putative fimbrial operons are not expressed under
laboratory conditions (Humphries et al., 2003). As an experimental approach, the
function of fimbriae that are not synthesised in vitro may be analysed after het-
erologous expression in E. coli strains using flow cytometry or electron microscopy
as has been shown for the stc fimbrial operon (Humphries et al., 2003). Further,
the observation that antibodies against specific fimbrial antigens could be detected
in the sera of mice or other species after infection with Salmonella indicated that
most of these fimbriae are expressed in vivo (Humphries et al., 2005; Nicholson
and Bäumler, 2001). The function of some of the fimbrial adhesins has already been
proven in vivo. Apart from their role in attachment of the bacterium to host cell,
studies involving competitive infection experiments have revealed the contribution
of fimbriae to long-term colonisation in mice (Weening et al., 2005) and to biofilm
formation (Ledeboer et al., 2006).

The function of these fimbrial adhesins is primarily achieved through binding to
a specific receptor on the host cell. In general, the nature of these receptors may
be a distinct membrane protein, sugar residues or lipid structures. However, all fim-
brial adhesins characterised so far in Salmonella exhibit lectin-like functions. StdA
binds to α(1–2)fucosylated receptors (Chessa et al., 2009), PefA binds to the LewisX
blood group antigen (Chessa et al., 2008) and the best-studied fimbrial adhesin
FimH, which is encoded by the fim operon, is highly specific for mannose residues.
Fim is the only fimbrial adhesin that is synthesised in static culture in laboratory
media and is present in all serovars tested (Humphries et al., 2003; Townsend et al.,
2001). Fim fimbriae are members of the type 1 fimbriae family, which are char-
acterised by mannose-sensitive hemagglutination and mannose-sensitive binding to
host cells (Duguid, 1959). Type 1 fimbriae have a diameter of 6 nm and an aver-
age length of 1 μm (Korhonen et al., 1980). FimA, the major structural subunit,
forms the fimbrial shaft whose impact on host tropism is still controversial (Guo
et al., 2009; Thankavel et al., 1999). FimH, which represents the tip of the fim-
briae, is responsible for the varying binding properties on the host cell. Whereas
FimH of E. coli preferentially binds to bladder epithelial cells, FimH of Salmonella
binds to enterocytes (Thankavel et al., 1999). Besides its lectin-like function, FimH
was assumed to bind to glycoprotein-2, expressed on M cells (Hase et al., 2009).
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Although there are only minor differences in the sequences of FimH variants, the
binding pattern differs in different Salmonella serovars and strains (Hancox et al.,
1997). These allelic variations partly account for the diverse host tropisms of the
serovars.

As the fimbriae of avian-specific serovars S. Gallinarum and S. Pullorum have
long been thought to represent a “non-adhesive” variant of type 1 fimbriae, they
are often designated as type 2 fimbriae (Crichton et al., 1989). Compared to
S. Typhimurium, there are minor amino acid replacements in FimH of S. Gallinarum
and S. Pullorum that render the fimbriae unable to bind to mannose or to murine
and human cell lines (Guo et al., 2009; Kisiela et al., 2005). However, it has been
shown recently that type 2 fimbriae of S. Gallinarum exhibited binding to chicken
leukocytes. This interaction was mannose-resistant, suggesting a different receptor
in avian host tissues and accounts in part for the avian-specific host adaption of
those serovars (Guo et al., 2009).

These variations in binding specificities of FimH are not restricted to vari-
ous serovars. Instead, even the FimH derivatives of strains of the same serovar
can exhibit differences in binding profiles. In S. Typhimurium, there exist “high-
adhesive” and “low-adhesive” variants of FimH (Boddicker et al., 2002; Guo et al.,
2009). The high-adhesive forms show a higher affinity to human epithelial cells than
the low-adhesive form of FimH (Boddicker et al., 2002). The low-adhesive variant
of FimH of S. Typhimurium shows the same characteristics as that of S. Enteritidis.
Further, both low-adhesive variants are mannose-sensitive and bind not only to
human colonic cell lines, but also to human bladder cells, known so far only as
the target of E. coli FimH (Kisiela et al., 2006). In contrast to low-adhesive FimH,
high-adhesive FimH seems to be able to discriminate between these cell types.

Other fimbrial adhesins in S. enterica serovar Typhimurium are Bcf, Saf, Stb, Stc,
Stf, Sth, Sti and Stj. Specific for serovar Enteritidis are the Sef fimbriae, while Stg
fimbriae were detected in serovar Typhi. Our knowledge of these family members
is still however rather sparse.

2.4.2 Long Polar Fimbriae

The gene cluster for the long polar fimbriae (Lpf) has been initially identified as a
region present in S. enterica serovar Typhimurium, Enteritidis and others but absent
in S. Typhi or E. coli. Expression of the genes in E. coli resulted in the formation of
long appendages at the cell poles similar to type IV fimbriae (Bäumler and Heffron,
1995). These researchers subsequently reported that Lpf played a role in the adhe-
sion of S. Typhimurium to cells of the Peyer’s patches (Bäumler et al., 1996). Peyer’
patches are aggregates of lymphoid follicles and part of the gut-associated lym-
phatic tissue. As Peyer’s patches are considered as sites of entry for Salmonella
infections, this could be important for the disease outcome of S. Typhimurium infec-
tion. Indeed, additive effects of the adhesins Lpf, Fim, Pef and Agf in colonisation
of the intestine and systemic virulence after oral infection of mice were observed
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(van der Velden et al., 1998). Phase variation between on-/off-states was observed
during infection of mice with S. Typhimurium, which allowed the colonising bac-
teria to evade the immune system (Norris et al., 1998) and to avoid cross-immunity
between various S. enterica serovars with different O-antigens but a similar Lpf
antigenic structure (Norris and Bäumler, 1999).

2.4.3 Thin Aggregative Fimbriae: Assembly Through
the Nucleation-Precipitation Pathway

Fimbrial adhesins with morphology distinct from the fimbrial adhesins described
above are designated as “thin aggregative fimbriae” (Tafi). These structures are
assembled via a unique assembly pathway, the nucleation-precipitation pathway.
Tafi are fimbrial adhesins with a diameter of 3–4 nm and lead to auto-aggregation
of Salmonella, biofilm formation and adhesion to various surfaces (Collinson et al.,
1993, 1991). In Salmonella, Tafi are encoded by two operons, agfDEFG and agfBA.
AgfD is the transcriptional regulator, AgfBA the fimbrial subunits and AgfEFG
mediate assembly of the fimbriae are part of the assembly system in the outer
membrane (Barnhart and Chapman, 2006; Römling et al., 1998a). The homologues
of Tafi in E. coli are called Curli and are encoded by the operons csgDEFG and
csgBA (Barnhart and Chapman, 2006; Collinson et al., 1991; Olsen et al., 1989;
Römling et al., 1998a). CsgA and AgfA, which are the major aggregative subunit in
E. coli and S. Typhimurium, respectively, share a 74% identity in their polypeptide
sequence and also exhibit similar functions (Collinson, 1996; Hammar et al., 1996).
Tafi and Curli are expressed and assembled in response to nutrient limitation, low
osmolarity and low temperature (Gerstel and Römling, 2001; Olsen et al., 1989;
Römling et al., 1998b).

Tafi and Curli are known to be assembled via the nucleation-precipitation path-
way and have been studied in great detail in E. coli (Hammar et al., 1996). The
subunits encoded by the csgBA operon are transported into the periplasm via the
general secretion pathway, while CsgD regulates the transcription of csgBA. CsgG is
an outer membrane lipoprotein required for the secretion of CsgA and CsgB across
the outer membrane and interacts with CsgE (reviewed in Barnhart and Chapman,
2006). For the assembly of the fimbriae, the nucleator CsgB polymerises secreted
CsgA (curlin) on the outside of the bacterial cell. Furthermore, there is also evidence
for interbacterial complementation; secreted CsgA from one cell can be polymerised
on CsgB of a neighbouring cell (Hammar et al., 1996). In Salmonella it has been
shown that interbacterial complementation only occurs in the absence of LPS, sug-
gesting that LPS is a barrier for the diffusion of CsgA (White et al., 2001, 2003).
One major difference between the nucleation-precipitation pathway and the CUP is
that polymerisation of the fimbrial subunit in CUP occurs from the periplasmic site
of the outer membrane, whereas Curli and Tafi are assembled on the outside of the
bacterial cell envelope.

Tafi and Curli interact with different extracellular matrix proteins such as
fibronectin or laminin and might allow the colonisation of wounds (Collinson et al.,
1993; Olsen et al., 1993, 1989). The ability of Tafi to bind the dye Congo Red
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facilitates the identification of Tafi-positive Salmonella (Collinson et al., 1993). Tafi
have been shown to be required for attachment to cultured mouse intestinal epithe-
lial cells, to inorganic surfaces like Teflon and stainless steel where they can form
biofilms, and to plants, which might be a vector for animal-to-animal transmissions
(Austin et al., 1998; Barak et al., 2005; Sukupolvi et al., 1997).

2.4.4 Type IV Pili

Type IV pili are another class of fimbrial adhesins present in a large number of
bacterial pathogens. In S. enterica, type IV pili were only detected in the strictly
human-adapted serovar Typhi. The 11 genes that are necessary for type IV pilus
assembly are encoded in the pil operon localised on Salmonella pathogenicity island
(SPI) 7 and are required for the adhesion to and uptake into human intestinal cells
(Zhang et al., 1997, 2000)

The subunits for the pilus formation are assembled in the periplasm at the inner
membrane and extruded through a secretin in the outer membrane as an intact pilus
(Wolfgang et al., 2000). The assembly mechanism has been studied in detail for
type IVa pili of Neisseria gonorrhoeae. Salmonella pili belong to the type IVb
pilus family; they differ from type IVa pili in the length of the signal peptide and
in the mature sequence of the pilin subunit (reviewed in Craig and Li, 2008). The
pilin subunits (PilE in N. gonorrhoeae and PilS in S. Typhi) are transported to the
periplasm via the general secretion pathway where they are anchored to the inner
membrane. A prepilin peptidase (PilD in N. gonorrhoeae and PilU in S. Typhi)
cleaves the N-terminal leader sequence. The energy for pilus polymerisation is pro-
vided by an assembly ATPase. The assembled pilus is protruded out of the outer
membrane through the action of secretin PilQ of N. gonorrhoeae. An additional
retraction ATPase mediates the depolymerisation of the pilus leading to a movement
called “twitching motility”. This mechanism mediates movement along surfaces
as the pilus is retracted while it is still adhered to target surface (Craig and Li,
2008). Besides twitching and gliding motility (Wall and Kaiser, 1999), type IV
pili have also been shown to be required for many pathogenic processes including
immune escape, DNA uptake, biofilm formation, microcolony formation and adhe-
sion reviewed by (Craig and Li, 2008). Adhesion and uptake occur via the cystic
fibrosis transmembrane conductance regulator (CFTR), a receptor mutated in cys-
tic fibrosis patients. S. Typhi has been shown to upregulate and exploit CFTR as a
receptor for bacterial uptake (Lyczak and Pier, 2002; Pier et al., 1998). The level of
CFTR on the surface correlated with the efficiency of S. Typhi uptake (Pier et al.,
1998). prePilS could bind to a fragment of CFTR and thus could mediate adhesion
of S. Typhi to the membrane of gut epithelial cells (Tsui et al., 2003; Xu et al., 2004).
Interestingly, the most common CFTR mutation in cystic fibrosis, �F508, leads to
impaired uptake of S. Typhi into mice submucosa. Therefore, a heterozygous carrier
of this mutation might be less susceptible for S. Typhi infection, possibly explaining
the persistence of this mutation in the human population (Pier et al., 1998).



24 C. Wagner and M. Hensel

2.5 Non-fimbrial Adhesins

In contrast to fimbrial adhesins, non-fimbrial adhesins are a rather heterogeneous
group of adhesins. This group comprises mono- and oligomeric adhesins that are
either secreted through a type I secretion system or autotransported across the
bacterial membranes.

2.5.1 Adhesins Secreted by Type I Secretion Systems

So far, two adhesins that are substrates of the type I secretion systems (T1SSs)
have been identified in S. enterica, SiiE and BapA. These adhesins are the largest
proteins of the Salmonella proteome and are secreted into the extracellular milieu by
the action of T1SS. The T1SS are tripartite complexes consisting of three conserved
proteins that span the inner membrane (ATP-binding cassette protein; ABC), the
periplasmic space (membrane fusion protein; MFP) and the outer membrane (outer
membrane protein; OMP). These subunits form a channel structure for the selective
transport of the T1SS substrates through the bacterial envelope in a single step.
The tripartite T1SS complex is assembled once the C-terminal secretion signal of
the substrate protein is recognised by the ABC protein. The energy for transport
is provided by ATP hydrolysis through the action of the ABC protein (reviewed in
Delepelaire, 2004).

T1SS secrete a variety of substrate proteins such as haemolysins or extracellu-
lar enzymes. However, T1SS-secreted adhesins have to be attached to the bacterial
envelope following secretion in order to act as an adhesin and to bridge the distance
between the bacterium and the biotic or abiotic substratum. Therefore, secreted
adhesins must either interact with a protein in the bacterial envelope or remain tem-
porarily anchored to the T1SS after secretion. However, there is no experimental
evidence for either model so far. Whereas BapA has been observed so far exclu-
sively in a surface-bound form, SiiE has been detected in a released form as well as
in a temporarily surface-bound version (Gerlach et al., 2007b; Latasa et al., 2005).

Cellulose and thin aggregative fimbriae are the major compounds of the biofilm
matrixes formed by S. enterica (Austin et al., 1998; Zogaj et al., 2001). Latasa
et al. (2005) set out to identify additional factors contributing to biofilm forma-
tion in S. enterica serovar Enteritidis. The similarity search for biofilm-associated
proteins was based on the sequence of Bap (biofilm associated protein) which is a
well characterised surface protein crucial for biofilm formation in Staphylococcus
aureus (Cucarella et al., 2001). During their study, Latasa and co-workers found two
proteins (BapA and SiiE) in S. Enteriditis that are similar to S. aureus Bap. Bap con-
tains 13 identical repeats, called C-repeats, which share 29% sequence identity with
the 29 B-repeats of BapA (Fig. 2.1a). The orthologous BapA in S. enterica serovar
Typhi (sty2875), encoded on SPI9, contains 27 repeats and is therefore smaller than
BapA of S. enterica serovar Enteriditis (Latasa et al., 2005).

BapA of S. Enteritidis was shown to promote pellicle and biofilm formation: a
bapA deletion mutant lost the ability to form biofilms, whereas overproduction of
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Fig. 2.1 Non-fimbrial adhesins of Salmonella enterica. The models show the domain organisation
of large non-fimbrial adhesins secreted by type I secretion systems (T1SS) (a) and adhesins of the
autotransporter family (b). The models were modified from Gerlach et al. (2007b) for SiiE, Latasa
et al. (2005) for BapA, Kingsley et al. (2004a) for ShdA, and Linke et al. (2006) for SadA

BapA enhanced biofilm production. The importance of BapA in biofilm formation
was also indicated by the observation that the expression of BapA was controlled
by the central transcription regulator AgfD. This protein coordinates the expression
of other factors involved in biofilm formation like thin aggregative fimbriae and
proteins for cellulose production (Latasa et al., 2005; Römling et al., 2000, 1998b;
Zogaj et al., 2001). Additionally, BapA appears to mediate homophilic interactions
between different cells (Latasa et al., 2005). This interaction leads to autoaggre-
gation of bacterial cells promoting biofilm formation. The reduced colonisation of
murine ligated-ileal loops by bapA mutants combined with an impaired virulence in
mice indicated a key role for BapA in the primary stage of infection (Latasa et al.,
2005).

The second protein found by Latasa and co-workers is SiiE. In SiiE, Latasa et al.
(2005) described 50 tandem repeats with 25% sequence identity to Ig repeats in the
C- and B- repeats in Bap and in BapA. However, Gerlach et al. (2007b) regrouped
these repeats into 53 repeats of Immunoglobulin (Ig) domains by comparison to the
Ig domains of Invasin from Yersinia pseudotuberculosis (Fig. 2.1a). Latasa et al.
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(2005) observed that SiiE did not contribute to biofilm formation under the condi-
tions tested and thus considered SiiE as dispensable for biofilm formation. However,
Morgan et al. (2004) proposed a role for SiiE as a host-specific colonisation fac-
tor in cattle and for intestinal infection in mice (a factor for Salmonella intestinal
infection). SiiE is encoded by a gene in SPI4 which was proposed as virulence locus
by Wong et al. (1998) but incorrectly annotated due to the repetitive structure of siiE.
After sequencing the Salmonella genome, the formerly identified 18 ORFs in SPI4
were shown to be 6 ORFs encoding SiiE, its cognate T1SS (SiiCDF) and two acces-
sory proteins SiiA and SiiB (Gerlach et al., 2007b; McClelland et al., 2001; Morgan
et al., 2007). SiiA and SiiB are not secreted but localised in the inner membrane
(Gerlach et al., 2007b). Despite the fact that SiiA and SiiB are neither required for
synthesis and secretion of SiiE nor for regulation of SPI4 genes, their role seems to
be crucial, as they still contribute to oral virulence in mice (Gerlach et al., 2007b;
Kiss et al., 2007). These accessory proteins of T1SSs might have new functions,
as described for LapD or HlyC of Pseudomonas fluorescens or Escherichia coli,
respectively (Gerlach et al., 2007b; Hinsa and O’Toole, 2006; Morgan et al., 2004;
Nicaud et al., 1985). Database searches did not reveal proteins similar to SiiA or
SiiB and understanding their function requires further investigation.

SiiE is recognised by the T1SS via its C-terminal sequence and secreted by the
T1SS formed by SiiCDF; it was found in the extracellular milieu of Salmonella
as well as temporarily attached to the bacterial cell surface (Gerlach et al., 2007b;
Morgan et al., 2007). The attachment to bacterial cell surfaces is a crucial require-
ment for SiiE in order to act as an adhesin (Gerlach et al., 2007b). The repetitive
assembly of 53 Ig domains in SiiE is responsible for the extraordinary length
(Fig. 2.1a) (Gerlach et al., 2007b). This length may allow SiiE to project beyond
the O-antigen layer of the LPS in Salmonella: truncations of SiiE correlate with a
decrease in the invasiveness, a phenotype that can be compensated by reducing the
number of O-antigen repeats in the LPS (Gerlach et al., 2008).

The sii genes are organised in one operon in SPI4 and regulation of their expres-
sion is coordinated with that of SPI1 genes through the global regulators SirA and
HilA. These regulators control S. enterica virulence functions in response to envi-
ronmental conditions such as osmolarity, pH and oxygen availability (Ahmer et al.,
1999; Bajaj et al., 1996; Gerlach et al., 2007a, b; Main-Hester et al., 2008; Morgan
et al., 2007). HilA activates the expression of the SPI1-encoded transcription factor
SprB, which in turn binds to the sii promoter in order to activate its transcription
(Saini and Rao, 2010). It turned out that the concerted regulation of SPI1 and SPI4
is essential for the pathogenesis of Salmonella and is in line with the cooperative
function of these two SPI during the infection process, where SPI4 plays a crucial
role in adhesion to the apical brush border of intestinal cells (Gerlach et al., 2008).
The contribution of SiiE to adhesion to host tissues has been ignored for a long time,
because SiiE is dispensable for adhesion to non-polarized cell layers like HeLa cells
(Gerlach et al., 2007b). However, in infection models with polarized epithelial cells,
which form microvilli and tight junctions and thus more closely resemble the epithe-
lial architecture of the intestine, SiiE exerts a crucial role in adhesion (Gerlach et al.,
2007b). SiiE is required for adhesion to and invasion of the intestinal cells from the
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luminal side by mediating intimate contact between Salmonella and the host cell
to increase the efficiency of SPI1-mediated effector translocation and subsequent
effacement of the brush border (Gerlach et al., 2008). Due to the absence of a brush
border barrier in non-polarized epithelial cells, the barrier is missing and there is no
need for SPI4-mediated adhesion to enable the SPI1-mediated effector translocation
and cell invasion.

SiiE appears to play an important role for infection as SPI4 is conserved in most
common serovars (Wong et al., 1998). The synthesis and secretion of SiiE was
observed in various S. enterica serovars tested except Arizona and Typhi (Main-
Hester et al., 2008). The reason for lack of SiiE in serovar Typhi is a frame-shift in
siiE resulting in a premature stop codon that renders siiE a pseudo-gene (Parkhill
et al., 2001). This divergence may contribute to the differences in host tropism and
infections caused by serovars Typhi and Typhimurium.

2.5.2 Autotransported Adhesins

There are currently more than 800 members of the autotransporter family, also
referred to as the type V secretion system (T5SS), in various Gram-negative gen-
era. These proteins can be further categorised as monomeric proteins and trimeric
autotransporter adhesins (TAA). Substrate proteins of the autotransporter pathway
harbour the N-terminal signal sequence for recognition and transport through the
cytoplasmic membrane by the GSP. The C-terminal segment, the β-domain, forms a
β-barrel in the outer membrane and mediates the transport of the passenger domain
into the extracellular space (reviewed in Dautin and Bernstein, 2007).

In Salmonella, three adhesins of the autotransporter family have been described.
ShdA and MisL are monomeric adhesins while the putative adhesin SadA is a TAA
(see Fig. 2.1b for models). SadA has similarity to YadA of Yersinia enterocolitica,
the prototypic TAA. The members of the TAA family are exclusively adhesins. The
passenger domain is composed of a stalk domain that forms a coiled-coil and defines
the length of the adhesin, and a head domain. The structure appears as a trimeric
lollipop-like assembly (reviewed in Linke et al., 2006). Although the conditions for
the expression of sadA are unknown and a contribution of SadA to adhesion has not
been shown so far, its structural properties clearly suggest SadA as a member of the
TAA family (Hernandez Alvarez et al., 2008).

For the two monomeric autotransporter proteins of Salmonella, the adhesive
function has been proven experimentally. ShdA is encoded by a gene within the
CS54 island (Kingsley et al., 2000). Database searches revealed a 92% sequence
identity to the passenger domains of other autotransporter adhesins such as AIDA
of E. coli, MisL of S. Typhimurium and IcsA (VirG) involved in intracellular motil-
ity of Shigella flexneri (Kingsley et al., 2000). ShdA has been exclusively detected in
serovars of Salmonella enterica subspecies I, which comprises all the mammalian
and avian pathogenic serovars, whereas it was absent in serotypes of subspecies
II-VII, which include the serovars isolated from cold-blooded vertebrates and S.
bongori (Kingsley et al., 2000).
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Though expression of shdA under standard laboratory conditions has not yet
been observed, after heterologous expression ShdA was detected on the bacterial
surface and shown to bind to fibronectin (Kingsley et al., 2004b, 2002). This inter-
action could be inhibited by heparin, as ShdA and heparin both bind to fibronectin
at the same binding site, the Hep-2 domain. Thus, ShdA mimics heparin binding to
fibronectin (Kingsley et al., 2004a). Furthermore, infection experiments showed that
shdA expression is induced in the murine caecum in vivo (Kingsley et al., 2002). In
addition, a shdA mutant showed reduced colonisation of the murine caecum and was
shed from the faeces in reduced numbers and for a shorter period of time (Kingsley
et al., 2003, 2000). This provides evidence that colonisation of the murine caecum
mediated through ShdA is a prerequisite for the persistence of Salmonella in the
murine intestine (Kingsley et al., 2003). However, infections of pigs with an shdA
mutant did not indicate a role for ShdA in virulence in this model, as ShdA was
not required for persistence or prolonged shedding in infected pigs. This divergence
again underlines the notion that adhesins of S. enterica fulfil highly host-specific
functions (Boyen et al., 2006).

The autotransporter adhesin MisL is encoded by a gene within SPI3 and shows
very similar properties to ShdA (Blanc-Potard et al., 1999). Similar to shdA, expres-
sion of misL was not observed under standard laboratory conditions (Blanc-Potard
et al., 1999; Dorsey et al., 2005), but heterologous expression resulted in the pres-
ence of MisL on the outer membrane of S. Typhimurium. Similar to ShdA, MisL
binds to fibronectin, whereas the binding properties to other extracellular matrix pro-
teins, like collagen IV and collagen I differ between MisL and ShdA (Dorsey et al.,
2005; Kingsley et al., 2002). Expression of misL was activated in vitro by MarT, a
SPI3-encoded transcription factor (Tükel et al., 2007). Expression of misL is also
likely to occur in vivo, as mice infected with S. Typhimurium seroconvert to MisL
during infection (Dorsey et al., 2005). Though in vivo infection models revealed
that MisL did not contribute to lethal infections in mice, MisL was required for bac-
terial shedding, intestinal colonisation and persistence in mice as well as intestinal
colonisation of chicken, but not of calves (Blanc-Potard et al., 1999; Dorsey et al.,
2005; Morgan et al., 2004).

These observations suggest that there is a synergistic effect of ShdA and MisL,
but such relation a has not been proven so far (Dorsey et al., 2005). It is remark-
able that many Salmonella adhesins bind to extracellular matrix proteins. These
interactions seem to be crucial for Salmonella infections and might promote their
colonisation to sites of erosion of the intestinal epithelium, where extracellular
matrix proteins are exposed (Dorsey et al., 2005).

The properties of MisL and ShdA have been further exploited for vaccine devel-
opment. In the first attempts, MisL was used to transport heterologous passenger
peptides to the extracellular space for surface display of the vaccine antigens (Ruiz-
Perez et al., 2002). Through insertion of an OmpT cleavage site, the modified protein
could be cleaved off and released into the extracellular environment (Luria-Perez
et al., 2007; Ruiz-Olvera et al., 2003; Ruiz-Perez et al., 2002). In further applications
to improve live vaccination strains, mutations were introduced into shdA and misL,
resulting in reduced shedding from faeces without impairing immune response or
protection (Abd El Ghany et al., 2007). This could be an advantage to reduce the
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adverse side effects of vaccination with live carriers, such as faecal shedding leading
to release of genetically manipulated bacteria into the environment (Abd El Ghany
et al., 2007). Taken together, the adhesins ShdA and MisL are important virulence
factors that could be exploited for vaccine design.

2.6 Complexity of Adhesive Mechanisms in Salmonella enterica

The large number of adhesive structures formed by the various serotypes of S.
enterica is remarkable. Although the regulation of the expression of most of the
adhesins and their role in the lifestyle of Salmonella are still unknown, the complex
assortment of multiple adhesins of different classes is likely to reflect the successful
adaptation of the pathogen to different niches in the host and to different host organ-
isms. This suggestion is supported by the lack of several adhesins and the presence
of pseudogenes in highly host-adapted serovars such as S. Typhi. The genome decay
of highly adapted pathogens is a consequence of a specialised lifestyle that often
requires a reduced number of adhesive structures.

In contrast, S. enterica serovars with broad host specificity have a very high
potential to interact with surfaces both inside and outside the hosts, due to the large
number of functional adhesins in combination with sequence variations in adhesin
subunits leading to altered binding specificities. This is clearly an indication that
the transition from planctonic, individual life to a sessile, multicellular lifestyle
occurs at various occasions. It should be noted that many phases of this pathogenic
lifestyle, especially the environmental stages outside a mammalian host, have not
been characterised in detail so far.

2.7 Conclusions and Outlook

Cellular and molecular analysis of the virulence properties of S. enterica has
revealed the sophisticated strategies it uses for invading mammalian cells and adapt-
ing to an intracellular lifestyle in a pathogen-containing vacuole within host cells.
The various adhesins deployed by Salmonella are an essential prerequisite for these
specialised interactions. For example, the recent characterisation of the large non-
fimbrial adhesin SiiE demonstrated that host cell entry is highly dependent on the
cooperation of the invasion factors with an adhesin.

Major questions regarding adhesins of Salmonella concern the specificity of the
interaction partners and the environmental factors leading to the expression of the
various structures. Here, novel experimental approaches for understanding regula-
tion and molecular functions are required. Such approaches could be complemented
by structural analyses of Salmonella adhesins leading to functional understanding
of the adhesive properties on the atomic level. Despite our detailed knowledge of
several Salmonella adhesins, we expect a large number of unexpected new findings
to be made for the adhesion mechanisms of this versatile and successful pathogen.
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Chapter 3
Adhesion Mechanisms of Borrelia burgdorferi

Styliani Antonara, Laura Ristow, and Jenifer Coburn

Abstract The Borrelia are widely distributed agents of Lyme disease and
Relapsing Fever. All are vector-borne zoonotic pathogens, have segmented
genomes, and enigmatic mechanisms of pathogenesis. Adhesion to mammalian and
tick substrates is one pathogenic mechanism that has been widely studied. At this
point, the primary focus of research in this area has been on Borrelia burgdorferi,
one agent of Lyme disease, but many of the adhesins of B. burgdorferi are con-
served in other Lyme disease agents, and some are conserved in the Relapsing Fever
Borrelia. B. burgdorferi adhesins that mediate attachment to cell-surface molecules
may influence the host response to the bacteria, while adhesins that mediate attach-
ment to soluble proteins or extracellular matrix components may cloak the bacterial
surface from recognition by the host immune system as well as facilitate colo-
nization of tissues. While targeted mutations in the genes encoding some adhesins
have been shown to affect the infectivity and pathogenicity of B. burgdorferi, much
work remains to be done to understand the roles of the adhesins in promoting the
persistent infection required to maintain the bacteria in reservoir hosts.

3.1 Introduction

The spirochetes in the genus Borrelia cause relapsing fever and Lyme disease. This
chapter focuses on the Lyme disease agents, and primarily on a single species,
Borrelia burgdorferi, as this organism has been the primary object of study and the
focus of relatively recent advances in approaches to understanding how these organ-
isms cause infection and, in susceptible hosts, disease. B. burgdorferi is normally
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maintained in mammalian reservoir hosts and tick vectors, and the mechanisms by
which B. burgdorferi causes infection remain poorly understood. In fact, how B.
burgdorferi causes disease has been more thoroughly characterized by manipulation
of the host rather than of the bacterium. Relatively recent advances in the genetic
approaches that are possible in this organism have started to turn this tide, and have
been applied to understanding the in vivo significance of the numerous adhesins that
have been identified through in vitro studies.

There are a few oddities of B. burgdorferi that warrant introduction. First, the
genome is relatively small, at approximately 1.5 Mbp, but is highly segmented, as
approximately one third of the annotated genes are encoded on circular and linear
plasmids (Fraser et al., 1997; Casjens et al., 2000). One of the “plasmids” is bet-
ter thought of as a small chromosome (Byram et al., 2004). Second, B. burgdorferi
encodes a large repertoire of lipoproteins, with approximately 7.8% of the genome
encoding known or predicted lipoproteins (Setubal et al., 2006). Some of these
lipoproteins have been identified as adhesins, but not all of the adhesins are lipopro-
teins. Finally, given the comparatively small genome size, a relatively large number
of proteins that bind to mammalian or tick cells or extracellular matrix have been
identified, and some of these have additional functions that may contribute to the
life style of the bacterium.

Various laboratories have shown that Borrelia burgdorferi binds to an array of
eukaryotic cells in vitro (Coburn et al., 1993; Comstock et al., 1993; Hechemy et al.,
1989; Thomas and Comstock, 1989) and to components of the extracellular matrix
(Guo et al., 1995; Leong et al., 1995, 1998a, b; Isaacs, 1994). Further studies have
identified receptors on the surface of mammalian cells and particular molecules of
the extracellular matrix to which the bacteria attach, and the B. burgdorferi pro-
teins that serve as adhesins interacting with these molecules. Table 3.1 lists Borrelia

Table 3.1 Known and candidate Borrelia burgdorferi adhesins

Adhesin (genomic locus) Comments, references

Adhesins that bind to mammalian extracellular matrix components
Bgp (bb0588) Binds to GAGs in vitro (Parveen and Leong,

2000), mutant is infectious in mice but shows
some deficiency in tissue colonization
(Parveen et al., 2006; Saidac et al., 2009), may
also bind cell cell-surface proteoglycans

DbpA (bbA24) Binds to decorin and GAGs in vitro (Fischer
et al., 2003; Guo et al., 1998), adhesion
specificity is different from that of DbpB,
dbpBA mutants are attenuated in murine
infection (Blevins et al., 2008; Shi et al.,
2008a; Weening et al., 2008)

DbpB (bbA25) Binds to decorin and GAGs in vitro (Fischer
et al., 2003; Guo et al., 1998), binding
specificity is different from that of DbpA,
dbpBA mutants are attenuated in murine
infection (Blevins et al., 2008; Shi et al.,
2008a; Weening et al., 2008)
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Table 3.1 (continued)

Adhesin (genomic locus) Comments, references

BBK32 (bbK32) Binds to fibronectin and GAGs in vitro (Fischer
et al., 2006; Probert and Johnson, 1998), these
activities are important for B. burgdorferi
interactions with the vasculature in vivo
(Norman et al., 2008), bbk32 mutants are
attenuated in murine infection (Seshu et al.,
2006)

RevA (bbM27 & bbP27),
RevB (bbC10)

Binds to fibronectin and laminin in vitro, some
strains have two copies of the gene; there is a
related gene (revB) that is present only in some
B. burgdorferi strains (Brissette et al., 2009a)

Bmp family members
A,B,C,D (bb0382-0385)
ErpX (bbQ47)

Bind to laminin in vitro (Verma et al., 2009); D
was selected in vivo for adherence to vascular
endothelium in living mice (Antonara et al.,
2007); contributes to chronic joint infection
(Pal et al., 2008)
ErpX binds to laminin (Brissette et al., 2009b)

Erps: ErpA (bbP38, bbI39), ErpC,
ErpP (bbN38)
CRASPs: CRASP-1 (CspA, bbA68),
CRASP-2 (CspZ, bbH06),
CRASP-3=ErpP, CRASP-4=ErpC,
CRASP-5=ErpA

Bind to factor H and/or FHR-1 (factor H related)
and/or FHL (factor H-like) (Alitalo et al.,
2002; Hellwage et al., 2001; Metts et al., 2003)

Adhesins that bind to mammalian cell surface receptors
P66 (bb0603) Binds to integrins αIIbβ3 and αvβ3 (Coburn et al.,

1999), knockout mutant is severely attenuated
in mice but not in ticks (Coburn lab,
unpublished data)

BBB07 (bbB07) Binds to β1 integrins, stimulates proinflammatory
signaling in chondrocytes (Behera et al., 2008)

Adhesins that bind to unidentified mammalian substrates (until further characterization is
completed, these remain candidate adhesins)
Lmp1 (bb0210) Required for persistence and induction of disease

manifestations in immunocompetent mice
(Yang et al., 2009), selected in vivo for
adherence to vascular endothelium in living
mice (Antonara et al., 2007), host substrate(s)
unknown

OspC (bbB19) Essential for initiation of infection in mammals
(Grimm et al., 2004b; Tilly et al., 2006, 2007)
and for colonization of certain tissues (Xu
et al., 2008), selected in vivo for adherence to
vascular endothelium in living mice (Antonara
et al., 2007), binds to cells in vitro, host
substrate(s) unknown

VlsE (bbF32) Required for persistent infection in mammals;
(Dresser et al., 2009; Bankhead and Chaconas,
2007; Lin et al., 2009) selected in vivo for
adherence to vascular endothelium in living
mice (Antonara et al., 2007), binds to cells in
vitro, host substrate(s) unknown
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Table 3.1 (continued)

Adhesin (genomic locus) Comments, references

OspF family members: ErpK (bbM38),
ErpL (bbO39), OspG (bbS41), OspF
(bbR42)

OspF family members, all selected in vivo for
adherence to vascular endothelium in living
mice (Antonara et al., 2007), host substrate(s)
unknown

Adhesins that bind to tick substrates
OspA (bbA15) Binds to TROSPA (tick receptor for OspA) (Pal

et al., 2004)
OspC (bbB19) Binds to Salp15 (Ramamoorthi et al., 2005)

burgdorferi adhesins, both known and candidate ones, as well as additional infor-
mation on their respective host cell substrates and roles in B. burgdorferi infection.
In this section, ECM-binding proteins will be reviewed; in later sections, those that
bind to molecules specifically expressed on the mammalian cell surface, and those
that bind to unknown substrates, will be described.

3.2 Borrelia burgdorferi Proteins That Promote Interaction
with the Extracellular Matrix

3.2.1 Attachment to Fibronectin

Fibronectin (Fn) is present in both soluble and insoluble extracellular matrix forms,
and is targeted by many bacterial adhesins due to its ubiquity, its multiple distinct
functional binding domains, and its ability to interact with multiple substrates. These
may also assist bacterial pathogens in establishment of infection. In normal phys-
iology, Fn binds to several integrins and to other extracellular matrix components
including collagen, fibrinogen and some proteoglycans. It plays a major role in cell
adhesion, growth, migration and differentiation, and it is important for processes
such as wound healing and embryonic development (reviewed in Kadler et al.,
2008).

B. burgdorferi produces several Fn-binding adhesins (Table 3.1). Early work sug-
gesting Fn binding activity by Szczepanski et al. (1990) and Grab et al. (1998) led
to the identification of the best-characterized Fn-binding adhesin of B. burgdorferi,
BBK32 (Probert and Johnson, 1998). The Fn-binding region of BBK32 was identi-
fied as a region of 32 amino acids that was common to all Borrelia strains tested
(Probert et al., 2001). Elegant structure-function analyses revealed that BBK32
shares a mechanism of binding to Fn with Fn-binding adhesins of the Gram-positive
pathogens Staphylocccus aureus and Streptococcus pyogenes (Probert et al., 2001;
Raibaud et al., 2005). It also promotes the aggregation of plasma Fn to superFn
(a higher order multimer of fibronectin) (Prabhakaran et al., 2009), supporting a role
for this and other specific bacterial adhesins that goes beyond simple attachment.
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BBK32 is expressed by B. burgdorferi as the tick feeds and while the bacteria are in
the mammalian host (Fikrig et al., 2000). Consistent with this pattern of expression,
deletion of bbk32 increases the ID50 in mice (Seshu et al., 2006), but at high dose
does not significantly attenuate virulence or tick colonization (Li et al., 2006).

Given that BBK32 deficient mutant strains still bind Fn, the identification of
additional Fn-binding proteins came as no surprise. In fact, three additional Fn-
binding proteins have been identified (Brissette et al., 2009a). The first of these
proteins, RevA, was previously studied by other groups on the basis of differential
gene expression in mammalian versus tick environments (Gilmore and Mbow, 1998;
Carroll et al., 2001). In some B. burgdorferi strains, a second copy of revA is present
on a different plasmid. A related gene, revB, has also been identified and, like recom-
binant RevA, recombinant RevB also binds Fn. RevA binds Fn with a slightly lower
affinity than BBK32, but the affinity of RevB binding to Fn has yet to be deter-
mined (Brissette et al., 2009a). Experimental evidence for RevB binding indicates
a more complex interaction with Fn in contrast to the dose-dependent binding of
RevA to Fn (Brissette et al., 2009a). In addition, the function of a gene annotated
in the genome sequence as encoding a putative Fn-binding protein, bb0347, has not
been experimentally addressed. In the future, generation of B. burgdorferi strains in
which the genes encoding Fn-binding proteins are inactivated could illuminate the
roles of all of these proteins in the life cycle of B. burgdorferi.

3.2.2 Attachment to Decorin

Decorin is a proteoglycan that consists of a protein core composed of leucine rich
repeats, and a glycosaminoglycan (GAG) chain consisting of either chondroitin
sulphate or dermatan sulphate depending on the tissue in which it is expressed
(Mcewan et al., 2006). Decorin is a component of connective tissue, binds to type I
collagen and Fn and plays a role in matrix assembly. In addition to playing a role in
the formation of the structural components of the extracellular matrix, the decorin
core protein functions as a signaling mediator by interacting with the epidermal
growth factor receptor (reviewed in Seidler and Dreier, 2008).

Due to the observations by several groups that B. burgdorferi is frequently seen
in connective tissues in infected mammals and apparently in contact with collagen
fibers, early investigations focused on direct adhesion to collagen. When no direct
attachment to immobilized collagen was observed, attachment of the bacteria to the
collagen-associated decorin was investigated. Two decorin-binding adhesins (DbpA
and DbpB) were identified; the proteins are encoded on one of the linear plasmids
in a bicistronic operon (Guo et al., 1998, 1995). A dbpAB mutant was deficient in
colonization of the skin and other tissues, even in mice lacking adaptive immunity,
suggesting that DbpA and DbpB proteins help the bacteria adhere to multiple tissues
and are required for successful interactions with both innate and adaptive immune
mechanisms (Weening et al., 2008). Both proteins were found to be important for
the virulence of Borrelia burgdorferi in mice, yet contribute differently to colonisa-
tion and dissemination to various tissues (Shi et al., 2008a, b). Consistent with this,
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DbpA and DbpB also have distinct in vitro adhesion activities (Fischer et al., 2003).
While the initial studies suggested that the Dbps require the intact proteoglycan for
adhesion, subsequent studies indicated that these proteins also bind to glycosamino-
glycans (GAGs) in the absence of the core protein (Fischer et al., 2003; Guo et al.,
1995). Lysine residues (Lys-82, Lys-163, Lys-170) critical for decorin binding have
been identified (Brown et al., 1999; Pikas et al., 2003). The decorin-binding activity
is uniquely tractable to investigation from the host perspective, as decorin-deficient
mice were actually the first mutants used to investigate the role of any candidate vir-
ulence factors in B. burgdorferi. In decorin deficient mice, there were fewer bacteria
present in hind tibiotarsal joints at low doses of the bacteria, and the arthritis was
less severe (Brown et al., 2001).

Later work by a different group showed that B. burgdorferi does, in fact, bind to
type 1 collagen lattices (Zambrano et al., 2004). This work highlights the importance
of the purification methods in determining whether bacterial adhesion occurs to a
particular substrate. Extracellular matrix proteins have limited solubility, and the
plasma forms of some of these proteins, while soluble, may behave differently. At
this point, the adhesin(s) responsible for collagen binding remain unknown.

3.2.3 Attachment to Glycosaminoglycans

While decorin is a proteoglycan, additional evidence for a more generalized pro-
teoglycan (PG) binding activity of B. burgdorferi was also established. Binding to
PGs accounts for some, but not all, of the B. burgdorferi cell attachment activity,
depending on the cell line and bacterial strain examined. The PG-binding activity
is largely determined by recognition of glycosaminoglycan (GAG) chains (Leong
et al., 1995, 1998a, b). A Borrelia glycosaminoglycan binding protein (Bgp) was
identified by Parveen and colleagues (Parveen and Leong, 2000) and shown to be
surface-exposed in intact bacteria. The recombinant protein agglutinates erythro-
cytes, binds to the same glycosaminoglycans as whole bacteria, and competitively
inhibits binding of B. burgdorferi to mammalian cells. Another previously identi-
fied B. burgdorferi adhesin, BBK32, which binds to Fn, was also found to bind to
purified preparations of dermatan sulphate and heparin (Fischer et al., 2006). The
fact that exogenous heparin had no effect on the binding affinity of the BBK32-
expressing bacteria to Fn suggested that BBK32 can bind to multiple molecules
independently, or that binding to soluble heparin is relatively weak. Different B.
burgdorferi strains have different cell- and GAG-binding preferences, and binding
to various cell types depends in part on the GAGs they express (Parveen and Leong,
2000). Host-adapted spirochetes show enhanced binding to GAGs (Parveen et al.,
2003) suggesting their importance during in vivo infection. However, Bgp, BBK32,
and DbpAB mutants of B. burgdorferi are all infectious in mice (Seshu et al., 2006;
Shi et al., 2008a; Blevins et al., 2008; Weening et al., 2008; Parveen et al., 2006)
although in some cases slightly attenuated, suggesting that these different proteins
may be functionally redundant.
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3.2.4 Attachment to Laminin

Laminin is a trimeric glycoprotein that is a component of extracellular matrices,
playing an integral role in forming structural scaffolding in almost every tissue.
Attachment to laminin has been demonstrated for many bacterial pathogens, includ-
ing B. burgdorferi. The four paralogous Bmp proteins were found to bind laminin
(Verma et al., 2009), as was one of the Erps (OpsE-related proteins, see below),
ErpX (Brissette et al., 2009b). The four bmp genes are located on the chromo-
some and, although they are arranged in a cluster, they are differentially regulated
(Bryksin et al., 2005; Dobrikova et al., 2001). Two have been shown to contribute
to the development of arthritis in the mouse model of infection (Pal et al., 2008).
One of the Bmp proteins, BmpD, was selected for binding to vascular endothe-
lium in mice by in vivo phage display (Antonara et al., 2007). Since laminin is
a basement membrane protein, BmpD may also recognize additional mammalian
substrates. The fragment of BmpD that was selected, however, contained sequences
3′ of the stop codon of the allele in the sequenced strain, B31. Thus it is possi-
ble that this fragment is available for binding mammalian substrates only in certain
strains.

3.2.5 Erps and CRASPs: Binding to Complement-Regulatory
Proteins Factor H and FHL

It has been shown that a large family of outer surface proteins, the Erps, is involved
in the binding of host proteins. The Erps are encoded by a large multi-gene fam-
ily, with different erp genes encoded on different plasmids, particularly the cp32
family of plasmids. In earlier literature in the field, these genes were known as
uhb (upstream homology box) genes, due to the highly homologous 5′ non-coding
regions (Marconi et al., 1996; Sung et al., 1998). Indeed, the Erp genes appear to be
expressed in similar patterns, although there may be variations in timing and tissue-
specific expression in some cases (Mcdowell et al., 2001; Stevenson, 2002). The
Erp proteins can be divided into different functional categories: ErpX, which binds
laminin, several that bind complement factor H and related complement regulators,
and those for which adhesion activity has been demonstrated but the substrate(s)
remain undefined. In general, Erp proteins are expressed during mammalian infec-
tion but are repressed during colonization of the tick (reviewed in Brissette et al.,
2008).

The ErpA, ErpC and ErpP from various Borrelia burgdorferi strains (Alitalo
et al., 2002; Hellwage et al., 2001; Metts et al., 2003) show significant affinity for
factor H. Factor H is a complement regulatory protein that circulates in the human
plasma and is bound to host cells, and protects host cells from attack by the com-
plement system. Other bacteria have been shown to bind to factor H and in that
way evade the complement activation which can lead to killing of the bacteria by
opsonization (reviewed in Sjöberg et al., 2009). In addition, binding of factor H
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can help bacteria adhere to host cells since it binds to glycosaminoglycans that are
present on the surface of cells (Brissette et al., 2008).

Complement regulator acquiring surface protein (CRASP)-1 and -2 function to
evade the host immune system by binding components of the host immune system,
factor H-like protein 1(FHL-1) and factor H (Alitalo et al., 2001; Hellwage et al.,
2001; Kraiczy et al., 2001a, b; Mcdowell et al., 2001; Wallich et al., 2005). FHL-1
is encoded by the same gene as factor H, and has redundant function in controlling
the alternative pathway of complement activation within host innate immunity, but
has a unique 4 amino acid extension at the C-terminus (Kraiczy et al., 2001b). Both
CRASP-1 and -2 bind to a region of factor H or FHL-1 that is buried in the unbound
protein, but exposed when the C-terminal region is bound. Several Erps bind the
C-terminal end of factor H, and so it is possible that CRASPs and Erps act in a com-
plementary fashion (reviewed in Brissette et al., 2008). Strains completely deficient
in Erps will need to be created in order to test the function of CRASPs alone, and
vice versa. Recently, CRASP-1 has been shown to bind additional host components,
including Fn, laminin, plasminogen and several types of collagen (Hallstrom et al.,
2010). These additional functions expand the role of CRASP-1 beyond evasion of
the immune system, and potentially into aiding colonization in the mammalian host.

In addition, a distinct subset of the Erps, those belonging to the OspF subfamily,
were selected by in vivo phage display as candidate adhesins to the vasculature
endothelium (Antonara et al., 2007). These are BBM38 (ErpK), BBO39 (ErpL),
BBK2.10 and BBS41 (OspG), and none have been shown to bind factor H. Although
the Erp proteins that were selected vary in sequence, they share significant common
features. A recombinant protein expressing the selected portion of ErpK, which is
also common to BBK2.10 and OspG, showed specific binding to the surface of
particular cell lines, suggesting that the selected sequence may be responsible for
binding of members of the OspF family to the surface of mammalian cells (Antonara
et al., 2007).

3.2.6 Attachment to Mammalian Cell Surface Receptors

3.2.6.1 Attachment to Integrins

Although some of the substrates for B. burgdorferi attachment discussed above are
also associated with the mammalian cell surface, this section will cover those sub-
strates that are specific to the cell surface and not found in the extracellular matrix or
body fluids. Integrins are obligate heterodimeric cation-dependent receptors, found
on the surface of all mammalian cells except erythrocytes. They consist of two dis-
tinct chains: the alpha (α) and beta (β) subunits. The specificity of each integrin
depends on the combination of the α and β subunits, but some bind multiple lig-
ands. As is the case for several other pathogens, B. burgdorferi binds to integrins,
including αIIbβ3 (Coburn et al., 1993), αvβ3, α5β1 (Coburn et al., 1998), and α3β1
(Behera et al., 2006). Different Lyme disease Borrelia burgdorferi strains bind pref-
erentially to different integrins (Coburn et al., 1998). Binding of the bacteria to α3β1
on chondrocytes activates inflammatory responses in a TLR-independent manner.
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The B. burgdorferi ligand for the β3 chain integrins is an outer surface integral
membrane protein, P66 (Coburn et al., 1999; Coburn and Cugini, 2003). The prin-
cipal ligand for integrin α3β1 appears to be a putative outer surface protein, BBB07.
Like intact B. burgdorferi, BBB07 stimulates human primary chondrocytes through
integrin α3β1 to secrete proinflammatory cytokines (Behera et al., 2008). While P66
also stimulates proinflammatory responses by chondrocytes, this does not require
α3β1.

3.2.7 Candidate Mammalian Substrate Adhesins of B. burgdorferi

Several additional candidate B. burgdorferi adhesins have been identified, but not
yet validated as adhesins using additional approaches; for example, the putative
mammalian receptors have not yet been identified. In each case, however, other work
has demonstrated the proteins to be important in B. burgdorferi infection in mam-
mals, specifically. All were enriched after in vivo selection for binding to vascular
endothelium in living mice, but adhesion activity has not yet been demonstrated to
be critical to their importance in the life of B. burgdorferi. One, OspC, was shown
to be critical for B. burgdorferi to establish disseminated infection (Grimm et al.,
2004a; Tilly et al., 2006). A second, VlsE, is better known for antigenic variation
during infection (Zhang and Norris, 1998a, b; Lawrenz et al., 1999; Lin et al., 2009;
Dresser et al., 2009). Finally, BB0210, annotated as Lmp1, was also highly selected,
and is required for persistent infection in mice (Yang et al., 2009).

3.2.8 Interaction of Borrelia burgdorferi with the Arthropod Host

As mentioned above, Borrelia burgdorferi spends a large portion of its life cycle
in the arthropod host. It has been shown that certain genes are expressed during
the mammalian life cycle, and others are expressed when the bacteria are in the
tick. Some of the genes expressed in the tick portion of the life cycle encode outer
surface proteins, and the roles of the corresponding proteins in the tick have been
investigated. One such protein, OspA, was shown to be an adhesin for tick tissues,
and to bind to the “tick receptor for OspA” (TROSPA) (Pal et al., 2004). OspA can
bind specifically to recombinant TROSPA in vitro, while in vivo studies showed that
disruption of TROSPA by RNA interference diminished the ability of the ticks to
acquire Borrelia burgdorferi from infected mice (Pal et al., 2004). A small number
of B. burgdorferi were found to still bind with TROSPA activity abolished, leaving
the door open to another adhesin-receptor interaction also mediating binding to the
tick midgut.

Consistent with an important role for the life of B. burgdorferi in the tick, ospA,
and the other gene in the bicistronic operon, ospB, are expressed when the bacteria
leave the mammalian host and enter the feeding tick (Schwan and Piesman, 2000).
The importance of these proteins for the maintenance of the bacteria in ticks was
demonstrated when ospAB mutant bacteria that were fully infectious in mice were
acquired by ticks, but unable to persist in the tick midgut (Yang et al., 2004). More
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recent work in the field has demonstrated that a primary role of OspA is protection
of the bacteria already residing in the tick midgut from killing by host antibodies
as the tick takes in a blood meal (Battisti et al., 2008), which would be critical for
maintenance of the infection in the natural cycle between vertebrate animals and
ticks.

A salivary protein of Ixodes scapularis ticks, Salp15, was shown to bind to a
different B. burgdorferi protein, OspC (Ramamoorthi et al., 2005). Binding of the
bacteria to Salp15, which inhibits T-cell activation, appeared to inhibit in vitro anti-
body mediated killing of the bacteria. Nonetheless, Salp15 does not seem to be
required for B. burgdorferi to establish infection, since an infection can be estab-
lished by needle inoculation of the bacteria into mice (Barthold et al., 1988). OspC
however, is critical to the ability of B. burgdorferi to establish disseminated infec-
tion in mice (Grimm et al., 2004b; Tilly et al., 2006), and was selected as a candidate
adhesin for the vascular endothelium in mice using in vivo phage display (Antonara
et al., 2007).

3.3 Concluding Remarks

Borrelia burgdorferi expresses a number of adhesins, many with redundant func-
tions. This redundancy suggests that these functions are critical to the ability of the
bacterium to cause infection in mammals, but testing this hypothesis will require
novel approaches, given the difficulties involved in the genetic manipulation of
this organism. It will be especially interesting to further investigate B. burgdorferi
interactions with the tick, which only become more complex as more is learned. It
will also be interesting to see how B. burgdorferi adhesins interact with their host
substrates at the molecular level, as many of the B. burgdorferi proteins have no
homologs outside of the genus. With recent advances in development of genetic tool
sets, the in vivo roles of the B. burgdorferi adhesins should be discernable within
the next few years.
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Chapter 4
Adhesins of Bartonella spp.

Fiona O’Rourke, Thomas Schmidgen, Patrick O. Kaiser, Dirk Linke,
and Volkhard A.J. Kempf

Abstract Adhesion to host cells represents the first step in the infection process
and one of the decisive features in the pathogenicity of Bartonella spp. B. henselae
and B. quintana are considered to be the most important human pathogenic species,
responsible for cat scratch disease, bacillary angiomatosis, trench fever and other
diseases. The ability to cause vasculoproliferative disorders and intraerythrocytic
bacteraemia are unique features of the genus Bartonella. Consequently, the inter-
action with endothelial cells and erythrocytes is a focus in Bartonella research.
The genus harbours a variety of trimeric autotransporter adhesins (TAAs) such as
the Bartonella adhesin A (BadA) of B. henselae and the variably expressed outer-
membrane proteins (Vomps) of B. quintana, which display remarkable variations in
length and modular construction. These adhesins mediate many of the biologically-
important properties of Bartonella spp. such as adherence to endothelial cells and
extracellular matrix proteins and induction of angiogenic gene programming. There
is also significant evidence that the laterally acquired Trw-conjugation systems of
Bartonella spp. mediate host-specific adherence to erythrocytes. Other potential
adhesins are the filamentous haemagglutinins and several outer membrane pro-
teins. The exact molecular functions of these adhesins and their interplay with other
pathogenicity factors (e.g., the VirB/D4 type 4 secretion system) need to be analysed
in detail to understand how these pathogens adapt to their mammalian hosts.

4.1 Introduction

Reports of infections with B. bacilliformis date back to the Inca period (Schultz,
1968) and B. quintana has been identified in human tissue traced as far back as 4,000
years. B. quintana was also detected in the remains of soldiers from Napoleon’s
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Grand Army found in Vilinius, Lithuania (Raoult et al., 2006a) and Kassel, Hesse,
Germany (von Grumbkow and Hummel, unpublished). More recently, B. henselae
and B. quintana were identified as the cause of bacillary angiomatosis (Relman
et al., 1990, 1991). To date, over 20 different Bartonella species have been identified
(see Table 4.1) and the list of Bartonella species and corresponding hosts is growing
steadily. The human pathogens B. henselae and B. quintana and the rat pathogen
B. tribocorum have been investigated the most. Their pathogenicity and infection
biology have been examined in greater detail and the genomes of these species have
been sequenced (Alsmark et al., 2004; Saenz et al., 2007).

4.1.1 Cat Scratch Disease

Cat scratch disease (CSD) occurs after transmission of B. henselae (or sometimes
B. clarridgeiae) by bites or scratches of infected cats. After an incubation time of
2–3 weeks, patients suffer from a unilateral lymphadenitis in the lymph draining
region near the inoculation site. Immune competent individuals (mainly children)
develop CSD which is primarily of self-limiting nature and such patients are usu-
ally not treated with antibiotics (Anderson and Neuman, 1997). Additional signs of
CSD are headache, fever or splenomegaly. Rarely, so called “Parinaud’s syndrome”
(oculo-glandular involvement) may complicate the course of infection.

Cats are known as the standard reservoir host for B. henselae (Rolain et al.,
2003). Nevertheless, a case of human osteomyelits was reported following a dog
scratch (Keret et al., 1998) indicating that dogs may also serve as a reservoir for the
pathogen.

There are indications for a potential role of ticks in the transmission of
B. henselae to humans. The prevalence of B. henselae DNA in Ixodes pacificus
(North America) and I. persulcatus (Eastern Europe) ticks, respectively (Chang
et al., 2001; Hercik et al., 2007; Rar et al., 2005) and in I. ricinus or Dermacentor
ticks (Central Europe) (Sanogo et al., 2003; Podsiadly et al., 2007; Angelakis et al.,
2010) indicates that these arthropods may represent a newly emerged vector class.
We found B. henselae DNA to be present in up to ∼40% of tick populations in
Europe (Dietrich et al., 2010). DNA of various Bartonella spp. was further detected
in biting flies, keds and mites (Billeter et al., 2008). Recently, ticks (I. ricinus) were
experimentally infected with B. henselae. A subsequent inoculation of cats with
salivary glands of these ticks caused a B. henselae bacteraemia (Cotte et al., 2008),
further strengthening the plausibility of ticks as a means of infection.

Further functional analysis of the natural course of CSD is hampered by the
lack of an appropriate animal model. The subcutaneous infection of C57BL/6 or
BALB/c mice appears to represent the most promising infection model: mice devel-
oped a massive lymphadenitis strongly resembling human CSD and the presence
of an enhanced B-lymphocyte proliferation can be observed in both human patients
and in experimentally infected mice (Kunz et al., 2008).
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4.1.2 Carrión’s Disease

Carrión’s disease is characterized by a biphasic course of infection consist-
ing of a primary bacteremic phase (“Oroya fever”) and a subsequent chronic
vasculoproliferative condition (“Verruga peruana”). The infection is caused by
B. bacilliformis and is clinically characterized by an intraerythrocytic bacteraemia
often followed by fatal haemolytic anaemia (mortalilty: ∼40–90%). The second
chronic phase of infection (Verruga peruana) leads to vascular tumours that arise
from the chronic colonization of endothelial cells with B. bacilliformis (Schultz,
1968). Experimentally, it has been demonstrated that B. bacilliformis triggers the
proliferation of endothelial cells in vitro. This result has been reproduced in vivo
by implanting B. bacilliformis-extract containing sponge discs in rats and observ-
ing the resulting neoangiogenic processes (Garcia et al., 1990). Humans seem to be
the only reservoir host for this pathogen and transmission between humans occurs
through sandflies (Phlebotomus verrucarum). The disease is endemic in the Andes
(Peru, South America).

4.1.3 Trench Fever

B. quintana is the causative agent of Trench fever. Reports describing this dis-
ease date back to the time of the Napoleonic military campaign in Russia (Raoult
et al., 2006a) and the disease also emerged during the First and Second World
Wars (Anderson and Neuman, 1997). Blood sucking body lice (Pediculus humanus)
transmitted the pathogen between soldiers living under the poor hygienic condi-
tions common in trench warfare. At the end of the twentieth century, Trench fever
re-emerged among homeless patients in Seattle (USA) and Marseille (France) often
suffering from pediculosis (louse infestation) (Spach et al., 1995; Brouqui et al.,
1999). Humans were long thought to be the exclusive host for B. quintana. However,
it has been recently described that dogs represent a further mammalian reservoir
(Kelly et al., 2006).

Following initial infection, Trench fever is characterized by a sudden onset of
fever followed by subsequent periodical relapses (“five-day-fever”) which are par-
alleled by an intraerythrocytic bacteraemia (Foucault et al., 2004). B. quintana was
detected in erythroblasts residing in the bone marrow and these cells may serve as
a possible niche for a persistent infection from where the pathogen can re-enter the
bloodstream (Rolain et al., 2003a). There is also evidence that human bone marrow
represents a possible niche for B. henselae (Mändle et al., 2005).

The B. tribocorum rat infection model has proved a reliable in vivo model,
mimicking the course of B. quintana infections in humans (Schülein et al., 2001).
After an intravenous infection, the pathogen is rapidly cleared from the bloodstream
before a periodic relapsing bacteraemia occurs. Using a signature-tagged mutagen-
esis approach, the underlying pathogenicity mechanisms were elucidated in greater
detail revealing a broad variety of essential pathogenicity factors [e.g., genes of
VirB/D4 T4SS and others (Saenz et al., 2007)] and some of these genes are also
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crucial for the intracellular persistence in endothelial cells and macrophages (Kyme
et al., 2005). BadA-deficient strains of B. tribocorum (Saenz et al., 2007) or strains
of B. quintana lacking the variably expressed outer-membrane proteins (Vomps)
(Mackichan et al., 2008) were non-bacteraemic in the rat and macaque infection
models, respectively.

4.1.4 Bacillary Angiomatosis and Peliosis Hepatis

Of all human pathogenic bacteria, only pathogens of the genus Bartonella are capa-
ble of inducing vasculoproliferative disorders. The earliest known example of a
vasculoproliferative condition caused by Bartonella spp. is the chronic phase of
Carrión’s disease [Verruga peruana (Schultz, 1968)]. This disorder is geographically
limited to endemic areas in the Andes (Peru) and is mainly of historical and local
significance. Today, B. henselae and B. quintana are of more global significance as
they can induce vasculoproliferative disorders in immunosuppressed patients (e.g.,
AIDS patients). These vasculoproliferations are designated “bacillary angiomato-
sis” when appearing as cutaneous manifestations or peliosis hepatis. Both bacillary
angiomatosis and peliosis hepatis are histologically characterized as lobular pro-
liferations of blood-filled capillaries and result from chronic local infections with
B. henselae or B. quintana (Relman et al., 1990; 1991). Antibiotic treatment with
cell-permeable compounds (e.g., macrolides) leads to eradication of the pathogen
and subsequently to a complete regression of the angiomatosis.

To date, pathomechanisms operating in bacillary angiomatosis can only be
analysed using cell culture infection models [including endothelial cell prolifera-
tion assays and spheroids (Kempf et al., 2001; Kirby, 2004; Garcia et al., 1990;
Scheidegger et al., 2009)] as no animal model yet exists. Whereas the exposure
of endothelial cells to B. bacilliformis leads directly to cell proliferation (Garcia
et al., 1990), the induction of neoangiogenic events caused by B. henselae seems
to be a multistep process. It can now be assumed that three separate mechanisms
work synergistically: (i) triggering of endothelial cell proliferation, (ii) inhibition
of endothelial cell apoptosis, and (iii) angiogenic reprogramming of infected host
cells. Investigation of pathological angiogenesis in the field of cancer research pro-
vided valuable insight for examining Bartonella-induced angiogenesis: for example,
hypoxia-inducible factor 1 (HIF-1) and vascular endothelial growth factor (VEGF)
have been known for at least a decade to direct angiogenic cascades (Maxwell et al.,
2001; Pugh and Ratcliffe, 2003). Such angiogenic events are also influenced by
Bartonella spp.: here, a B. henselae infection drives the activation of HIF-1 and the
subsequent secretion of angiogenic growth hormones (e.g. VEGF) in infected host
cells (Kempf et al., 2001, 2005; Riess et al., 2004).

Interestingly, only Bartonella adhesin A (BadA) expressing B. henselae initiate
a proangiogenic host response but the details of the underlying molecular mecha-
nisms remain unclear (Kempf et al., 2001, 2005; Riess et al., 2004). Theoretically,
both HIF-1 activation (dependent on BadA expression of B. henselae) and inhibi-
tion of endothelial cell apoptosis [dependent of the function of the VirB/D4 type 4



4 Adhesins of Bartonella spp. 57

secretion system (T4SS) in B. henselae] may stimulate bacteria-induced angiogen-
esis in Bartonella infections cooperatively.

The purpose of such angiogenic stimulation may be explained from an evolu-
tionary standpoint: as B. henselae grows faster in the presence of host cells than on
inert cultivation media (e.g. Columbia blood agar), it appears that Bartonella spp.
stimulates the growth of endothelial cells to ensure its own ecologically privileged
environment (Kempf et al., 2000, 2002).

4.2 Analysis of Bartonella spp. Pathogenicity Factors

To date, the body of knowledge about pathogenicity factors of the genus Bartonella
is small. Progress has been slow due to the technical difficulties in performing
genetic studies on these slow growing microorganisms. Moreover, suitable animal
models for in vivo pathogenicity studies exist to only a limited extent for bacter-
aemic diseases [e.g. the B. tribocorum rat infection model, the B. birtlesii mouse
infection model (Schülein et al., 2001; Vayssier-Taussat et al., 2010)] and are com-
pletely absent for vasculoproliferative disorders. Two pathogenicity factors have
been the primary focus of ongoing research: the VirB/D4 T4SS which translocates
Bartonella effector proteins (Beps) into mammalian host cells and the family of
trimeric autotransporter adhesins (TAAs) of which BadA of B. henselae (Riess et al.,
2004) (see Fig. 4.1) and the Vomps of B. quintana (Zhang et al., 2004) are promi-
nent members. More recently, the Trw T4SS system has also been implicated to play
an important role in the infection process of host erythrocytes (Seubert et al., 2003;
Vayssier-Taussat et al., 2010).

Fig. 4.1 BadA expression of
B. henselae. Note the
remarkable BadA expression
forming a dense layer on the
bacterial surface (length
∼240 nm). Transmission
electron microscopy by Heinz
Schwarz (Max-Planck-Institut
für Entwicklungsbiologie,
Tübingen, Germany)
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4.2.1 The VirB/D4 T4SS

T4SSs act like “molecular syringes” in Gram-negative bacteria and “inject” bacterial
proteins or DNA either into host cells or other bacteria. Effector proteins of T4SS
are secreted through a secretion channel spanning the inner and outer membrane.
Originally, T4SS evolved from bacterial conjugation systems and are often essential
bacterial virulence factors. Through delivery of particular bacterial effectors, host
cell functions are modulated for the benefit of the pathogen (Christie et al., 2005).

The VirB T4SS of Agrobacterium tumefaciens is the best characterized T4SS
(Chilton et al., 1977) and shows high homologies to that of Bartonella spp.
(Padmalayam et al., 2000; Schülein and Dehio, 2002). The major function of the
B. henselae VirB/D4 T4SS seems to be the modulation of endothelial cell func-
tions (Schmid et al., 2004). It is responsible for (i) “invasome formation” (uptake of
bacterial agglomerates formed by rearrangements of the host cell actin cytoskele-
ton), (ii) proinflammatory gene programming [activation of nuclear factor (NF)-κB,
interleukin-8 secretion, ICAM-1 and E-selectin expression] and (iii) inhibition of
apoptosis in endothelial cells. Moreover, (iv) the VirB/D4 T4SS seems to modu-
late the mitogenic effects of B. henselae on endothelial cells (Schmid et al., 2004;
Schülein et al., 2005). So far, seven T4SS-dependent Bartonella effector proteins
(Beps) have been identified (Schülein et al., 2005) of which the biological functions
have been shown in greater detail for two: BepA and BepG. BepA mediates the
inhibition of apoptosis in endothelial cells (Schmid et al., 2006) and is also respon-
sible for capillary sprout formation in a more complex infection model (endothelial
spheroids) whereas BepG counteracts such sprouting (Scheidegger et al., 2009).
The parallel capability of B. henselae both to stimulate and to repress angiogenic
events through the release of individual effector proteins suggests that the process of
B. henselae-triggered neoangiogenesis is the result of a finely-balanced interaction
between different bacterial effector molecules. To date, the structure and organiza-
tion of the B. henselae VirB/D4 T4SS can only be modelled, as the protein complex
has never been visualized (Pulliainen and Dehio, 2009).

4.2.2 Bartonella Adhesin A (BadA)

Adherence to the host is the first and most decisive step in a bacterial infection. To
ensure efficient host adhesion, bacteria express surface protein complexes with the
ability to bind specific molecular host components. These complexes (“adhesins”)
can differ greatly in their composition and may be classified as pili, fimbriae,
membrane-anchored fibres and proteins attached to the cell wall (Hultgren et al.,
1993; Hoiczyk et al., 2000; Niemann et al., 2004; Foster and Hook, 1998; Koretke
et al., 2006). The family of trimeric autotransporter adhesins {TAAs, other designa-
tions: non-fimbrial adhesins [NFAs (Hoiczyk et al., 2000)], oligomeric coiled-coil
adhesins [Ocas (Henderson et al., 2004; Barocchi et al., 2005)]} has been defined
by structure and sequence similarity (Linke et al., 2006; Szczesny and Lupas, 2008).
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TAAs are present in α-, β-, and γ-proteobacteria, are clearly linked with pathogenic-
ity and are expressed in human, animal- and plant-pathogens [e.g. Xanthomonas
adhesin A (XadA) from Xanthomonas oryzae (Ray et al., 2002)]. The best exam-
ined TAA is the Yersinia adhesin A (YadA) of Yersinia enterocolitica [first identified
in 1982 as “P1” protein (Bolin et al., 1982)] and it is the prototype for other TAAs
such as the ubiquitous surface proteins A1 and A2 (UspA1, UspA2) of Moraxella
catarrhalis (Hoiczyk et al., 2000) and Neisseria adhesin A (NadA) of Neisseria
meningitidis (Comanducci et al., 2002).

On the bacterial surface, all TAAs assemble in a similar way best described
as a trimeric “lollipop-like” structure. TAAs are constructed modularly, combining
conserved elements designated as “membrane anchor”, “stalk”, “neck” and “head”
(Linke et al., 2006) (see Fig. 4.2). TAAs are defined by their C-terminal membrane
anchor domain which is responsible for the autotransport activity and is highly
homologous throughout the TAA family. The C-terminal membrane anchor domains

BadA YP_033006 B. henselae

BadA YP_001608647  B. tribocorum

VompD YP_031852 B. quintana

BadA-like YP_033004  B. henselae

Brp YP_989195  B. bacilliformis

VompC YP_031854 B. quintana

VompA YP_031853  B. quintana

Brp YP_988631  B. bacilliformis

Brp YP_988634  B. bacilliformis

VompB AAU14842 B. quintana
signal peptide

not predicted

coiled coil

membrane anchor

head repeat

Trp ring domain

GIN domain

DALL domain

neck

not predicted

FGG domain

head insert HIN

Fig. 4.2 Domain organisation of BadA homologues within the genus Bartonella. Homologues
to BadA were found using BLAST (Altschul et al., 1997) against the sequenced genomes of
B. henselae Houston-1, B. quintana Toulouse, B. bacilliformis KC583, and B. tribocorum CIP
10547. The domain composition was determined using the tool daTAA (Szczesny and Lupas,
2008). All domains are drawn to scale (sequence length). The annotation in the figure is from
BadA of B. henselae Marseille, which harbours an intact copy of the BadA gene. In B. henselae
Houston-1, a frame shift deletion in the membrane anchor supposedly prevents BadA expres-
sion. In addition, two incomplete TAA genes are found in the B. henselae Houston-1 genome
(not depicted), and one shorter but intact BadA-like TAA with a long, repetitive head domain.
The BadA gene of B. tribocorum is the longest so far observed TAA in Bartonella. This gene is
incomplete as it lacks a signal peptide necessary for inner membrane secretion; this is possibly a
sequence error as BadA has been shown to be functional in that strain (Saenz et al., 2007). Of the
four Vomp genes [VompA-D; reported in (Zhang et al., 2004)], only three are found in the genome
of B. quintana Toulouse (NC_010161.1). The annotation of VompB was made on the basis of the
sequence from B. quintana JK31 (Zhang et al., 2004), the other Vomps were annotated from the
B. quintana Tolouse genome (Alsmark et al., 2004). Although much shorter, VompD is related to
BadA, while the other three Vomps lack the Trp-ring and the GIN domain (Szczesny et al., 2008).
In B. bacilliformis, three Brp genes are found that differ in length and head domain structure; one of
them is highly similar in its head structure to the shorter BadA-like TAA of B. henselae, while the
others are more similar to VompA-C lacking Trp-ring and the GIN domain [reprinted in a modified
format from: Kaiser et al. (2011) Bartonella spp.: throwing light on uncommon human infections.
Int J Med Microbiol 301: 7–15]
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of Haemophilus influenzae adhesin A (HiA) and YadA of Y. enterocolitica (Meng
et al., 2006; Grosskinsky et al., 2007) are known to be secreted into the periplasm.
Following this, they form a trimeric 12-stranded β-barrel pore in the outer mem-
brane through which the “effector” domains are transported. Other domains (head
and stalk) are present in most TAAs but may be rearranged in a variable order similar
to “Lego bricks” (see Fig. 4.3).

TAAs of the genus Bartonella share some remarkable features which differenti-
ate them from the TAAs of other bacteria: (i) they vary enormously in length, (ii)
often more than one TAA gene variant or gene fragment is present in the genome
and (iii) they are highly conserved within the genus.

The TAA of B. henselae, BadA, is the best understood adhesin of the genus.
It was first described as a “type IV-like pilus” (Batterman et al., 1995) but fur-
ther investigation revealed that it indeed represents a member of the TAA family
(Riess et al., 2004). BadA is an extraordinarily large TAA (∼3,000 amino acid
residues resulting in a size of ∼328 kDa per monomer) with a measured length

Y. e. YadA+B. h. BadA+

Fig. 4.3 Domain composition of BadA (“Lego brick-concept”): Model of the modular domain
organisation of the TAAs Yersinia adhesin A (YadA) of Y. enterocolitica and Bartonella
adhesin A (BadA) of B. henselae. In principle, certain “bricks” [membrane anchor (YadA: grey,
BadA: black), neck-stalk repeats (white-red) and the head domain (YadA: green/gray, BadA:
green/red/blue/yellow)] are present in all TAAs. Such “bricks” act as modules sharing similar func-
tions (e.g., membrane anchor: anchoring the adhesin in the OM; neck(s): trimerization motif(s);
head: adhesion to host cells). There is evidence that such “bricks” can be removed from TAAs
(Kaiser et al., 2008) or even exchanged between e.g., α- and γ-proteobacteria (Schmidgen, Linke
and Kempf, unpublished data)
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of ∼240 nm (Fig. 4.1). It was demonstrated that BadA is essential for the adhe-
sion of B. henselae to host cells and extracellular matrix proteins, particularly to
fibronectin, laminin and collagens. Moreover, expression of BadA is clearly linked
to the capacity of B. henselae to trigger a proangiogenic host cell response via acti-
vation of the transcription factor HIF-1 and the secretion of angiogenic cytokines
[e.g. VEGF, interleukin-8 (Kempf et al., 2001, 2005; Riess et al., 2004)]. While
testing sera of patients suffering from B. henselae infections, it was discovered that
such sera regularly (∼70–80%) contained BadA-specific antibodies (Wagner et al.,
2008; Riess et al., 2004). Therefore, BadA also seems to be an immunodominant
protein and this finding might be used to improve current laboratory protocols for
serological diagnostic approaches.

Most of the enormous length of BadA (∼240 nm) is formed by multiple repeats
of the neck-stalk elements, which are rich in coiled-coil structures. This repetition
results in a long and fibrous BadA structure of much greater length than the proto-
typical YadA from Y. enterocolitica (∼23 nm) (Hoiczyk et al., 2000). The purpose
of the BadA stalk and the significance of its extreme length has not been eluci-
dated. PCR analysis of nine B. henselae strains revealed surprising variations in
stalk length within the species (Riess et al., 2007). Furthermore, the BadA stalk
appears to be important in binding extracellular matrix proteins such as fibronectin,
as experiments with a BadA mutant strain lacking almost the entire stalk impaired
the fibronectin binding function (Kaiser et al., 2008). However, it is not yet clear
whether the stalk of BadA contains a defined binding site for fibronectin or whether
it simply represents a “spacer”, separating the head at a defined distance from the
bacterial cell surface.

While the length of the BadA stalk varies between different B. henselae strains,
the head domain seems to be of conserved length and high sequence identity
(Riess et al., 2007). Correspondingly, the Bad A head domain has been identified
as the active element involved in most of BadA functional properties including
autoagglutination, binding to extracellular matrix and host cells and triggering of
proangiogenic host cell responses. Structurally, the head is composed of three sub-
domains: (i) an N-terminal domain, (ii) a Trp-ring and (iii) a GIN domain (Szczesny
et al., 2008). The N-terminal domain of Bad A is homologous to the prototypi-
cal YadA head repeats whereas the Trp-ring and GIN domain (although arranged
in opposite order) show high structural but no sequence similarity to the Hia of
H. influenzae. Although the biological properties of the BadA head have been
well analysed (Kaiser et al., 2008) it has not yet been possible to attribute specific
functions to individual subdomains.

Genes encoding BadA-homolgous TAAs can be found in all other Bartonella
species investigated so far (see Fig. 4.2) suggesting a conserved role of these
adhesins in Bartonella pathogenicity (Zhang et al., 2004; Saenz et al., 2007; Gilmore
et al., 2005). In the case of B. quintana, four different adhesins (Vomp A-D)
are present. Although it is not clear whether all of these Vomps are expressed
under natural conditions (Zhang et al., 2007), Vomp D exhibits the closest pre-
dicted structural similarity to BadA. Autoagglutination, collagen binding and VEGF
secretion of host cells are attributed to Vomp expression (Zhang et al., 2004;
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Schulte et al., 2006). Furthermore, Vomp-defective B. quintana and BadA-defective
B. tribocorum mutants do not cause chronic bacteraemia in their respective animal
models (Saenz et al., 2007; Mackichan et al., 2008).

4.2.3 Does an Interplay Between the VirB/D4 T4SS
and BadA Exist?

The VirB/D4 T4SS and BadA of Bartonella spp. probably represent two of the
most important pathogenicity factors of this genus. The functions these structures
perform are crucial for infection and, in the case of B. henselae, both proteins may
provide important elements in the multi-step process leading to neoangiogenesis.
It can be hypothesized that BadA and the VirB/D4 T4SS may interact during the
infection process resulting in a synergistic relationship in which BadA not only
provides initial adhesion but also maintains the optimal distance between bacterium
and host for effective VirB/D4 T4SS protein translocation.

Examples of such relationships already exist, for example between the type III
secretion system (T3SS) and YadA of Y. enterocolitica. As with T4SS, the T3SS
translocation systems are used by many Gram-negative bacteria for transmission
of bacterial effector proteins from the bacterial cytosol into the host cell [e.g.,
Yersinia outer proteins (Yops)]. Modified from an ancestral flagellum structure, the
T3SS is made up of a transmembrane basal body and a needle (“injectosome”)
emerging from the bacterial surface through which the effector proteins are trans-
ported. During assembly, the length of the T3SS is controlled by the “Yersinia size
controller” (YscP), which acts as a molecular ruler alongside the growing needle
machinery. Studies comparing YadA and the T3SS in Y. enterocolitica indicated
that the YadA and T3Ss have to be the same length for effective Yop translocation
in host cells (Mota et al., 2005).

One might argue that a similar relationship between the VirB/D4 T4SS and BadA
of B. henselae is unlikely as the enormous length of BadA would imply an equally
long VirB/D4 T4SS. Even though it may be difficult to imagine effective protein
translocation over such a distance, T4SSs spanning such a gap are known. For exam-
ple, the T-pilus of A. tumefaciens is even longer at ∼1,400 nm (Aly and Baron,
2007). Although much is known about the functions of the VirB/D4 in B. henselae,
the length of this structure is still unknown. Until more information exists, the plau-
sibility of such a correlation for VirB/D4 T4SS and BadA in B. henselae cannot be
conclusively determined.

4.2.4 Filamantous Haemagglutinin of Bartonella spp.

Genomic sequencing of B. henselae revealed the presence of multiple sequences
coding for filamentous haemagglutinins (fhaB1-8, differing in length) and their cor-
responding partner secretion proteins (fhaC/hecB) indicating the possible existence
of further adhesins in this species (Alsmark et al., 2004).



4 Adhesins of Bartonella spp. 63

To date it is still unclear whether any of the fha genes of B. henselae play a
role in pathogenicity or whether these genes are even expressed. An STM-study of
B. tribocorum (also containing ten Fha homologues) did not reveal an obvious role
for Fha in pathogenicity (Saenz et al., 2007); however, it needs to be mentioned
that with such an STM-approach it is almost impossible to identify a phenotype.
Theoretically it would be necessary to knock out all eight fha genes before an effect
on pathogenicity might be observed. In fact, any kind of mutagenesis approach to
this problem would be frustrated by the need to disable multiple genes simulta-
neously. Nevertheless, despite the technical problems they cause in analysis, the
existence of so many versions of this gene may actually be an indicator of its impor-
tance: most likely, such “backup” measures against loss would be only afforded to
genes of evolutionary significance.

In B. henselae the fha sequences are found on two genomic islands flanked by
tRNAs and integrase genes suggesting that their presence is a result of phage inter-
actions (Alsmark et al., 2004). Fha homologues are found in the genomes of both
plant- and animal- pathogenic bacteria in the plant pathogen Erwinia chrysanthemi
and the animal pathogen Bordetella bronchiseptica, Fha homologues are known to
play an important role in the infection process (Rojas et al., 2002; Nicholson et al.,
2009). The location of fhaC/hecB and fhaB within a genomic island of the B. hense-
lae genome is consistent with the phylogenetic analysis of these homologues, which
indicates horizontal transfer across species (Rojas et al., 2002).

Despite the lack of knowledge about the biological function of B. henselae Fha,
parallels to the Fha of Bordetella pertussis (the pathogen causing whooping cough
in humans) can be drawn. The Fha of B. pertussis represents the best-characterized
member of the Fha protein family due to its importance in virulence and its use
as a component in most acellular B. pertussis vaccines (Pines et al., 1999). The
gene combination fhaB and fhaC/hecB represents a typical two partner secretion
system in which fhaB codes for the Fha protein and fhaC/hecB for an excretion
protein specifically dedicated to transport of Fha across the outer membrane. Fha of
B. pertussis is activated through the two-component regulatory system BvgAS and is
initially produced as a 367 kDa precursor protein which is extensively modified over
the course of its transport to form a highly immunogenic 220-kDa hairpin-shaped
protein at maturity. Transport across the cytoplasmic membrane is accomplished
through a sec-signal peptide-dependent pathway followed by secretion across the
OM through the Fha specific FhaC protein which forms a transmembrane β-barrel
(Clantin et al., 2007). The protein reaches final maturity at the cell surface, where
it is further modified and may be released in part due to interaction with the serine
protease SphB1 (Mazar and Cotter, 2006; Coutte et al., 2001, 2003b).

The Fha of B. pertussis contains three confirmed binding domains: (i) two
Arg-Gly-Asp triplets (RGD), which bind to monocytes and macrophages and to
human bronchial epithelial cells via Very Late Antigen 5 (VLA-5) (Ishibashi and
Nishikawa, 2002; 2003), (ii) a carbohydrate recognition domain (CRD) (Prasad
et al., 1993), which binds to ciliated respiratory epithelial cells and macrophages and
(iii) a heparin-binding domain, which mediates adherence to non-ciliated epithelial
cells (Hannah et al., 1994). Due to the lack of suitable animal models, the biological
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functions of B. pertussis Fha are mainly deduced from the Fha of B. bronchiseptica:
here, Fha is crucial for tracheal colonization of rats suggesting its main role is as
an adhesin (Cotter et al., 1998). Additionally, Fha is involved in autoagglutination
and modulation of the inflammatory host response (Coutte et al., 2003a; McGuirk
and Mills, 2000; Inatsuka et al., 2005). The length of B. pertussis Fha (3,590 aa;
NP_880571.1) was calculated to be ∼50 nm (Makhov et al., 1994). This suggests
that a putative Fha of B. henselae (e.g., FhaB3, 2,653 aa, YP_033500.1) might be of
similar length. It is not clear how B. henselae Fha mediates host cell interactions in
the presence of BadA (∼240 nm in length). However, several strains of B. henselae
do not express BadA (Riess et al., 2007). Therefore, Fha might play an important
role in the infection process when BadA is not expressed by B. henselae.

4.2.5 The Trw Type 4 Secretion System of Bartonella spp.

The function of the Trw T4SS system has been examined in several Bartonella
species. Trw systems are assumed to have evolved from plasmid conjugation sys-
tems acquired through horizontal gene transfer from other bacterial species. Over
time, co-evolution with mammalian hosts altered the original biological function
from conjugation to host cell interaction leading to subsequent selection to match
specific host cell structures (Nystedt et al., 2008). The first indications of the
Trw system function were gained from the B. tribocorum rat infection model in
which trwE mutants were characterized by a non-bactaeremic phenotype (Seubert
et al., 2003). Recently, using a signature-tagged mutagenesis approach, a B. birtlesii
mouse infection model revealed mutants impaired in establishing an intraerythro-
cytic bacteraemia. The corresponding genes encoded components of the Trw T4SS,
demonstrating that this virulence factor is directly involved in adherence to ery-
throcytes. Ectopic expression of Trw of B. tribocorum (rat-specific) in B. henselae
(cat-specific) or B. quintana (human-specific) expanded the host range for ery-
throcyte infection to rat, clearly demonstrating that Trw mediates host-specific
erythrocyte infection (Vayssier-Taussat et al., 2010). The analysis of the exact
erythrocyte binding partners of the Trw T4SS is currently ongoing (M. Vayssier-
Taussat, personal communication). Cumulatively, the Trw T4SS appears to be the
determining factor mediating host specific erythrocyte infections.

4.2.6 Less Characterized Adhesins of Bartonella spp.

Finally, several B. henselae outer membrane proteins (the 28, 32, 43, 52 and 58 kDa
OMPs) may also act as adhesins in the course of infection, as they have been shown
to bind to endothelial cells in vitro (Burgess and Anderson, 1998). ICAM-1 might be
a binding partner of the 43 kDa protein which exhibits a strong affinity to endothelial
cells (Burgess et al., 2000). Furthermore, exposure of endothelial cells to purified
B. henselae outer membrane proteins resulted in NF-κB activation and increased
expression of adhesion molecules (E-selectin, ICAM-1) (Fuhrmann et al., 2001).
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However, detailed data for the role of these potential adhesions in the host cell
infection process are still missing.

4.3 Conclusions and Outlook

Their ability of Bartonella spp. to cause vascularpoliferative disorders and intraery-
thocytic bacteraemia is unique among bacterial pathogens. The VirB/D4 T4SS and
TAAs (e.g., BadA, Vomps, BrpA) represent important virulence factors which may
work synergistically in host cell infection processes. Other potential adhesins are
represented by the Trw-system, the filamentous haemagglutinins and several outer
membrane proteins. The exact molecular functions of Bartonella-adhesins and their
interplay with other pathogenicity factors (e.g., the VirB/D4 T4SS, the Trw T4SS or
Fha) need to be analysed in greater detail.
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Chapter 5
Adhesion Mechanisms of Plant-Pathogenic
Xanthomonadaceae

Nadia Mhedbi-Hajri, Marie-Agnès Jacques, and Ralf Koebnik

Abstract The family Xanthomonadaceae is a wide-spread family of bacteria
belonging to the gamma subdivision of the Gram-negative proteobacteria, includ-
ing the two plant-pathogenic genera Xanthomonas and Xylella, and the related
genus Stenotrophomonas. Adhesion is a widely conserved virulence mechanism
among Gram-negative bacteria, no matter whether they are human, animal or
plant pathogens, since attachment to the host tissue is one of the key early
steps of the bacterial infection process. Bacterial attachment to surfaces is medi-
ated by surface structures that are anchored in the bacterial outer membrane and
cover a broad group of fimbrial and non-fimbrial structures, commonly known as
adhesins. In this chapter, we discuss recent findings on candidate adhesins of plant-
pathogenic Xanthomonadaceae, including polysaccharidic (lipopolysaccharides,
exopolysaccharides) and proteineous structures (chaperone/usher pili, type IV pili,
autotransporters, two-partner-secreted and other outer membrane adhesins), their
involvement in the formation of biofilms and their mode of regulation via quorum
sensing. We then compare the arsenals of adhesins among different Xanthomonas
strains and evaluate their mode of selection. Finally, we summarize the sparse
knowledge on specific adhesin receptors in plants and the possible role of RGD
motifs in binding to integrin-like plant molecules.

5.1 Introduction

The family Xanthomonadaceae is a wide-spread family of bacteria belonging to the
gamma subdivision of the Gram-negative proteobacteria. Current taxonomy lists 22
genera, among them the two plant-pathogenic genera Xanthomonas and Xylella, and
the related genus Stenotrophomonas, isolates of which are increasingly recognised
as an important cause of hospital-acquired infections.
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Xanthomonas is a large genus of plant-associated bacteria, many of which cause
severe diseases of crops and ornamentals, including economically important plants,
such as rice, wheat, banana, beans, tomato, Citrus and cotton. Common diseases
include vascular wilt, cankers, leaf spots, fruit spots, leaf blight and leaf streak.
Strains of a certain pathovar only infect a restricted number of plant species and each
strain colonizes a favoured ecological niche (tissue), some strains entering the vas-
cular system and causing systemic disease while others stay more or less restricted
to the site of infection. Several (putative) pathogenicity factors have been speculated
to be responsible for this host and tissue specificity, among them the repertoire of
type III effectors, presence/absence of adhesins, and/or their allelic diversity (Hajri
et al., 2009; Lu et al., 2008).

Xylella fastidiosa is another important plant pathogen of the Xanthomonadaceae
family, which is distibuted worldwide. Strains of X. fastidiosa cause citrus varie-
gated chlorosis or Pierce’s disease in grapevine. Other strains cause disease on
shrubs and trees (e.g. oleander, almond, oak, mulberry, peach, pear), but also on
alfalfa. The bacteria form biofilms which contribute to the occlusion of xylem ves-
sels, thus leading to water stress and wilting of the host plant. Leafhoppers are
the vector for this xylem-limited fastidious bacterium. The spread of the disease
requires the release of the bacterium from the animal vector and its transmission
into new plants (Chatterjee et al., 2008a). Four principal pathogenicity factors, most
of them related to attachment, have been described for plant colonization and insect
acquisition: (i) twitching motility by type IV pili, (ii) secretion of cell-wall degrad-
ing enzymes, (iii) cell-to-cell aggregation and surface attachment by fimbrial and
non-fimbrial adhesins, and (iv) production of exopolysaccharides (Chatterjee et al.,
2008a).

Fig. 5.1 Scanning electron micrographs of field-grown bean leaf surface colonized by seed-borne
X. axonopodis pv. phaseoli. Note the various cell surface appendages used by the bacterial cells to
adhere to the leaf surface
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Adhesion is a widely conserved virulence mechanism among Gram-negative
bacteria which is used by diverse pathogens to infect their plant, invertebrate and
mammalian hosts (Amano, 2010; Cao et al., 2001; Kline et al., 2009). Attachment to
a surface is also a prerequisite for aggregation in biofilms which enhance the resis-
tance of bacteria to various biotic and abiotic stresses, favour the coordination of
adapted responses to environmental changes and allow multiplication for successful
colonization of host tissue (Amano, 2010; Danhorn and Fuqua, 2007). Sensing and
adhesion are interconnected since biofilm formation is regulated by a chemosen-
sory system revealing the interplay of the various systems mediating the adaptation
to the environment (Dow et al., 2003). The genome sequences of plant-pathogenic
Xanthomonadaceae contain many genes for the formation of surface adhesive struc-
tures (Moreira et al., 2004; Van Sluys et al., 2002). Electron microscopy revealed
the presence of surface appendages that are assumed to be involved in attachment to
abiotic and/or biotic surfaces (Fig. 5.1).

5.2 Adhesive Structures – Polysaccharides

5.2.1 Lipopolysaccharides

It is generally believed that lipopolysaccharides (LPS) play a role in adhesion, but it
is difficult to ascertain whether this effect is direct or indirect (Hori and Matsumoto,
2010). Usually, LPS mutants are also affected in other traits, such as motility,
production of type I pili and other adhesins, and type III secretion.

X. campestris pv. campestris is a vascular pathogen of cruciferous plants and
enters the xylem via hydathodes. Analysis of X. campestris pv. campestris mutants
affected in pathogenicity demonstrated that a mutation of rfaX, leading to an altered
LPS, had the strongest impact on hydathode colonization (Hugouvieux et al., 1998).
However, this effect could be due to an attachment defect or due to higher sensitiv-
ity towards the antimicrobial defense response mounted in the hydathode. Later,
other virulence-reduced mutants in LPS genes were isolated in X. campestris pv.
campestris (Qian et al., 2005). A loss-of-virulence screen of the non-vascular rice
pathogen X. oryzae pv. oryzicola revealed a wxocB mutant that was assumed to be
affected in the O chain assembly (Wang et al., 2007). This mutant was strongly
impaired in its ability to spread in the mesophyll. Although the reasons for the
reduced virulence of LPS mutants remain to be elucidated, these observations
imply that an intact LPS is essential for full virulence of vascular and non-vascular
xanthomonads.

5.2.2 Exopolysaccharides

Exopolysaccharide (EPS), also called xanthan gum for Xanthomonas, is another
bacterial polysaccharide that is released as an extracellular slime (García-Ochoa
et al., 2000). EPS is involved in biofilm formation (Vu et al., 2009), which in turn
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mediates close association of bacteria to abiotic and biotic surfaces (Danhorn and
Fuqua, 2007).

More than 10 years ago, the first EPS mutants of xanthomonads were
described. A gumD mutant of X. campestris pv. campestris and a gumG mutant of
X. oryzae pv. oryzae were reported to be reduced in virulence (Chou et al., 1997;
Dharmapuri and Sonti, 1999). An exhaustive transposon screen of X. campestris pv.
campestris revealed further mutants in EPS biosynthesis genes which were affected
in provoking disease of cabbage (Lu et al., 2007; Qian et al., 2005).

A X. axonopodis pv. citri gumB mutant, not only defective in production of EPS
but also in the formation of biofilms, showed reduced growth and survival on leaf
surfaces and reduced disease symptoms, suggesting an important role for the for-
mation of biofilms in the epiphytic survival of X. axonopodis pv. citri (Rigano
et al., 2007). However, another xanthan-defective mutant of X. axonopodis pv. citri,
mutated in gumD, remained fully pathogenic in citrus plants but displayed impaired
survival under oxidative stress during stationary phase as well as impaired epiphytic
survival on citrus leaves (Dunger et al., 2007). It was concluded that xanthan does
not play an essential role in citrus canker at the initial stages of infection, but facili-
tates the maintenance of bacteria on the host plant, possibly improving the efficiency
of colonization of distant tissue (Dunger et al., 2007).

EPS synthesis of X. campestris pv. campestris has been shown to be under control
of a cell-cell signalling pathway, involving a small diffusible signal factor (DSF),
the DSF synthetase RpfF and a two-component regulatory system comprising RpfC
and RpfG (Fouhy et al., 2006). DSF signalling is tighly linked to the intracellular
second messenger cyclic dimeric GMP (c-di-GMP) (Jenal and Malone, 2006; Ryan
et al., 2006). Subsequent mutant analyses (Ryan et al., 2007; Torres et al., 2007)
and microarray experiments (He et al., 2006, 2007) revealed that DSF/c-di-GMP
signalling is not only finely balanced during biofilm formation but involves a hierar-
chical signalling network affecting many other pathogenicity-related traits, among
them type III secretion, motility, extracellular hydrolytic enzymes, detoxification
and resistance to oxidative stress. This way, a coordinated switch from a sessile
aggregated lifestyle to motile exploratory lifestyle may be accomplished (Fouhy
et al., 2006).

Cell-to-cell signalling mediated by a structurally similar diffusible signal factor
is also central to the regulation of the virulence of X. fastidiosa. rpfC mutants hyper-
express rpfF, overproduce DSF and are deficient in virulence and movement in the
xylem vessels of grape, while rpfF mutants deficient in DSF production have the
opposite phenotypes for these traits (Chatterjee et al., 2008c). Using green fluores-
cent protein-labelled bacteria, the rpfF-deficient mutant was detected at a greater
distance from the point of inoculation than the wild-type strain and attained up to
100-fold larger population sizes (Chatterjee et al., 2008b). Hence, the hyperviru-
lence phenotype of the rpfF mutant is likely due to unrestrained replication and more
extensive spread of bacteria within the xylem vessels, thus leading to their occlusion.
It was concluded that DSF-mediated cell-to-cell signalling, which restricts move-
ment and colonization of X. fastidiosa, may be an adaptation to endophytic growth
of the pathogen that prevents the excessive growth of cells in vessels (Chatterjee
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et al., 2008b). Interestingly, rpfC mutants are able to colonize the mouthparts of
insect vectors but are not transmitted as efficiently as wild-type bacteria to new host
plants, apparently because of their strong adhesiveness (Chatterjee et al., 2008c).
Because of the opposing contributions of adhesiveness and other traits to move-
ment within plants and transmission to new host plants, X. fastidiosa apparently
coordinates these traits in a quorum-dependent fashion involving DSF.

5.3 Adhesive Structures – Proteins

5.3.1 Pili (Fimbriae)

Pili (fimbriae) are filamentous cell-surface appendages that have been classified by
their potential to induce hemagglutination of erythrocytes, their morphology (size),
their site of anchoring in the bacterium (polar versus omnidirectional), and by their
biosynthesis. In Xanthomonadaceae, several types of pili have been observed or
postulated to exist: chaperone/usher (CU) pili, type IV pili, and pili associated with
several protein secretion systems (Büttner and Bonas, 2010). Virtually nothing is
known whether or not pili of the type III, type IV and type VI protein secretion
systems are specifically involved in adhesion of Xanthomonadaceae.

5.3.1.1 Chaperone/Usher Pili

CU pili are assembled by the relatively simple chaperone/usher pathway (Kline
et al., 2010). Genes for CU pili (sometimes also called type I pili) of
Xanthomonadaceae were first discovered in the genome sequence of X. fastid-
iosa (Bhattacharyya et al., 2002). Strain 9a5c was the first one to be com-
pletely sequenced (acc. no. NC_002488), followed by strain Temecula1 (acc. no.
NC_004556). The gene cluster XF0077 to XF0083 (PD0058 to PD0062 in strain
Temecula1) encodes a periplasmic chaperone, an outer membrane usher protein, and
four candidate fimbrial subunits (three in strain Temecula1). The usher and chaper-
one proteins are almost identical among different strains of X. fastidiosa while the
fimbrial subunits share 85–93% sequence identity among orthologs but less identity
among paralogs. The predicted protein product of fimA (PD0062) in X. fastidiosa
shares 23% identity with the orthologous FimA in Escherichia coli K–12 (Li et al.,
2007); the usher (PD0060) and chaperone (PD0061) are 36 and 40% identical to
their E. coli orthologues.

By transmission electron microscopy two length classes of fimbriae were visu-
alized, the shorter of which (0.4–1.0 micrometer) corresponded to CU pili (Meng
et al., 2005). Scanning electron microscopy revealed that fimbriae size and number,
cell aggregation, and cell size were reduced in fimA (PD0062) or fimF (PD0058)
mutants of X. fastidiosa when compared with the parental strain (Feil et al., 2003).
Later, it was confirmed that a fimA (PD0062) mutant produced no CU pili (Li et al.,
2007). Interestingly, CU pili were found to be predominantly located at only one
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pole of the cell (Li et al., 2007; Meng et al., 2005). Since X. fastidiosa has been
found to attach polarly to xylem cells (Feil et al., 2003), CU pili might therefore be
involved in the polar attachment to plant cells. Mutants in fimA or fimF remained
pathogenic to grapevines but exhibited significantly reduced virulence (Feil et al.,
2003, 2007).

Mutants in fimA (PD0062), thus possessing only type IV pili, were found to be
deficient in biofilm formation (Meng et al., 2005). A role of CU pili in biofilm
formation was also suggested by the upregulation of fimA during biofilm formation
(de Souza et al., 2004). Biofilm formation and adherence to surfaces might interfere
with movement. Indeed, a fimA mutant was not only capable of moving via twitching
motility (Meng et al., 2005), but movement was in fact enhanced, suggesting that
the presence of CU pili may partially restrict cell movement (Li et al., 2007). Using
a microfluidic device it was demonstrated that a fimA mutant moved six times faster
than wild-type cells on a glass surface (De La Fuente et al., 2007a). Along with this
observation, CU pili were found to mediate stronger attachment to a glass surface
than type IV pili (De La Fuente et al., 2007b). Not only did fimA and fimF mutants
adhere to glass surfaces less efficiently than the wild-type strain, but these cells
occurred primarily as solitary cells and not as cell aggregates, unlike wild-type. In
summary, CU pili of X. fastidiosa play an important role in cell-to-cell aggregation,
biofilm formation and attachment to surfaces.

Complete genome sequencing led to the identification of a conserved gene cluster
for CU pili in Xanthomonas (acc. no. YP_363214). This gene cluster is predicted
to encode one usher protein (XCV1483), two chaperones (XCV1480, XCV1483)
and two fimbrial subunits one of which is twice the size (XCV1481) of the other
(XCV1484) due to a tandem duplication. The number, order and size of the genes
of the CU pilus cluster of Xanthomonas is different to that found in X. fastidiosa.
Moreover, the sequence similarity is very low, with less than 25% sequence identity
between the chaperone and usher proteins from Xanthomonas and X. fastidiosa.
Stenotrophomonas maltophilia, another species of the Xanthomonadaceae, contains
two CU pilus gene clusters, one corresponding to that from Xanthomonas and one
to that from X. fastidiosa. Hence, CU pili from Xanthomonas and from X. fastidiosa
might play different roles.

5.3.1.2 Type IV Pili

Type IV pili are homopolymeric assemblies of a small pilin protein, called PilA in
Pseudomonas and PilE in Neisseria, which are expressed by many Gram-negative
bacteria, including Xanthomonadaceae (Craig et al., 2004). The type IV pilus
assembly machinery is structurally related to the type II secretion system (Gerlach
and Hensel, 2007). Once assembled, the long and flexible structure extends outward
from the bacterial surface and establishes contact with host cell or abiotic surfaces.
Type IV pili have the ability, once firmly attached to a surface, to retract through the
bacterial cell wall, thus leading to movement of the bacterial cell – a process called
twitching or gliding motility (Jarrell and McBride, 2008).

Type IV pilus-related genes are present in all sequenced strains of Xanthomonas
and Xylella. The major pilin PilA (sometimes misleadingly called FimA) is
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always encoded on the opposite strand close to the pilus assembly gene pilC.
The major pilin orthologs from Xanthomonas display an amazing diversity which
does not correlate with the phylogenetic relationships of the strains. Some pilins
are more closely related to PilE from Neisseria while others are more similar to
homologs from Legionella. In a few lineages of Xanthomonas (e.g. X. campestris
pv. campestris strains ATCC33913 and 8004, X. axonopodis pv. vesicatoria strain
NCPPB3240, X. axonopodis pv. citri strain 306), a tandem duplication has occurred
the consequences of which are not known (i.e. whether there is an antigenic switch
due to differential expression of the two genes) (Ojanen-Reuhs et al., 1997). The
variability among the major pilins may be associated with specific interactions with
their hosts, reminiscent of the situation in human and animal pathogens (Van Sluys
et al., 2002). The genome sequences of X. fastidiosa also reveal a gene duplication
event, which probably occurred before or along with the speciation of X. fastidiosa.
However, compared to Xanthomonas, there is much less sequence variation among
the six completely sequenced strains of X. fastidiosa.

Experiments with several Xanthomonas species demonstrated an important role
of type IV pili in attachment and aggressiveness on their host plants. For exam-
ple, immunofluorescence studies showed that purified type IV pili of X. campestris
pv. hyacinthi attached to stomata of hyacinth leaves, suggesting a role for these
surface structures in the first stages of yellow disease (van Doorn et al., 1994). A
fimA (i.e. pilA) mutant of X. axonopodis pv. vesicatoria strain NPPPB3240 was not
significantly reduced in virulence upon infiltration or spraying of bacterial suspen-
sions onto tomato leaves (Ojanen-Reuhs et al., 1997). However, scanning electron
microscopy revealed that the fimA mutant was affected in its ability to adhere and
efficiently colonize trichomes of tomato leaves. The fimA mutant also was dramat-
ically reduced in cell aggregation in laboratory cultures and on infected tomato
leaves, and exhibited decreased tolerance to UV light. When the tandemly arranged
paralog fimB (i.e. pilB) of strain NPPPB3240 was knocked out, compact cell aggre-
gates similar to those formed by the wild-type strain were observed (Ojanen-Reuhs
et al., 1997). Mutants in pilB and pilC of X. campestris pv. campestris were reduced
in virulence upon leaf clip inoculation (Qian et al., 2005). A mutation in pilA of
X. axonopodis pv. phaseoli decreased its aggressiveness on bean upon dip-
inoculation of leaves (Darsonval et al., 2009). Moreover, PilA was found to be
involved in transmission of X. axonopodis pv. phaseoli to bean seeds via xylem
vessels (Darsonval et al., 2009).

A mutation in the X. oryzae pv. oryzae pilQ gene, which is predicted to encode
the type IV pilus secretin, appeared to have no effect on leaf attachment or entry but
reduces the virulence following wound inoculation and in planta migration (Das
et al., 2009; Lim et al., 2008). These findings indicate that the type IV pilus is
not only involved in initial attachment to organs of the leaf, but is also required
for optimum virulence within the plant tissue, i.e. when X. oryzae pv. oryzae is
multiplying or migrating within xylem vessels. This conclusion is supported by a
transposon screen of X. oryzae pv. oryzicola which revealed that insertions in several
pil genes (pilM, pilQ, pilT, pilZ, pilY1) reduce the colonization of rice leaves upon
leaf infiltration (Wang et al., 2007). Similarly, mutation of the pilQ and pilB genes
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in X. fastidiosa has been shown to affect colonization and upstream migration of the
bacteria in xylem vessels (Meng et al., 2005). Using a microfluidic flow chamber,
the speed of twitching movement of a pilY1 mutant of X. fastidiosa on a glass surface
against the flow of media was found to be three times slower than that of wild-type
cells (De La Fuente et al., 2007a).

Type IV pili were also found to be required for optimal virulence, seed trans-
mission, twitching motility and biofilm formation of several other Gram-negative
plant pathogens, such as Ralstonia solanacearum and Acidovorax avenae subsp.
citrulli (Bahar et al., 2009; Kang et al., 2002). In contrast, mutation of type IV pili
of Pseudomonas syringae pv. tomato DC3000 had no apparent effect on pathogenic-
ity, as judged by symptom formation upon leaf inoculation (Roine et al., 1998). Yet,
type IV pili were found to play a role in fitness during foliar colonization and sur-
vival, a finding that might be related to an enhanced tolerance against environmental
conditions such as exposure to UV light (Roine et al., 1998). Taken together, results
from numerous studies support a role of type IV pili in attachment to certain plant
surfaces, in formation of biofilms, and in colonization and migration within xylem
vessels.

5.3.2 Non-Fimbrial Adhesins

Non-fimbrial adhesins are widely found in proteobacteria and contain different
classes of proteins involved in attachment (Gerlach and Hensel, 2007; Pizarro-Cerdá
and Cossart, 2006). Many of these proteins are presented on the cell surface upon
transport via one of the three subtypes of type V secretion systems: (i) monomeric
autotransporters (T5SS[a]) (Dautin and Bernstein, 2007), (ii) trimeric autotrans-
porters or oligomeric coiled-coil adhesins (T5SS[b]) (Cotter et al., 2005; Linke
et al., 2006), and (iii) two-partner secretion systems incl. filamentous hemagglu-
tinins (T5SS[c]) (Mazar and Cotter, 2006). Other non-fimbrial adhesins are secreted
via a type I secretion system (e.g. LapA from P. fluorescens) or represent small
integral outer membrane proteins (Amano, 2010; Gerlach and Hensel, 2007).

5.3.2.1 Type V-Secreted Adhesins

Xanthomonadaceae encode type V-secreted proteins which could act as non-
fimbrial adhesins (Table 5.1) (Moreira et al., 2004; Van Sluys et al., 2002). These
proteins are related to the prototypic yersinial adhesins YadA and YapH and to well-
studied adhesins from Bordetella pertussis (pertactin, filamentous hemagglutinin
FHA) and Haemophilus influenzae (HMW1, HMW2) (Hoiczyk et al., 2000; Smith
et al., 2001; St Geme 3rd and Yeo, 2009).

Comparative genomics revealed that predicted adhesion genes of some strains
have frameshift mutations and/or in-frame stop codons, thus most likely leading
to truncated, probably inactive protein variants (Table 5.1) (Bhattacharyya et al.,
2002; Van Sluys et al., 2003). A pronounced case of DNA duplication and decay
is found for the fhaB gene that encodes the passenger domain that is translocated
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across the outer membrane by the FhaC protein. Most strains appear to have a full-
length fhaB gene, downstream of which closely related gene fragments are present.
It would be interesting to study whether these fragments can serve as a genetic reser-
voir to evolve new adhesin gene variants. Unfortunately, such genetic variability
had the side-effect of misleading genome annotation, and many predicted genes are
most likely not functional. For instance, two ORFs downstream of fhaB [XAC1815]
from X. axonopodis pv. citri, XAC1816 and XAC1818, have been annotated as
hemagglutinin-like proteins but they correspond to internal protein fragments of
FhaB. Since XAC1816 and XAC1818 lack the conserved two-partner secretion
domain at the N terminus, these proteins (genes) are most likely not functional
(Gottig et al., 2009). Similarly, fhaB1 [XCV1860] and fhaB2 [XCV1861] from X.
axonopodis pv. vesicatoria might not be functional because these predicted genes
correspond to 5′ and 3′ fragments of the full-length fhaB gene of X. axonopodis pv.
citri. Another source of confusion comes from the annotation of several two-partner
secreted proteins as YapH although they do not display any sequence homology to
the yersinial YapH protein.

The first evidence that a non-fimbrial adhesin is involved in the infection process
of a plant-pathogenic bacterium came from mutagenesis and expression studies of
its gene (Ray et al., 2002). The xadA1 gene of X. oryzae pv. oryzae, a homologue of
the yersinial yadA gene, was shown to be induced in minimal medium, and xadA1
mutants were strongly affected for virulence upon epiphytic infection, suggesting
an important virulence function somewhere along the path from the leaf surface,
via the hydathodes, into the xylem vessels (Ray et al., 2002). It should be noted
that at the same time, xadA1 mutants produced less EPS (Ray et al., 2002). Later,
the role of XadA1 and, to a lesser extent, of its paralog XadB in attachment to and
entry into rice leaves was elegantly confirmed by confocal fluorescence microscopy
using eGFP-tagged X. oryzae pv. oryzae (Das et al., 2009). Interestingly, when X.
axonopodis pv. passiflorae cells were treated with leaf extracts, the xadA homolog
was only induced with extracts from its host plant, passion fruit, but not with extracts
from a non-host plant (tomato) (Tahara et al., 2003). Darsonval and colleagues
(2009) did not observe any role for XadA1 in X. axonopodis pv. phaseoli aggressive-
ness on bean. Instead, the paralog xadA2 was found to be required for vascular trans-
mission to bean seeds. Despite remaining pathogenic on grapevine, xadA mutants
of X. fastidiosa also were affected in aggressiveness (Feil et al., 2007). Apparently,
different paralogs play specific roles in the infection process and efficient infection
and dissemination may require an intricate balance of these and other adhesins.

DNA macroarray expression studies of 279 selected genes from X. axonopodis
pv. citri showed that more adhesin genes, i.e. fhaB and XAC4113, are induced in a
minimal medium that mimics in planta conditions (Astua-Monge et al., 2005), and
synthesis of the two-partner secreted adhesin FhaB was also found to be induced
during citrus leaf colonization (Gottig et al., 2009). Mutant analysis showed that this
adhesin is not only involved in epiphytic fitness, attachment to plant surfaces and
colonization of citrus leaves, but also in cell-to-cell-attachment and biofilm forma-
tion. Opposite to what was observed with a xadA1 mutant, the fhaB mutant secreted
more EPS (Gottig et al., 2009). The homologous FhaB protein of X. axonopodis pv.
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phaseoli is involved in attachment to seeds of beans but not to leaves (Darsonval
et al., 2009). However, FhaB does not seem to be important for aggressiveness in
X. axonopodis pv. phaseoli.

Conversely, the hemagglutinin-like YapH orthologue appears to limit aggressive-
ness of X. axonopodis pv. phaseoli on bean since a yapH mutant led to more severe
symptoms when inoculated onto bean leaves at high concentration (Darsonval et al.,
2009). Thus, yapH fulfills the hallmarks of an ‘anti-virulence’ gene, mutations of
which result in a hypervirulent phenotype as measured by a lower lethal dose, a
colonization advantage, reduced clearance or decreased survival time of the host
(Foreman-Wykert and Miller, 2003). On the other hand, YapH is the only adhesin
of X. axonopodis pv. phaseoli which was found to be required for the complete
phyllosphere colonization process and for seed transmission through the vascular
pathway, probably due to its requirement for adhesion to biotic and abiotic surfaces
and for biofilm formation (Darsonval et al., 2009). A hypervirulent phenotype was
also observed upon knockout of the haemagglutinin-like proteins HfxA (PD2118)
and HxfB (PD1792) of X. fastidiosa strain Temecula1 (Guilhabert and Kirkpatrick,
2005). Surprisingly, Feil and colleagues reported the opposite effect when they
inoculated a hxfB mutant of strain Temecula1 into grapevine, following the same
procedure of needle inoculation at high concentration (Feil et al., 2007). The expres-
sion of adhesion genes, i.e. fimA, hxfA and hxfB, is much higher in rpfC mutants of
X. fastidiosa, which also exhibit a hyperattachment phenotype in culture associated
with their inability to migrate in xylem vessels and cause disease (Chatterjee et al.,
2008c). Conversely, rpfF mutants synthesize less FimA, HxfA, and HxfB and are
hypervirulent, thus looking like phenocopies of hxfA and hxfB mutants.

5.3.2.2 Other Outer Membrane Adhesins

Beside type V-secreted proteins, other integral outer membrane proteins have been
identified as adhesins in human and animal pathogens. These proteins are embedded
in the outer membrane as antiparallel beta-barrels (Koebnik et al., 2000). The eight-
stranded OmpA of E. coli is the archetype of this class of proteins and has been
shown to function as an adhesin (Smith et al., 2007). Despite the presence of similar
small beta-barrel proteins in phytopathogenic bacteria, it is unknown whether or not
they are involved in attachment to plant cells. Given the thick plant cell wall, such
a mechanism seems unlikely to be exploited by plant pathogens. However, bacterial
plant pathogens, such as Xanthomonas spp., secrete a plethora of cell-wall degrading
enzymes that might help the bacteria to approach the plant cell plasma membrane
(Moreira et al., 2004; Van Sluys et al., 2002).

5.4 Adhesin Repertoires and Diversifying Selection

Recently, repertoires of genes involved in early stages of interaction between host
and pathogenic bacteria were characterized in a large collection of Xanthomonas
strains (Mhedbi-Hajri et al., 2011). Three categories of adhesin genes were
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described: (i) ubiquitous genes that are widespread among different pathovars and
genetic lineages (type IV pilus genes pilL, pilS, pilU and pilA); (ii) less conserved
genes that were not detected in several strains (e.g. XCV2103, fhaB [XAC1815]
and XAC1816); and (iii) species-specific genes that were detected only in
X. axonopodis (e.g. xadA2, fhaB1 [XCV1860] and fhaB2 [XCV1861]). For instance,
XAC1816 is present in ten pathovars of X. axonopodis and is also present in non-
pathogenic strains of X. campestris whereas fhaB1 and fhaB2 were only detected in
six pathovars of X. axonopodis (Mhedbi-Hajri et al., 2011).

Using the McDonald-Kreitman test, Mhedbi-Hajri and colleagues analyzed
adhesin genes from three strains of X. axonopodis (pathovars vesicatoria, citri and
phaseoli) and from three strains of X. campestris pv. campestris for molecular
signatures of selection pressure (Mhedbi-Hajri et al., 2011). Adaptive divergence by
diversifying selection was found to affect xadA1 and fhaB, particularly within the
X. axonopodis clade. It was concluded that adhesion should be considered as
a selective step for settlement of bacteria on plant tissue (Mhedbi-Hajri et al.,
2011).

5.5 Adhesin Receptors

Adhesins are thought to interact with a variety of host components, either nonspecif-
ically via hydrophobic or electrostatic interactions, or by binding to specific host
cell receptor moieties (Hori and Matsumoto, 2010). Adhesion-binding may trigger
the activation of complex signal-transduction cascades in host cells, thus inducing
innate defense responses which can be either harmful or beneficial to the bacteria
(Amano, 2010).

A few examples may illustrate the diversity of adhesin-receptor interactions that
have been discovered for human pathogens (Amano, 2010; Gerlach and Hensel,
2007; Kline et al., 2009). Tip adhesins of type I pili have been found to interact with
glycolipids and glycoprotein receptors while type IV PAK pili from Pseudomonas
aeruginosa bind to gangliosides. Nonfimbrial adhesins recognize many different
elements on host cell surfaces, including components of the extracellular matrix
(ECM). For instance, the prototypic trimeric autotransporter YadA from Yersinia
spp. mediates adhesion to several ECM proteins, such as collagen, laminin, and
fibronectin (Nummelin et al., 2004). Other outer membrane-associated adhesins
(e.g. neisserial Opa proteins) bind to integral host cell membrane receptors, such
as integrins, cadherins, selectins, and carcinoembryonic antigen-related cell adhe-
sion molecules (CEACAM). In contrast to these examples, nothing is known for
plant-pathogenic Xanthomonadaceae.

Type V-secreted adhesins, such as the E. coli antigen 43 and pertactin from
B. pertussis, bind to integrins via conserved RGD motifs (Junker et al., 2006;
Takagi 2004; van der Woude and Henderson, 2008). Similar to their role in ani-
mal tissue, integrin-like molecules of plants have been found to be involved in
connecting the plant cell wall to the plasma membrane (Lü et al., 2007), and this
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interaction could be disrupted by treatment with RGD-containing peptides (Canut
et al., 1998; Lü et al., 2007; Schindler et al., 1989). Candidate integrin-like
RGD-binding receptors have been identified by immunolabelling with integrin-
specific antisera, by cross-linking of iodinated RGD-heptapeptides and by affinity
chromatography using immobilized RGD-containing peptides (Faik et al., 1998;
Labouré et al., 1999; Senchou et al., 2004).

The plant-pathogenic oomycete Phytophthora infestans secretes an RGD-
containing protein which might bind to a specific receptor protein of Arabidopsis
thaliana, thus enabling/promoting the infection process via a loosened cellular
organization (Senchou et al., 2004). Subsequently, a RGD-reactive receptor-like
kinase with a lectin-like extracellular domain was identified, and it was specu-
lated that RGD-dependent protein-protein interactions could play a structural and
signalling role at the plant cell surface (Gouget et al., 2006). Whether bacterial
plant pathogens take advantage of RGD motifs for binding to plant cells is still
unknown. However, conserved RGD motifs have been found in the monomeric
autotransporters XCV2103 and XCV4444 but not in the trimeric autotransporters
XadA or XadB. RGD motifs are also present in the FhaB homologs. Even if RGD-
mediated binding to integrin-like proteins is involved in attachment to host cells,
it is not clear whether these bacterial proteins determine host specificity due to the
evolution of new binding specificities. Rather, diversifying selection might lead to
host adaptation via escape from detection by the plant’s immune system, and these
adhesins would thus constitute a further class of pathogen-associated molecular
patterns (PAMPs) (Postel and Kemmerling, 2009; Silipo et al., 2010).

5.6 Concluding Remarks

Our current knowledge about the adhesion process and the involved molecular struc-
tures of Xanthomonadaceae resembles a kaleidoscope but how all the different
components interact synergistically or antagonistically is still very much unknown.
In recent years, phytopathologists have mainly used genetics and genomics to gain
insight into the initial steps of the pathogen-host interaction. They often relied on
genetic screens, which were not well-suited to elucidate the individual roles of
candidate adhesion molecules. New assays, mimicking the infection process and
using in situ fluorescence microscopy (Das et al., 2009; Newman et al., 2003),
will allow a better understanding of the adaptive phase of infection of vascular and
non-vascular pathogens, i.e. attraction and attachment. Moreover, structural biology,
biochemistry and biophysics are expected to provide detailed insights into spe-
cific molecular interactions between pathogen-derived adhesins and their host cell
receptors.
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Chapter 6
Adhesion by Pathogenic Corynebacteria

Elizabeth A. Rogers, Asis Das, and Hung Ton-That

Abstract Pathogenic members of the genus Corynebacterium cause a wide range
of serious infections in humans including diphtheria. Adhesion to host cells is a
crucial step during infection. In Corynebacterium diphtheriae, adhesion is medi-
ated primarily by filamentous structures called pili or fimbriae that are covalently
attached to the bacterial cell wall. C. diphtheriae produces three distinct pilus struc-
tures, SpaA-, SpaD- and SpaH-type pili. Similar to other types, the prototype SpaA
pilus consists of SpaA forming the pilus shaft and two minor pilins SpaB and SpaC
located at the base and at the tip, respectively. The minor pilins SpaB/SpaC are crit-
ical for bacterial binding to human pharyngeal cells, and thus represent the major
adhesins of corynebacteria. Like pili of many other gram-positive microbes, the
assembly of corynebacterial pili occurs by a two-step mechanism, whereby pilins
are covalently polymerized by a transpeptidase enzyme named pilin-specific sortase
and the generated pilus polymer is subsequently anchored to the cell wall peptido-
glycan via the base pilin by the housekeeping sortase or a non-polymerizing sortase.
This chapter reviews the current knowledge of corynebacterial adhesion, with a
specific focus on pilus structures, their assembly, and the mechanism of adhesion
mediated by pili.

6.1 Introduction

Pathogenic corynebacteria cause a number of debilitating and life threatening dis-
eases in humans (Coyle and Lipsky, 1990) (for a partial list, see Table 6.1). These
organisms are from the genus Corynebacterium with more than 110 validated
species, all of which are rod shaped, aerobic, non-motile, and non-spore forming

H. Ton-That (B)
Department of Microbiology and Molecular Genetics, The University of Texas Medical School
at Houston, Houston, TX 77030, USA
e-mail: Ton-That.Hung@uth.tmc.edu

91D. Linke, A. Goldman (eds.), Bacterial Adhesion, Advances in Experimental
Medicine and Biology 715, DOI 10.1007/978-94-007-0940-9_6,
C© Springer Science+Business Media B.V. 2011



92 E.A. Rogers et al.

Table 6.1 Select Corynebacterium species, associated diseases, and pilus gene clusters

Organism Associated disease Pilus gene clusters

C. diphtheriae (toxigenic) Respiratory diphtheria,
Cutaneous diphtheria,
Pharyngitis

SpaA-type
SpaD-type
and SpaH-type

C. diphtheriae (nontoxigenic) Endocarditis Not known

C. ulcerans Respiratory diphtheria
Zoonotic infections

Not known

C. jeikeium Septicemia, endocarditis,
Wound infections
Catheter/shunt infections

SpaH-type

C. amycolatum Septicemia
Respiratory tract infections
Urinary tract infections
Wound infections
Catheter/shunt infections

SpaD-type

C. urealyticum Urinary tract infections
(pyelonephritis, cystitis)

Wound infections
Septicemia, endocarditis

SpaD-type

C. pseudotuberculosis Abscess formation
Lymphadenitis
Ulcerative lymphangitis

Not known

gram-positive bacteria with high levels of mycolic acid in the cell wall. While
most Corynebacterium species are innocuous (such as Corynebacterium glutam-
icum, which is used in the food industry), quite a few are medically relevant (Funke
et al., 1997). The most well known among these is Corynebacterium diphthe-
riae, which secretes an extremely potent toxin and thereby causes cutaneous and
pharyngeal diphtheria. Diphtheria is also linked to Corynebacterium ulcerans and
Corynebacterium pseudotuberculosis, which share a zoonotic mode of transmission
(Bonmarin et al., 2009). The other significant human diseases caused by pathogenic
corynebacteria include endocarditis, septicemia, urinary tract infections, wound
infections and infections on abiotic surfaces such as catheters and shunts (Table 6.1).
Specific corynebacterial species are also associated with infections in immuno-
compromised patients; these include Corynebacterium jeikeium, Corynebacterium
striatum, and Corynebacterium amycolatum (Adderson et al., 2008; Otsuka et al.,
2006; Schiffl et al., 2004).

C. diphtheriae is one of the most extensively investigated bacterial pathogens and
provided key evidence for Koch’s postulates on the germ theory. Likewise, the diph-
theria toxin (DT) produced by toxigenic corynebacteria is an archetypal exotoxin. It
not only served as a major paradigm for toxin research, but also helped to advance
molecular immunology and the development of vaccines (Collier, 2001; Holmes,
2000; Popovic et al., 2000). Importantly, the genomic sequences of more and more
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corynebacterial species are becoming available, starting with the publication of the
C. diphtheriae NCTC13129 genome in 2003 (Cerdeno-Tarraga et al., 2003), thus
providing a facile new path of molecular investigations of these pathogens. In fact, a
major outcome from genome sequencing was the discovery of the pilus gene clusters
in C. diphtheriae (Ton-That and Schneewind, 2003) that now serve as a major exper-
imental model for the assembly and function of the gram-positive pili (Mandlik
et al., 2008b). In this chapter, we first outline the clinical and molecular aspects of
C. diphtheriae and diphtheria, followed by an account of the relatively little that is
known to date about the molecular mechanisms of corynebacterial adherence with
an emphasis on pili.

6.2 Corynebacterium Diphtheriae and Clinical Disease

C. diphtheriae was designated as the type species of the genus Corynebacterium
(Barksdale, 1970). A club-shaped bacillus, its cell wall contains arabinose,
galactose, manose, and a muramyl peptide made of L-Ala-D-Glu-meso α,
ε-diaminopimelic acid (DAP)-D-Ala. The peptide subunits of the murein are
crosslinked via D-Ala-meso-DAP bridges. Mycolic and mycolenic acids are also
part of corynebacterial cell walls. Based on the morphology of corynebacterial
colonies and the severity of infections, three distinct types of C. diphtheriae have
been identified: mitis (smooth colonies causing mild infections), gravis (semirough
colonies causing severe disease) and intermedius (dwarf smooth colonies associ-
ated with infections of intermediate severity). The sequenced strain NCTC13129
belongs to the gravis biotype, and the genome of this strain contains an integrated
prophage called corynephage beta (36.5 kb), which encodes the diphtheria toxin.
C. diphtheriae is known to confer toxigenicity by lysogenic conversion (Barksdale,
1970).

C. diphtheriae is transmitted by direct contact with infected persons or bodily
fluids. The pathogen causes two forms of diphtheria: pharyngeal diphtheria (infec-
tion of the upper respiratory tract), which is common, and cutaneous diphtheria
(infection of skin), which is much less frequent. Diphtheria is characterized by the
formation of a pseudomembrane at the site of infection due to bacterial colonization
and growth, toxin production, tissue damage and host immune response (Love and
Murphy, 2006). Respiratory diphtheria presents as a sore throat with a low-grade
fever. Left untreated, the developing pseudomembrane can cause complete airway
obstruction, leading to suffocation and death (Hadfield et al., 2000).

Diphtheria toxin (DT) is a prototype A-B toxin composed of two subunits. The
A subunit is the active toxin, whose uptake and release in the host cell cytoplasm is
aided by the B subunit. The B subunit binds to the heparin-binding EGF-like growth
factor (HB-EGF) on human epithelial cells (Naglich et al., 1992), and facilitates
toxin uptake by endocytosis. As the pH of the endocytic vesicle drops, the A subunit
is released in the cytoplasm. There, the toxin obliterates protein synthesis by ADP-
ribosylating translation elongation factor 2 (EF-2), ultimately causing host cell death
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(Mitamura et al., 1995; Naglich et al., 1992). The systemic effects of DT are most
commonly manifested in the heart and nerves, leading to myocarditis, acute cardiac
failure, and severe neuropathy (Hadfield et al., 2000).

6.3 History of Diphtheria

The earliest clinical description of diphtheria is found in writings of the ancient
Greek physician Hippocrates during the fourth century C.E. (Shulman, 2004).
During the modern era, the first recorded outbreak of diphtheria occurred in
1659 in Roxbury, MA. Episodic outbreaks occurred in 1686 in Virginia and in
1689 in Connecticut (Shulman, 2004). Decades later, between 1735 and 1740,
a severe outbreak in New England killed nearly 40% of children under the age
of 10. Records reveal that this epidemic took an estimated 5000 lives (2.5% of
the total population at that time), sometimes wiping out entire families (English,
1985).

Bretonneau, who described the disease in great detail in 1826 (Semple, 1859),
is credited with naming the bacterium diphtherite from a “Greek root [meaning]
skin or hide, because the pharyngeal membrane in diphtheria often looked like a
piece of leather” (English, 1985). Bretonneau also made the astonishing association
of the organism releasing a “blood poison,” similar to that found in jequirity seeds
(Pappenheimer, 1984). This diphtheria-associated toxin was eventually isolated by
Emile Roux and Alexander Yersin (Roux and Yersin, 1888), soon after Friedrich
Loeffler demonstrated the etiological agent of diphtheria by growing it in pure cul-
ture (Kwantes, 1984; Loeffler, 1884). Interestingly, the diphtheria toxin works by
a mechanism similar to the toxin found in jequirity seeds, abrin. Both toxins are
AB-type toxins that block protein synthesis in human cells.

During this remarkable era in the history of modern medicine, Emil Adolf von
Behring used antitoxin from a horse to successfully treat a human case of diphtheria.
von Behring received the first ever Nobel prize in Medicine in 1901 “for his work on
serum therapy and especially for its use against diphtheria, with which he opened up
a new path in the field of medical science and gave the physician a powerful weapon
with which to combat disease and death” (Winau and Winau, 2002), In 1913, von
Behring developed the vaccine against DT, with widespread vaccinations beginning
in 1920.

6.4 Epidemiology of Diphtheria

Before the development of the antitoxin and vaccination, there were more than 40
deaths per 100,000 people in the United States every year (Linder and Grove, 1947).
By 1920, when vaccination began, that number had already been reduced to around
15 deaths per 100,000 with the use of the antitoxin alone. By 1950, the combination
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of vaccination and antitoxin therapy had reduced the number of deaths to less than 1
per 100,000 (Grove and Hetzel, 1968). By 1980, there were less than 1 in 50 million
cases, and since 2004, there have been no reported cases of diphtheria in the US
(Wagner et al., 2009).

However, diphtheria outbreaks still occur in other regions of the world. The
largest recent outbreak was in the independent states of the former Soviet Union,
with more than 140,000 cases and a large number of deaths between 1991 and 1997
(Mattos-Guaraldi et al., 2003; Vitek and Wharton, 1998). More recently, the World
Health Organization (WHO) reported an outbreak in a refugee camp in Afghanistan
in 2003 where 6% of the infected population died.

Globally, there were over 7,000 cases of diphtheria reported to the WHO in
2008 (Papaioannou et al., 2009). Importantly, some of these have occurred in
regions where greater than 95% of the population has been vaccinated. Cases are
being reported worldwide where the infecting strains were non-toxigenic, i.e. those
lacking the corynephage that encodes the diphtheria toxin. The fact that the vaccine
is against the toxin and that the vaccinated population is at risk for infection by
non-toxigenic strains of C. diphtheriae has led to a renewed interest in the mech-
anisms of pathogenesis of C. diphtheriae, as well as a systematic investigation of
the virulence factors that mediate adherence, colonization and invasion (Mandlik
et al., 2008b; Mattos-Guaraldi et al., 2000). A better understanding of the pathogenic
mechanisms and the underlying virulence factors of corynebacterial infection would
certainly provide the new therapeutic strategies required to combat not only diph-
theria but also many other important diseases caused by Corynebacterium species
(Table 6.1).

6.5 Adherence Factors of Corynebacteria

Compared to our knowledge of some bacterial pathogens, relatively little is known
about corynebacterial adherence. Early studies of adhesion used various strains of
Corynebacterium to test for autoagglutination, haemagglutination, neuraminidase
activity, and trans-sialidase activity (reviewed by Mattos-Guaraldi et al., 2000);
however, the mechanisms or proteins responsible for these phenotypes were never
established. Similarly, many studies have examined the ability of various clini-
cal isolates to adhere to epithelial cells (Colombo et al., 2001; Deacock et al.,
1983; Hirata, et al., 2004; Honda and Yanagawa, 1975; Marty et al., 1991; Moreira
et al., 2003; Silva De Souza et al., 2003), but the surface molecule involved
remained unknown. One specific surface component of C. diphtheriae that may
be involved in adhesion is a lipoglycan called CdiLAM. A recent study found that
the C. diphtheriae cell surface contains CdiLAM, and that preincubation of bac-
teria with anti-CdiLAM significantly inhibited adherence to HEp-2 cells (Moreira
et al., 2008). Another adhesive component identified in C. diphtheriae is a cell sur-
face protein, DIP1281. Mutants lacking DIP1281 show over 3-fold reduction in
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adherence to human pharyngeal cells compared to their isogenic parental strains
(Bensing and Sullam, 2002). Importantly, the DIP1281 mutant was also defective
in invasion.

6.5.1 Cell-Wall-Anchored Surface Proteins

Surface proteins are key virulence factors of most bacterial pathogens (Isberg,
1991). Gram-positive pathogens use a variety of surface proteins to bind to host
tissues, evade the innate and acquired immune systems, and invade host epithe-
lial and immune cells (Navarre and Schneewind, 1999). Many, but not all, surface
proteins in gram-positive bacteria are covalently anchored to the cell wall peptido-
glycan by a novel mechanism that is catalyzed by a sortase enzyme (Cossart and
Jonquieres, 2000). The cell-wall-linked surface proteins contain a cell wall sorting
signal (CWSS) with a conserved LPXTG motif at the carboxyl terminus. Sortases
are transpeptidase enzymes that cleave the surface protein LPXTG motif between
the threonine and glycine residues and tether the threonine-carboxyl group to the
amino group of cell wall cross bridge within the lipid II peptidoglycan precursor
(Mazmanian et al., 2001; Ton-That et al., 1999). First discovered in Staphylococcus
aureus and named SrtA for surface protein sorting A (Mazmanian et al., 1999),
sortases are ubiquitous in gram-positive bacteria. By comparative genomic analysis
(Comfort and Clubb, 2004; Dramsi et al., 2005), sortase homologs have been clas-
sified into four groups based on primary sequence and putative function: class A
(with S. aureus SrtA as the prototype), class B (S. aureus SrtB for iron acquisition),
class C (pilin-specific sortases; see below) and class D (includes the housekeeping
sortase SrtF of C. diphtheriae).

A homolog of the class A sortase is found in all corynebacterial genomes
sequenced to date. This sortase catalyzes cell wall anchoring of surface proteins
that contain the cell wall sorting signal with the LPXTG motif (see Ton-That
et al., 2004a for the detailed mechanism of cell wall sorting). In C. diphtheriae
strain NCTC13129, there are 17 genes encoding proteins with the LPXTG motif
(Boekhorst et al., 2005) nine clustered at three genetic loci that are now known to
encode the various pilus proteins (see below). The other LPXTG-containing pro-
teins, scattered throughout the chromosome, are likely anchored to the cell wall as
monomers and involved in host interactions based on their sequence features. This
remains to be investigated.

During colonization, tissue-specific adhesion may involve bacterial cell surface
carbohydrates that bind specific host cell surface lectins, and conversely, bacte-
rial surface proteins that bind specific host cell surface carbohydrates or proteins.
However, prior to colonization, the initial bacterial attachment is likely medi-
ated by proteinaceous fibers (fimbriae or pili) that extend from the cell surface.
Although these structures were first observed on the surface of Corynebacterium
renale in 1968 by Yanagawa et al (Fig. 6.1a), the nature and mechanism of pilus
assembly in corynebacteria, and in gram-positive bacteria in general, was not elu-
cidated until 2003 (Ton-That and Schneewind, 2003). As described below, these
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Fig. 6.1 Electron microscopy of corynebacterial pili. Panel A shows the first published image
of corynebacterial pilus structures, reported by Yanagawa and colleagues in Corynebacterium
renale (Yanagawa et al., 1968) (reprint with permission). Panel B shows Corynebacterium
diphtheriae pili by immuno-electron microscopy. C. diphtheriae cells were incubated with a
specific antiserum against SpaA, followed by 18 nm gold particles conjugated with IgG and 1%
uranyl acetate (Courtesy of Chungyu Chang)

pili are covalent polymers of a distinct set of pilin proteins that are joined by
pilus-specific sortases and ultimately attached to the cell wall by a non-polymerizing
sortase.

6.5.2 Sortase-Mediated Pilus Assembly in Corynebacterium
Diphtheriae

As mentioned, C. diphtheriae harbours three pilus gene clusters that encode a total
of nine pilus proteins, named SpaA through SpaI (Spa for sortase-mediated pilus
assembly), each containing the LPXTG motif. The three pilus loci also encode a
total of five class C sortases, named SrtA through SrtE (Ton-That and Schneewind,
2004). The sixth sortase of C. diphtheriae (SrtF) is a class D sortase homolog
(Dramsi et al., 2005), located at a different region of the chromosome, and is
now referred to as the housekeeping sortase. The evidence that each pilus gene
cluster encodes a distinct pilus structure was obtained by generating antibodies
against individual pilins and using the antibodies in immunogold labeling and elec-
tron microscopy experiments (Fig. 6.1b), which revealed three distinct types of pili
on the surface of C. diphtheriae. Consequently, these pili were named the SpaA-,
SpaD-, and SpaH-type pili after the major pilin subunit from each pilus type (Gaspar
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and Ton-That, 2006; Swierczynski and Ton-That, 2006; Ton-That and Schneewind,
2003). Electron microscopy and biochemical experiments established that each pilus
is composed of three proteins, a major pilin subunit, which forms the shaft of the
pilus, and two minor pilin subunits, which are located at the pilus tip and base. In
the case of the SpaA-type pilus, SpaA forms the shaft, SpaC is the tip protein, and
SpaB is found along the shaft and at the base (Mandlik et al., 2008a; Ton-That and
Schneewind, 2003). Corynebacterial pili, as well as other gram-positive pili, remain
intact upon treatment with formic acid or boiling in SDS, indicative of covalent link-
age of pilus polymers (Mandlik et al., 2008b; Scott and Zahner, 2006; Telford et al.,
2006).

The mechanism of sortase-mediated polymerization of pilus polymers was eluci-
dated largely from an investigation of the SpaA-type pilus as the prototype. The
SpaA pilus is produced from the gene cluster spaA-srtA-spaB-spaC (Fig. 6.2).
In addition to the cell wall sorting signal, SpaA (and the other major pilin sub-
units, SpaD and SpaH) contains a pilin motif with the consensus sequence of
WxxxVxVYPKN (Ton-That et al., 2004b). It was proposed that the pilin motif lends
the conserved lysine residue to join two pilin subunits through a threonine-lysine
isopeptide bond. Indeed, mutation of either the lysine or the threonine residue oblit-
erates pilus assembly. According to the current model, the pilin-specific sortase,

Fig. 6.2 Biphasic model of pilus assembly in Corynebacterium diphtheriae. This figure depicts
the biphasic mechanism of pilus assembly in gram-positive bacteria, derived from studies of the
archetype SpaA-type pili, encoded by the gene locus spaA-srtA-spaB-spaC (top). The model out-
lines the basic steps of pilus polymerization followed by the cell wall anchoring step. As shown,
Spa pilin precursors are synthesized in the cytoplasm, translocated across the cytoplasmic mem-
brane by the secretion system (Sec), and inserted into the membrane by the cell wall sorting
signal. Membrane-bound sortase enzymes cleave the LPXTG motif of the CWSS and form acyl-
enzyme intermediates. Pilus polymerization occurs via lysine-mediated transpeptidation reactions
catalyzed by the pilin-specific sortase, SrtA (black). Polymerization ends by the incorporation of
the base pilin SpaB via lysine-mediated transpeptidation. The housekeeping sortase, SrtF (teal),
catalyzes anchoring of the resulting polymer to the cell wall peptidoglycan. Curved arrows indicate
direction of nucleophilic attack. Modified from (Mandlik et al., 2008a) with permission
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SrtA, cleaves the SpaA LPXTG motif between threonine and glycine and forms
an acyl-enzyme intermediate with the substrate (Fig. 6.2). An acyl-enzyme SrtA-
SpaC intermediate is also formed this way. Incorporation of SpaC at the tip occurs
when the lysine residue of the SpaA pilin motif resolves the SrtA-SpaC interme-
diate by nucleophilic attack, leading to the formation of a SpaC-SpaA linkage
(Fig. 6.2). Pilus extension or polymerization begins when additional SrtA-SpaA
intermediates feed additional SpaA monomers to the growing SpaC-SpaA pilus via a
lysine-mediated transpeptidation reaction. The existence of SrtA-Spa intermediates
with varying polymer lengths has now been documented (Guttilla et al., 2009), and
overproduction of the major pilin subunit has been shown to increase pilus length
(Swierczynski and Ton-That, 2006). Pilus length is also increased when the minor
pilin SpaB is absent; however, the resulting polymers are largely secreted into the
culture medium (Mandlik et al., 2008a). Conversely, pilus length is shortened when
SpaB is overproduced. These results led to the realisation of the biphasic mecha-
nism of pilus assembly: pilus polymerization ends when SpaB is incorporated to
the pilus base by a transpeptidation reaction that utilizes a lysine residue of SpaB
(Mandlik et al., 2008a) and transfers the pilus from SrtA to SrtF (Fig. 6.2). SrtF then
catalyzes the joining of the SpaB-terminated pilus polymer to the cell wall peptido-
glycan via the lipid II molecule, similar to that of monomeric cell surface proteins
(Swaminathan et al., 2007). There is evidence that SpaC and SpaB pilins are also
anchored to the cell wall as monomers, especially if SpaA is absent (Mandlik et al.,
2007) (Fig. 6.2).

6.5.3 Corynebacterial Pili as Adhesins

The first observation that corynebacterial pili may mediate host cell interactions
was proposed in early studies with C. renale pili, which were shown to aggluti-
nate trypsinized sheep red blood cells (Honda and Yanagawa, 1974). Over 30 years
later, Mandlik et al. identified the minor pilins SpaB and SpaC of C. diphtheriae
as specific adhesins that mediate efficient corynebacterial adherence to host pha-
ryngeal cells (Mandlik et al., 2007). Wild type C. diphtheriae cells were shown to
bind to human lung epithelial, laryngeal, and pharyngeal cells. However, mutants
that lacked SrtA (and thus did not polymerize SpaA-type pili) showed over a 90%
reduction in the ability to adhere to human pharyngeal cells. Surprisingly, mutants
that lacked only the major pilin subunit, SpaA, showed a modest 10% reduction
in adherence to these cells. This is in contrast to mutants that lacked either of the
minor pilin subunits, SpaB or SpaC, which showed a 70–75% reduction in adher-
ence. Additionally, latex beads coated with only SpaB or SpaC were sufficient to
adhere to host pharyngeal cells, while beads coated with SpaA showed no bind-
ing. As mentioned above, SpaB and SpaC anchor to the cell wall as monomers
independent of pilus structures. It is speculated that the long pili mediate initial
attachment, whereas monomeric pilins on the bacterial surface may help to create
an intimate zone of adhesion that allows for efficient delivery of toxin and other
virulence factors, and may even play a significant role in host cell signaling.
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C. diphtheriae NCTC13129

srtF spaA srtA spaB spaC srtB spaD srtC spaE spaF spaG spaH srtD srtE spaI

C. accolens ATCC49725

C. amycolatum SK46

C. aurimucosum ATCC700975

C. glucuronolyticm ATCC1866

C. glucuronolyticm ATCC1867

C. jeikeium K411

C. pseudogenitalium ATCC33035

C. striatum ATCC6940

C. tuberculostearicum SK141

C. urealyticum DSM7109

Fig. 6.3 Pilus gene clusters in pathogenic Corynebacterium species. The genome of C. diph-
theriae NCTC13129 contains three pilus gene clusters, which encode for the SpaA-type pili
(spaA-srtA-spaB-spaC), the SpaD-type pili (srtB-spaD-srtC-spaE-spaF) and the SpaH-type pili
(spaG-spaH-srtD-srtE-spaI). The housekeeping sortase, srtF, is located elsewhere on the chromo-
some. Similar pilus gene clusters and the housekeeping sortase gene are found in many pathogenic
species of the genus Corynebacterium. Shown in dots, hatches, and grey are genes encoding pilus
shaft, tip protein and pilus base, respectively, based on C. diphtheriae pilus systems. Sortase genes
are shown in black and dark grey, and other unknown genes are shown in light grey. All arrows
are drawn to scale

Importantly, the host cell receptor(s) targeted by SpaB and SpaC have yet to
be identified as well as the specific functions of the SpaD- and SpaH-type pili.
Such studies are likely to be rewarding because some important corynebacterial
pathogens do not contain the SpaA-type pilus but harbor only the SpaD-type or the
SpaH-type pilus (Fig. 6.3).

6.6 Concluding Remarks

Pili serve as major adhesins in bacterial pathogens. Corynebacteria will continue
to serve as a major paradigm to understand the mechanism of gram-positive pilus
assembly and function in pathogenesis. One or more pilus gene clusters with spe-
cific types of pilins and pilus-specific sortases are found in the genomes of many
different Corynebacterium species sequenced to date. It will be important to deter-
mine whether these gene clusters encode pilus structures, like the ones described in
C. diphtheriae, and whether they are instrumental to bacterial interactions with
specific host tissues. The well-developed genetics and biochemistry of the
C. diphtheriae pilus system should provide the key methodology and experimen-
tal approaches to seed studies of the various pili in the different Corynebacterium
species.
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Chapter 7
Adhesion Mechanisms of Staphylococci

Christine Heilmann

Abstract Staphylococcal adherence to an either biotic or abiotic surface is the
critical first event in the establishment of an infection with these serious pathogens.
Especially Staphylococcus aureus harbours a variety of proteinaceous and non-
proteinaceous adhesins that mediate attachment to a multitude of host factors, such
as extracellular matrix and plasma proteins and human host cells, or intercellular
adhesion, which is essential for biofilm accumulation. Proteinaceous adhesins may
be classified in covalently surface-anchored proteins of the MSCRAMM (microbial
surface components recognizing adhesive matrix molecules) family or in proteins
that are surface-associated by different means, such as ionic or hydrophobic inter-
actions. Non-covalently surface-associated proteins include the autolysin/adhesins,
proteins of the SERAM (secretable expanded repertoire adhesive molecules) family,
or membrane-spanning proteins. Non-proteinaceous adhesins comprise the polysac-
charide PIA (polysaccharide intercellular adhesin) and wall teichoic and lipotei-
choic acids. The features and functions of surface and surface-associated protein
adhesins as well as of non-proteinaceous adhesins are discussed.

7.1 Introduction

Besides being harmless inhabitants of the human skin and mucous membranes, the
Gram-positive staphylococci belong to the most important pathogens causing dis-
eases ranging from mild skin infections to serious and life-threatening syndromes,
such as endocarditis, osteomyelitis, pneumonia, and sepsis (Ziebuhr, 2001). The
coagulase-positive species Staphylococcus aureus usually causes more acute infec-
tions associated with the colonization of the host tissue, but is also a common
cause of foreign body-associated infections and known to cause persisting and
relapsing infections (Lentino, 2003). Infections due to coagulase-negative species
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typically are more subacute or even chronic and usually require a predisposed or
immunocompromised host, for example patients with indwelling medical devices.
Staphylococcus epidermidis is the most frequent coagulase-negative species iso-
lated from medical device-associated infections, such as prosthetic heart valves and
orthopaedic implants (Lentino, 2003). The fact that S. aureus is more virulent is
reflected by its production of numerous virulence factors, i.e. a variety of adhesins,
extracellular enzymes, and toxins. In contrast, the capacity of S. epidermidis to pro-
duce adhesins and especially to secrete extracellular enzymes and toxins is much
less pronounced.

To become a pathogen, staphylococci have to gain access to the human host usu-
ally by adhering to biotic surfaces, such as components of the extracellular matrix or
host tissue, or to abiotic surfaces, such as those of medical devices. Upon adherence,
the bacteria proliferate and colonize the respective biotic or abiotic surface by form-
ing a biofilm. The formation of a biofilm can be differentiated in two phases: the
primary adherence phase, followed by the accumulation phase. The latter requires
intercellular adherence to form the multilayered biofilm. Intercellular adherence
may be mediated by polysaccharide- or protein-factors. Within the biofilms, the
staphylococci are embedded in a polysaccharide and/or proteinaceous matrix with
wall teichoic acids, host factors and extracellular DNA in addition. All these pro-
tect the bacteria against the host immune system as well as antibiotic treatment
(Heilmann and Götz, 2010). As a consequence, removal of the medical device is fre-
quently necessary to eradicate the infection in implant-associated infections. Some
staphylococcal adhesins are not only involved in adherence and colonization, but
also in internalization by human host cells. Internalized staphylococci are protected
against the human immune system as they “hide” within the host cells representing
a potential reservoir for recurrent infections.

Compared to S. aureus, much less is known about adhesins and adhesive mecha-
nisms in coagulase-negative staphylococci except for some aspects of S. epidermidis
biofilm formation. Therefore, this chapter mainly deals with the presentation of
S. aureus adherence mechanisms. The adhesive mechanisms involved in S. aureus
biofilm formation on abiotic or biotic surfaces are summarized in Fig. 7.1.

7.2 Surface Adhesion Proteins of Staphylococcus aureus

S. aureus is able to directly adhere to host tissue, such as the host epithelium or
endothelium and binds to a multitude of components of the extracellular matrix,
such as fibronectin (Fn), fibrinogen (Fg), vitronectin (Vn), thrombospondin, bone-
sialoprotein, elastin, collagen, and von Willebrand factor. Moreover, implanted
material rapidly becomes coated with plasma and extracellular matrix proteins or
platelets. Thus, all these host factors could serve as specific receptors for coloniz-
ing bacteria. Proteinaceous surface adhesins of S. aureus can either be covalently
linked to the cell wall peptidoglycan or surface-associated by different means, such
as ionic or hydrophobic interactions (summarized in Table 7.1).
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Fig. 7.1 Overview on the complex adhesive mechanisms involved in the different phases of
S. aureus biofilm formation. S. aureus factors involved in the colonization of a catheter surface
or host tissue, such as the extracellular matrix and the human endothelium or epithelium are given

7.2.1 Covalently-Linked Cell Surface Proteins (MSCRAMMs)

Most S. aureus surface adhesins are covalently linked to the cell wall peptidoglycan
and belong to the MSCRAMM (microbial surface components recognizing adhe-
sive matrix molecules) protein family (Clarke and Foster, 2006). Covalently-linked
MSCRAMMs have a common overall organization including an N-terminal signal
peptide, an exposed ligand-binding domain, which is often followed or interrupted
by direct repeated sequences, a characteristic hydrophobic cell wall- and membrane-
spanning domain, a C-terminal LPXTG motif responsible for cell-wall anchorage,
and a positively charged tail. In most cases, cell-wall anchorage is mediated by
a membrane-bound transpeptidase, called sortase (SrtA) that cleaves the peptide
bond between the threonine and glycin of the LPXTG motif and covalently links the
carboxyl group of threonine with the amino group of peptidoglycan cross-bridges
(Schneewind et al., 1993). S. aureus genomes contain more than 20 genes encoding
surface-anchored adhesins. In contrast, there are only 12 genes encoding covalently-
linked MSCRAMMs in the S. epidermidis RP62A genome. MSCRAMMs can bind
to one or more host extracellular matrix and plasma protein and a given host factor
can be bound by more than one staphylococcal adhesin. However, not the ligands or
functions of all MSCRAMMs have been identified yet.

7.2.1.1 Fibronectin-Binding Proteins (FnBPA and FnBPB)

S. aureus produces two closely related covalently-linked Fn-binding MSCRAMMs,
FnBPA and FnBPB, which are encoded by fnbA and fnbB, respectively (Jönsson
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et al., 1991; Signas et al., 1989). The Fn-binding activity of both proteins has been
localized to a C-terminally located and highly conserved repeat domain (D repeats)
that is composed of an approximately 40-amino acid unit repeated four times (D1
to D4) with the repeat D4 being incomplete (shown for FnBPA in Fig. 7.2). A
fifth repeat (Du) is located approximately 100 residues N-terminal to D1. Only the
fnbA/fnbB double-knockout mutant of S. aureus 8325-4 showed strongly reduced

Fig. 7.2 Schematic model of selected S. aureus MSCRAMMs. The positions of the signal
sequences (S), the ligand-binding A domains (A), the B repeats (B), the serine-aspartate (SD)
dipeptide repeats (or region R), the wall (W) and membrane (M)-spanning regions including posi-
tively charged residues, and the LPXTG motifs are shown. The domains are defined in the text. The
A domains of FnBPA, ClfA, and SdrC are homologous. Moreover, the A domains of Pls and SasG
as well as the B repeats of SdrC, Pls, and SasG are homologous. The sizes of the proteins may
vary among different S. aureus strains. FnBPA: D, Fn-binding D repeats. C, non-repeated region
with unknown function. Spa: E, D, A, B, C, IgG-binding domains; Wr is composed of an octapep-
tide repeat, and Wc is a non-repeated region. IsdA: ligand-binding NEAT (near iron transporters)
domain
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Fn-binding activity (Greene et al., 1995). Complementation of the fnbA/fnbB dou-
ble mutant with either plasmid-encoded fnbA or fnbB was able to fully restore the
Fn-binding activity. This indicates that both proteins are expressed in S. aureus
and contribute to the ability of strain 8325-4 to adhere to Fn-coated surfaces. The
approximately 500-residue N-terminal domains (A domain) of FnBPA and FnBPB
share only 40% sequence identity. The A domain of FnBPA exhibits substantial
sequence identity to the A domains of the Fg-binding proteins ClfA and ClfB,
and like them has been shown to contain Fg-binding activity (Wann et al., 2000).
Recombinant FnBPA seems to bind to the same binding site in the γ-chain of Fg
like ClfA and can compete with ClfA for binding to both immobilized and soluble
Fg. Moreover, the A domains of both FnBPA and FnBPB can bind to immobilized
elastin (Roche et al., 2004). Recently, the structural organization of FnBPA has been
revised with the Fn-binding domain consisting of 11 tandem repeats. Each repeat is
predicted to interact with Fn by a tandem β-zipper mechanism (Schwarz-Linek et al.,
2003).

Most S. aureus strains carry both fnb genes, but there seems to be no difference
in Fn-binding activity between the strains carrying one or two fnb genes (Greene
et al., 1995). However, a study analysing a larger collection of isolates from infected
patients indicated that S. aureus strains associated with invasive disease were more
likely to encode both fnb genes (Peacock et al., 2000).

Besides being multifunctional adhesins, the FnBPs are efficient mediators of
S. aureus internalization. Classically, staphylococci have been regarded as extra-
cellular pathogens. However, it is now widely accepted that S. aureus can also be
internalized by human host cells and replicate intracellularly. The FnBP-mediated
mechanism of S. aureus internalization requires Fn as bridging molecule and the
α5β1 integrins as the host cell receptor resulting in signal transduction, tyrosine
kinase activity, and cytosceletal rearrangements (Chavakis et al., 2005).

There have been contrasting results regarding the importance of the FnBPs in
virulence (Clarke and Foster, 2006). Previous results suggested that the FnBPs do
not play a significant role in infection, i.e. in the induction and/or propagation of
endocarditis or in the development of septic arthritis by S. aureus. In a rat model
of pneumonia, an fnbA/fnbB mutant even showed increased virulence compared to
its wild-type strain. However, expression of fnbA or fnbB in the non-pathogenic
Staphylococcus carnosus significantly increased adherence to intact endothelium in
vivo and Lactococcus lactis cells expressing fnbA revealed a considerably higher
infectivity in an experimental rat endocarditis model in comparison with L. lactis
cells harbouring an empty vector. The latter findings were further supported by
the observation that FnBPA and FnBPB mediate adherence to platelets and induce
platelet activation (Chavakis et al., 2005). Moreover, the FnBPs were found to play
an important role in the induction of systemic inflammation (Clarke and Foster,
2006). Most recently, increased efficiency of host cell invasion and virulence in a
murine sepsis model mediated by FnBPA has been associated with an increased
number of the 11 Fn-binding tandem repeats (Edwards et al., 2010).
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7.2.1.2 Fibrinogen-Binding Proteins (ClfA and ClfB) and the Sdr
Protein Family

Fibrinogen-Binding Proteins: ClfA and ClfB

S. aureus produces several proteins that can specifically bind to Fg. Two of them are
the covalently-linked Fg-binding MSCRAMMs, clumping factors A and B (ClfA
and ClfB), which are encoded by clfA and clfB, respectively (McDevitt et al., 1997,
Ni Eidhin et al., 1998). The Fg-receptor was first recognized as a factor that mediates
cell clumping in the presence of human plasma and therefore was named clump-
ing factor. clfA mutants not only failed to form clumps in soluble Fg, but also
adhered poorly to surface-immobilized Fg. Additionally to the common features of
all MSCRAMMs, ClfA and ClfB are characterized by the region R that consists of
repeating serine-aspartate (SD) dipeptides and is located between the wall-spanning
domain and the ligand-binding domain A (shown for ClfA in Fig. 7.2) Thus, ClfA
and ClfB are members of an MSCRAMM subfamily, the SD repeat-containing (Sdr)
protein family.

The predicted 92 kDa ClfA has significant sequence similarity with the FnBPs,
especially in the N-terminal region A. The Fg-binding activity of ClfA was mapped
to a 218-residue domain within the ~500-residue region A (332–550). In a later
study, the adjacent residues Glu526 and Val527 were identified as being important
for the Fg-binding activity (Hartford et al., 2001). Despite similar functions and
structural organization, the A domains of ClfA and ClfB are only 26% identical.
ClfA exclusively binds to the Fg γ-chain with the binding site for ClfA located
within the C-terminus of the γ-chain. In contrast, ClfB binds to the α- and β-chains
of Fg (McDevitt et al., 1997, Ni Eidhin et al., 1998). A recombinantly expressed
truncated ClfA protein comprising residues 221–550 inhibits ADP-induced, Fg-
dependent platelet aggregation in a concentration-dependent manner and moreover
competes for platelet adhesion to immobilized Fg under shear stress indicating that
the platelet receptor and ClfA binding sites on Fg overlap. A later study indicated
that ClfA also mediates direct binding to platelets by interacting with a 118 kDa
platelet membrane receptor (Siboo et al., 2001). Furthermore, ClfA as well as ClfB
are able to aggregate platelets, which is thought to play a role in the establishment
of experimental endocarditis (O’Brien et al., 2002a). Platelet aggregation mediated
by ClfA and ClfB occurs in a Fg-dependent manner. However, ClfA as well as ClfB
can cause platelet aggregation in a Fg-independent manner that requires IgG and
complement deposition (Loughman et al., 2005, Miajlovic et al., 2007).

ClfB binds also to human desquamated nasal epithelial cells and to cytokeratin
10, which was shown to be present on the surface of these cells, suggesting that ClfB
may be an important factor in S. aureus nasal colonization (O’Brien et al., 2002b).
A remarkable difference between ClfA and ClfB is their expression pattern, with
ClfB being only detectable on cells grown to the early exponential phase, but absent
from cells from late exponential phase or stationary phase cultures.

The binding of ClfA as well as ClfB to Fg is regulated by the divalent cations
Ca2+ and Mn2+ (Clarke and Foster, 2006). Both cations inhibit ClfA-mediated
clumping of S. aureus in the presence of soluble Fg as well as the interaction of a
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recombinant ClfA subdomain with a peptide resembling the C-terminal Fg γ-chain.
In agreement with this, ClfA harbours a putative EF-hand motif within the A region
(310–321) that mediates both regulation by Ca2+ and ligand binding.

The ClfA region A is composed of three domains (N1, N2, and N3). The crys-
tal structure of the Fg-binding segment (residues 221–559), which contains two
of the domains (N2N3) demonstrates that each domain adopts an IgG-like fold
(Deivanayagam et al., 2002).

Consistent with its platelet-binding and -aggregation function, ClfA has been
shown to be a virulence factor in a rabbit and rat infective endocarditis model
as well as in a mouse model of septic arthritis. Moreover, active and passive
immunization studies suggested ClfA as a suitable vaccine compound and novel
anti-staphylococcal agents have been proposed based on a structural model of the
ClfA-Fg interaction (Clarke and Foster, 2006, Ganesh et al., 2008).

Sdr protein Family: SdrC, SdrD, and SdrE

Other members of the S. aureus Sdr-protein family are SdrC, SdrD, and SdrE
(Clarke and Foster, 2006). The Sdr proteins are predicted to have a similar struc-
tural organization like ClfA and ClfB. Additionally, they contain two (SdrC), five
(SdrD), or three (SdrE) B repeats with 110–129 residues per repeat, which inter-
connect the regions A and R (shown for SdrC in Fig. 7.2). Like ClfA and ClfB,
SdrE induces platelet aggregation while SdrC and SdrD play a role in adherence
to human desquamated nasal epithelial cells (O’Brien et al., 2002a, Corrigan et al.,
2009). Moreover, by using the phage display technique, the N2N3 domain of SdrC
was recently found to bind to β-neurexin (Barbu et al., 2010).

Sdr protein Family: Pls

Pls “plasmin sensitive” contains short N-terminal repeats and four B repeats
(Fig. 7.2). It has a surprisingly divergent function. On the one hand, Pls binds to
cellular lipids and glycolipids and promotes bacterial cell-cell interaction as well as
adherence to nasal epithelial cells (Huesca et al., 2002, Roche et al., 2003b). On the
other hand, Pls prevents binding of S. aureus to immunoglobulin (Ig) G, soluble and
immobilized Fn, as well as internalization by human host cells probably by steric
hindrance (Hussain et al., 2009).

Sdr protein Family: Bbp

The 97 kDa bone sialoprotein-binding protein Bbp has similarity with SdrC, SdrD,
and SdrE (Tung et al., 2000). Bbp was identified from S. aureus strains associ-
ated with bone and joint infections and found to specifically interact with bone
sialoprotein, which is a glycoprotein of bone and dentine extracellular matrix.
Further studies indicated that Bbp is immunogenic and expressed during infection
suggesting an important role in the pathogenesis of osteomyelitis.
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7.2.1.3 Protein A (Spa)

Protein A (Spa) was the first S. aureus protein identified and has been used as the
model system to study sortase-mediated cell wall anchoring (Schneewind et al.,
1993). Protein A contains five N-terminally located approximately 60-residue long
tandem repeats (designated E, D, A, B, and C), which bind to the Fc portion
of immunoglobulins (Ig) G, leading to reduced antibody-mediated opsonisation.
Consequently, the inhibition of phagocytosis has been proposed to be the basic
contribution of protein A to virulence. However, it is now clear that its function
in pathogenesis is more complex than previously thought. Protein A also binds
to both soluble and immobilized vWF, a large multimeric glycoprotein that medi-
ates platelet adhesion at sites of endothelial damage, which is thought to play a
role in endovascular infection (Chavakis et al., 2005). Spa has also been identified
to directly interact with platelets via binding to the platelet receptor gC1qR/p33
(Nguyen et al., 2000). Moreover, protein A can bind to TNFR1, which is a receptor
for tumour-necrosis factor-α (TNF-α) widely distributed on the airway epithelium
and stimulate an inflammatory response in airway epithelial cells. Thus, the pro-
tein A-TNFR1 signalling pathway is thought to have a central function in the
pathogenesis of staphylococcal pneumonia (Gomez et al., 2004).

7.2.1.4 Iron-Regulated Surface Determinants (IsdA, IsdB, IsdC, IsdH)

The iron-regulated surface determinants include IsdA, IsdB, IsdC, and IsdH. The
transcription of isdA, isdB, isdC, and isdH is regulated by environmental iron and
the iron-responsive regulator Fur (Clarke and Foster, 2006). Each of the Isd proteins
contains one to three NEAT (near iron transporters) domains and bind to one or
more iron-containing proteins, such as transferrin, haemin, or haemoglobin. Thus,
these proteins have been suggested to have a role in iron acquisition, but this has
not yet been proven. The NEAT domains in IsdA and IsdH are responsible for the
binding to their ligands. IsdA binds to a wide range of host products, among them
Fg, Fn, and human desquamated nasal epithelial cells (Clarke and Foster, 2006,
Corrigan et al., 2009). However, physiologically relevant binding of IsdA to Fg and
Fn can only be observed when S. aureus is grown under iron-limited conditions,
such as in vitro in serum or in vivo, which favours the expression of IsdA. Moreover
recently, IsdA was found to bind to proteins of the cornified envelope of human
desquamated epithelial cells, such as involucrin, loricrin, cytokeratin 10, which are
thought to be the predominant ligands in the ecological niche of S. aureus, further
delineating the importance of IsdA in nasal colonization (Clarke et al., 2009). IsdH
binds to haptoglobin and haptoglobin-haemoglobin complexes (Dryla et al., 2003).
Differences in the ligand-binding specificity of IsdA and IsdH might be due to the
pronounced sequence differences among their NEAT domains. Immunization with
purified IsdA and IsdH resulted in reduced nasal colonization by S. aureus in the
cotton rat model.

IsdB was found to be involved in platelet adhesion and aggregation: when
S. aureus was grown under iron-limited conditions, mutants deficient in IsdB, but
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not IsdA or IsdH were unable to adhere to or aggregate platelets. The platelet
integrin GPIIb/IIIa was identified as the platelet receptor for IsdB and the direct
interaction of these proteins could be demonstrated by surface plasmon resonance
(Miajlovic et al., 2010). Immunization with IsdB protects against staphylococcal
sepsis in different animal models.

7.2.1.5 Biofilm-Associated Proteins

In recent years, several S. aureus surface-anchored proteins have been associated
with the formation of biofilm, especially with the accumulation phase and intercellu-
lar adherence. However, the first protein reported to be involved in the accumulative
growth during biofilm formation was the 220 kDa accumulation-associated protein
Aap from S. epidermidis. Aap is highly homologous to the S. aureus surface protein
SasG (Fig. 7.2), which also mediates biofilm accumulation (Heilmann and Götz,
2010). The function of Aap in the accumulation process was speculated to be the
anchoring of PIA (polysaccharide intercellular adhesin) to the cell surface. However
recently, it was shown that Aap is able to mediate intercellular adhesion and biofilm
accumulation in a completely PIA-independent background. A repeat domain B,
which becomes active only after proteolytic cleavage of the N-terminal A-domain,
mediates intercellular adhesion. Recently, the B repeats of Aap (also known as G5
domains) were found to be zinc-dependent adhesion modules and a “zinc zipper”
mechanism was suggested for G5 domain-based intercellular adhesion in Aap- or
SasG-mediated biofilm accumulation. A zinc-dependent dimerisation of recombi-
nant B repeats was also observed with SasG (Geoghegan et al., 2010). SasG not
only mediates bacterial intercellular adhesion, but also promotes binding to nasal
epithelial cells (Roche et al., 2003b). Moreover as with Pls, which has sequence
similarities with SasG and Aap, the expression of SasG masked the ability of the
S. aureus cells to adhere to Fg, Fn, cytokeratin 10, and IgG. SasG-mediated binding
to nasal epithelial cells was proposed to compensate for masking the ability of ClfB
to bind to cytokeratin 10. While intercellular adhesion is mediated by the SasG B
repeats with at least five of the eight repeats being required, binding to the nasal
epithelial cells is carried out by the N-terminal region A. The functions of SasG and
Aap might be explained by their fibrillar structure, which was recently observed by
transmission electron microscopy (Corrigan et al., 2007).

The 239 kDa biofilm-associated protein Bap was the first protein reported to
be involved in S. aureus biofilm formation. Bap mediates S. aureus attachment to
a polystyrene surface and intercellular adhesion leading to biofilm accumulation.
Moreover, Bap was found to prevent adherence to Fg, Fn, and host tissue (sheep
mammary glands) as well as cellular internalization (Cucarella et al., 2002). The
clinical significance of Bap is not clear, because it is apparently present in only 5%
of 350 bovine mastitis and absent from all human clinical S. aureus isolates tested
so far. However, a gene encoding a Bap-homologous protein, the 258 kDa Bhp, is
present in the human clinical strain S. epidermidis RP62A.

Recently, we reported that the S. aureus surface protein C (SasC) mediates
attachment to polystyrene and biofilm accumulation, but not adherence to Fg,
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thrombospondin-1, von Willebrand factor, or platelets. Intercellular adhesion is
conferred by the N-terminal domain of SasC (Schroeder et al., 2009).

Furthermore, a function for the multifactorial virulence factor protein A in
biofilm development was detected, when expressed at high levels due to a muta-
tion in the accessory gene regulator agr (Merino et al., 2009). A role for Spa in the
development of biofilm-associated infections was suggested in a murine model of
subcutaneous catheter infection.

Additionally, FnBPA and FnBPB were found to be important for biofilm accu-
mulation of methicillin-resistant S. aureus (MRSA) strains with the A domain of
FnBPA, but not the Fn-binding domain, being responsible for biofilm accumula-
tion. Accordingly, the FnBPs play a significant role in a catheter-associated murine
infection model (O’Neill et al., 2008, Vergara-Irigaray et al., 2009).

7.2.1.6 Other Covalently-Linked Surface Proteins

Further MSCRAMMs of S. aureus include the collagen-binding protein Cna and
the serine-rich adhesin for platelets (SraP, also called SasA) (Patti et al., 1995, Siboo
et al., 2008). The collagen-binding site within the 133 kDa Cna is located in a region
between residues Asp209 and Tyr233. Based on crystal structures from the subdo-
mains N1 and N2 of Cna, each of them adopting an IgG-like fold, and in complex
with a synthetic collagen-like triple helical peptide, a “collagen hug” model was
proposed for the interaction of the multidomain Cna with its extended rope-like lig-
and (Zong et al., 2005). In a rabbit model of soft contact lens-associated bacterial
keratitis, Cna has been found to be a virulence factor (Rhem et al., 2000).

SraP is a glycoprotein with a calculated molecular mass of 227 kDa that is
involved in adherence to platelets (Siboo et al., 2008). It contains an unusually long
N-terminal signal peptide and two serine-rich repeat regions (srr1 and srr2) sep-
arated by a nonrepeat region. A recombinant fragment of SraP consisting of the
N-terminally located Srr1 and the nonrepeat region was shown to directly bind to
platelets, a trait that is thought to be an important pathogenicity factor in the devel-
opment of infective endocarditis. Consistently, in a rabbit model of endocarditis, an
sraP mutant strain had significant lower bacterial counts within vegetations than the
wild-type strain. Recently, the accessory Sec system that is encoded downstream of
the sraP structural gene has been found to be required for the export of SraP.

7.2.2 Non Covalently-Linked Surface-Associated Proteins

7.2.2.1 Autolysin/Adhesins

Another class of staphylococcal adhesins is represented by the autolysin/adhesins
first described by us and others (Hirschhausen et al., 2010). These non-covalently
bound proteins are associated with the surface by ionic or hydrophobic interactions
and have both enzymatic (peptidoglycan-hydrolytic) and adhesive functions. In gen-
eral, peptidoglycan hydrolases or autolysins are thought to play important roles in
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cell-wall turnover, cell division, cell separation, and antibiotic-induced lysis of bac-
teria. Using transposon mutagenesis, the 148 kDa autolysin AtlE of S. epidermidis
was identified as a surface-associated component, which mediates attachment to
polystyrene, biofilm formation, and adherence to Vn. In a rat central venous catheter
infection model, the atlE mutant was attenuated compared to the wild type. The
homologous 137 kDa autolysin Atl from S. aureus also mediates attachment to
polystyrene and biofilm formation (Biswas et al., 2006).

AtlE and Atl show the same structural organization and are proteolytically
cleaved into two bacteriolytically active domains, an N-terminal amidase and a
C-terminal glucosaminidase. The bacteriolytically active domains are intercon-
nected by three direct repeated sequences (R1, R2, and R3), which are involved
in binding to peptidoglycan. Each repeat consists of approximately 170 residues
with two glycine-tryptophane (GW)-dipeptide motifs. GW-containing repeats have
been previously characterized from surface proteins of Listeria monocytogenes that
mediate adherence to and uptake by eukaryotic cells.

Recently, we found that Atl also binds to Fg, Fn, Vn, and human endothelial cells
(Hirschhausen et al., 2010). Moreover, Atl/AtlE also functions in staphylococcal
internalization by endothelial cells by using the 70 kDa heat shock cognate protein
Hsc70 as the host cell receptor. While this novel Atl- or AtlE-mediated internaliza-
tion mechanism may represent a “backup”-mechanism in S. aureus internalization,
it may also be the major or even sole mechanism involved in the internalization of
coagulase-negative staphylococci.

Further multifunctional autolysin/adhesins include the Aaa from S. aureus and
the homologous Aae from S. epidermidis. Aaa and Aae both have bacteriolytic activ-
ities and bind to Fg, Fn, and Vn in a dose-dependent and saturable fashion and with
high affinity (Heilmann et al., 2005).

7.2.2.2 SERAMs (Eap/Map/P70 and Emp)

Further examples of non-covalently associated surface proteins of S. aureus are
secreted proteins that bind back to the bacterial cell surface by so far unknown
mechanisms and have a broad binding spectrum; therefore they were termed
SERAMs (Secretable expanded repertoire adhesive molecules) (Chavakis et al.,
2005). Among the SERAMs are the 60–72 kDa extracellular adherence protein Eap
(also designated as Map, “MHC class II analogous protein” or P70) and the 40 kDa
extracellular matrix and plasma binding protein Emp, both of which bind to various
components of the extracellular matrix, such as Fg, Fn, or Vn. Map/Eap contains
six repeated domains of 110 residues each, with a subdomain of 31 residues sharing
significant homology to a segment in the peptide binding groove of the β-chain of
the major histocompatibility complex (MHC) class II proteins from different mam-
malian species. S. aureus strains that do not express Eap were less able to colonize
and invade host tissue and mutants defective in emp showed reduced attachment to
immobilized Fg and Fn (Chavakis et al., 2005).

The SERAMs are thought to play a role in endovascular infection, like infective
endocarditis. The pathogenesis of infective endocarditis is characterized by a serious



118 C. Heilmann

of events, such as endocardial damage, exposure of the subendothelial matrix, depo-
sition of activated platelets and extracellular matrix and plasma proteins that serve as
binding foci for adhering bacteria. Thus, Eap and Emp can mediate binding to these
vegetations as well as to the surface of endothelial cells most likely via plasma pro-
teins as bridging molecules. Moreover, binding of Eap to endothelial cells via Fn
may enhance the staphylococcal uptake by the eukaryotic cell. Additional functions
of Eap include the direct interaction with the host adhesive protein intercellular
adhesion molecule 1 (ICAM-1), inhibition of neutrophil binding to and transmi-
gration through the endothelium and the decrease in phagocytic activity (Chavakis
et al., 2005). Thus, Eap is a potent anti-inflammatory factor. More recently, another
function for Eap as a potent angiostatic agent was described (Sobke et al., 2006).

No homologues of the S. aureus extracellular matrix and plasma binding protein
Emp and the extracellular adherence protein Eap could be detected in S. epidermidis.

7.2.2.3 Membrane-Spanning Proteins (Ebh and Ebps)

Further non-covalently anchored cell surface proteins include the giant 1.1 mDa Fn-
binding protein Ebh (extracellular matrix-binding protein homologue) of S. aureus
and the homologous Embp of S. epidermidis (Clarke and Foster, 2006, Williams
et al., 2002), whose genes are by far the largest of the S. aureus and S. epider-
midis genomes, respectively. The Fn-binding sites of Ebh and Embp seem to be
unrelated to those of the S. aureus FnBPs. Ebh appears to be anchored to the cell
surface by a C-terminally located membrane-spanning domain that is followed by
a repeat region containing positively charged residues, which is predicted to be
located intracellularly. Furthermore, Embp was recently demonstrated to mediate
biofilm accumulation (Christner et al., 2010).

EbpS is another protein with a membrane anchor that binds elastin, which is a
major component of the extracellular matrix (Downer et al., 2002).

7.3 Non-proteinaceous Staphylococcal Adhesins

7.3.1 Polysaccharide Intercellular Adhesin (PIA)

S. epidermidis transposon mutants not able to accumulate in multilayered cell
clusters lack a specific polysaccharide antigen referred to as polysaccharide inter-
cellular adhesin (PIA) (Götz, 2002, Heilmann and Götz, 2010), also designated
as poly-N-acetylglucosamine (PNAG). Purification and structural analysis of PIA
revealed that it is a linear β-1,6-linked N-acetylglucosaminoglycan with 15–20%
of the N-acetylglucosaminyl residues being non-N-acetylated. Thus, the designa-
tion as PNAG is certainly not correct. Later, it was found that PIA is also produced
by S. aureus. It has been published that the N-acetylglucosamine residues of PIA
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from S. aureus are completely succinylated, which led to its designation as poly-
N-succinyl β-1,6-glucosamine (PNSG). However, it is now clear that the succinyl
groups were an artefact.

The partial deacetylation of 15–20% of the N-acetylglucosaminyl residues ren-
ders the polysaccharide positively charged, which determines its biological activity
(Götz, 2002). Possibly, it functions as an intercellular adhesin by electrostatically
attracting the negatively charged teichoic acid to the bacterial cell surface. The struc-
ture of PIA so far is unique. However, PIA-mediated biofilm formation might rep-
resent a common principle, because PIA-related structures have also been identified
to play a role in the biofilm formation of pathogenic Gram-negative bacteria.

PIA is produced by the gene products encoded by the icaADBC operon. The
icaADBC operon was first identified in S. epidermidis and is also present in S. aureus
and other staphylococcal species. The N-acetylglucosaminyltransferase activity is
carried out by IcaA, which requires IcaD for full activity. With its transmembrane
helices, IcaC very likely is an integral membrane protein that putatively transports
the N-acetylglucosamine oligomers across the membrane. IcaB is mainly found in
the culture supernatant and deacetylates PIA (Heilmann and Götz, 2010).

The importance of PIA as a pathogenicity factor has been confirmed in vari-
ous foreign-body animal infection models with different S. epidermidis icaADBC
mutants. However in S. aureus, conflicting results were obtained: PIA production
did not increase the capacity to induce persistent infections in a tissue cage model
(Kristian et al., 2004). A study investigating the pathogenic properties of S. epider-
midis strains obtained from polymer-associated septicemic disease compared with
saprophytic skin and mucosal isolates demonstrated a strong correlation of biofilm
formation and presence of the ica gene cluster essentially associated with disease
isolates (Ziebuhr et al., 1997).

7.3.2 Wall Teichoic Acid (WTA) and Lipoteichoic Acid (LTA)

S. aureus teichoic acids are highly charged cell wall polymers, composed of alternat-
ing phosphate and ribitol (wall teichoic acid; WTA) or glycerol (lipoteichoic acid;
LTA) groups, which are substituted with D-alanine and N-acetylglucosamine. While
the WTA is covalently linked to the peptidoglycan, the LTA is anchored in the outer
leaflet of the cytoplasmic membrane via a glycolipid. The S. aureus colonization
of abiotic surfaces depends on the charge of its teichoic acid. A dltA mutant lacks
D-alanine in its WTA rendering it higher negatively charged. The dltA mutant has a
biofilm-negative phenotype due to a decreased initial attachment to polystyrene or
glass, which is hydrophobic or negatively charged, respectively (Götz, 2002). WTA
also mediates adherence to human nasal epithelial cells and is involved in nasal col-
onization, which is considered a major risk factor for serious S. aureus infections.
Moreover, a WTA-deficient mutant (�tagO) showed decreased adherence to human
endothelial cells especially under flow conditions and was attenuated in a rabbit
model of infective endocarditis (Weidenmaier et al., 2005).
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The glycolipid synthase YpfP is involved in the biosynthesis of LTA. An S.
aureus SA113 ypfP mutant, which showed a markedly decreased production of
LTA, revealed altered physicochemical properties and a reduced capacity to form a
biofilm on a polystyrene surface (Fedtke et al., 2007). Thus, LTA and its biosynthetic
enzymes were proposed as potential targets in the development of novel anti-biofilm
measurements.

In S. epidermidis, the cell wall teichoic acid is involved in adherence to Fn
(Hussain et al., 2001).

7.4 Conclusion

In conclusion, S. aureus harbours a variety of proteinaceous and non-proteinaceous
adhesins that can mediate adherence to an abiotic surface or a multitude of host
factors, such as extracellular matrix and plasma proteins and human host cells.
Upon adherence, the bacteria may proliferate and accumulate into multilayered cell
clusters, which requires intercellular adhesion and finally leads to the formation of
a biofilm. Alternatively upon adherence, the bacteria may be internalized by the
human host cell and “hide” within the host cell. Both, the formation of a biofilm as
well as the intracellular environment seem to protect the bacteria against the host
immune system and antibiotic therapy. Therefore, understanding S. aureus adhesive
mechanisms represents a necessary first step to developing strategies to prevent or
combat infections with this serious pathogen.
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Chapter 8
Protein Folding in Bacterial Adhesion: Secretion
and Folding of Classical Monomeric
Autotransporters

Peter van Ulsen

Abstract Bacterial adhesins mediate the attachment of bacteria to their niches,
such as the tissue of an infected host. Adhesins have to be transported across the cell
envelope to become active and during this secretion process they fold into their final
conformation. This chapter focuses on the biogenesis of the classical monomeric
autotransporter proteins, which are the most ubiquitous class of secreted proteins
in Gram-negative bacteria. They may function as adhesins, but other functions are
also known. Autotransporter proteins have a modular structure and consist of an
N-terminal signal peptide and a C-terminal translocator domain with in between the
secreted passenger domain that harbours the functions. The signal peptide directs
the transport across the inner membrane to the periplasm via the Sec machinery.
The translocator domain inserts into the outer membrane and facilitates the trans-
port of the passenger to the cell surface. In this chapter, I will review our current
knowledge of the secretion of classical monomeric autotransporters and the meth-
ods that have been used to assess their folding during the translocation, both in vitro
and in vivo.

8.1 Introduction

Bacterial adhesins can be classified into multi-component and long cellular exten-
sions like the pili, and single-molecule adhesins involved in tight adherence. They
position the bacteria at different distances from target host cells and often act
concertedly during the colonisation of host tissues. This is illustrated by the adher-
ence pattern of the human pathogen Neisseria meningitidis, which first attaches
to the epithelial cells of the upper respiratory tract through type IV pili, followed
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Fig. 8.1 Autotransporter domains. Tripartite domain organisation of monomeric autotransporters
with the signal peptide in black, the passenger in light gray and the translocator domain in dark
gray. Subdomains that are discussed in the text are indicated and boxed. Arrowheads indicate the
sites of proteolytic cleavage

by a phase of tight adherence mediated by various single-molecule adhesins, like
outer membrane proteins and autotransporters (Virji, 2009). Adhesins have to be
transported across the cell envelope to become active, during or after which they
fold into their final conformation. Here, I will focus on the autotransporter proteins,
which are the most ubiquitous class of secreted proteins in Gram-negative bacteria.
These modular proteins consist of an N-terminal signal peptide and a C-terminal
translocator domain with the secreted passenger domain that harbours the functions
in between (Henderson et al., 1998; Jacob-Dubuisson et al., 2004) (Fig. 8.1). The
signal peptide directs the transport across the inner membrane to the periplasm via
the Sec machinery. The translocator domain inserts into the outer membrane and
facilitates the transport of the passenger to the cell surface. Autotransporter pas-
sengers can be involved in adherence, but also in a host of other processes. They
often are processed by proteolytic cleavage, but may remain associated with the
cell surface. In this chapter, I will review our current knowledge of the secretion of
classical monomeric autotransporters and the methods that have been used to assess
their folding in vitro and in vivo.

8.2 Autotransporters Are a Branch of the Type V
Secretion Pathway

The cell envelope of Gram-negative bacteria consists of the inner and outer mem-
branes separated by the periplasmic space that contains the peptidoglycan layer. The
Type V Secretion Pathway comprises the most wide-spread and simplest secretion
systems employed to pass this barrier (Kajava and Steven, 2006). It is subdi-
vided into three branches; i.e. the classical autotransporters (Type Va), the trimeric
autotransporters (Type Vc) and the two-partner secretion pathway (Type Vb; the
sub-numbering reflects the order of description) (Jacob-Dubuisson et al., 2004).
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Type V secretion systems pass across the cell envelope in two consecutive
steps. The classical autotransporters are single-protein secretion systems that use
the existing machinery of the cell. The protein crosses the inner membrane via the
Sec machinery, which is targeted by the N-terminal signal peptide (Fig. 8.1). The
C-terminal translocator domain then inserts into the outer membrane to facilitate
the transport of the passenger to the cell surface. This step involves the Bam pro-
tein complex: the general protein machinery that inserts integral outer membrane
proteins into the outer membrane (see below). Trimeric and classical autotrans-
porters share the tripartite domain organisation, as well as the structural features
of their translocator domains, but the structure of the passengers is rather different.
The structures of trimeric autotransporters are discussed in Chapter 9 of this vol-
ume. However, the specific requirements for transport across the cell envelope have
mostly been studied for classical autotransporters.

Two-partner secretion (TPS) systems consist of two proteins instead of one; i.e.
a secreted protein, generically designated TpsA, and a transporter protein in the
outer membrane, named TpsB (Jacob-Dubuisson et al., 2004). The TpsB transports
the TpsA across the outer membrane and is targeted via a TPS targeting domain in
TpsA (Jacob-Dubuisson et al., 2004). The TPS system is usually organised in one
operon, although exceptions exist (e.g. van Ulsen et al., 2008). They include sev-
eral adhesins that, after secretion, remain non-covalently attached to the cell surface
(Jacob-Dubuisson et al., 2004); e.g. the filamentous haemagglutinin of Bordetella
pertussis and the HMW adhesin of Haemophilus influenzae.

The TpsB transporter and the autotransporter translocator domains are struc-
turally and functionally very different (Jacob-Dubuisson et al., 2004). Nevertheless,
the secreted lipolytic enzyme PlpD of Pseudomonas aeruginosa was recently shown
to be an autotransporter-like monomeric protein, but with a TpsB-like C-terminal
domain (Salacha et al., 2010). This remarkable protein may provide a concep-
tual link between the TPS and autotransporter secretion systems and, at the least,
underscores their relatedness.

8.3 Functions of Monomeric Autotransporters

The secreted passenger domains carry the functions of autotransporters. They
are characterised by a β-helical stem structure that serves as a backbone from
which functional subdomains extend (Fig. 8.2). Two major subclasses of passen-
ger domains can be discriminated. The first contains a globular serine-protease
subdomain at the passenger N terminus. This subclass includes IgA1 protease of
N. gonorrhoeae, the first autotransporter protein described (Pohlner et al., 1987).
IgA1 proteases cleave human IgA type 1 molecules (Plaut et al., 1975), as well
as other human proteins including the lysosomal marker Lamp-1 (Lin et al., 1997;
Hauck and Meyer, 1997). The protein also appears to have a role in the passage
by N. gonorrhoeae across layers of cultured epithelial cells (Lin et al., 1997). The
autotransporter Hap of H. influenzae also contains a serine protease domain. Hap
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Fig. 8.2 Crystal structures of autotransporter domains. (a) Structures of translocator domains of
NalP (1UYN) and EspP (2QOM), as well as of the passenger-translocator domain fusion of EstA
(3KVN). (b) Structures of the passenger domains of pertactin (1DAB), Hbp (1WXR) and EstA.
On the left, a top-view of pertactin shows the triangular structure of the β-helical backbone. The
image of EstA was made by tilting the molecule that is depicted in (a). The images were generated
using Pymol

mediates attachment to airway epithelial cells, as well as to purified extracellu-
lar matrix proteins (Hendrixson and St. Geme III, 1998; Fink et al., 2002). The
homologous App protein of N. meningitidis is an adhesin as well (Serruto et al.,
2003), which is expressed during infection (van Ulsen et al., 2001), whereas the
serine-protease autotransporter AusI (or MspA) mediates adherence to a subset
of human cell lines (Turner et al., 2006; van Ulsen et al., 2006a). The serine-
protease autotransporters of Enterobacteriaceae (also called SPATEs) are a diverse
group of virulence factors that function as haemagglutinins and adhesins (e.g. Tsh
(Stathopoulos et al., 1999)), cytotoxins (e.g. Pet Eslava et al., 1998), or proteolyt-
ically active proteins, including the haemoglobin protease Hbp (Otto et al., 2005)
and the mucinase Pic (Henderson et al., 1999).

The second major subclass of passenger domains also contains the β-helical
backbone, but lacks a protease subdomain. The first studied example is the adhesin
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pertactin of the human pathogens B. pertussis, B. parapertussis and B. bronchisep-
tica. Pertactin-mediated adhesion has been shown using several cultured cell lines
(Leininger et al., 1991) and explanted ciliated airway epithelia (Edwards et al.,
2005). Escherichia coli adhesins of this subclass are AIDA-I, TibA and Ag43, which
mediate the adherence to and invasion of various human and non-human cell types
(Benz and Schmidt, 1992; Sherlock et al., 2004; Lindenthal and Elsinghorst, 2001;
Fexby et al., 2007). All three also induce autoaggregation of E. coli cell cultures and
are implicated in biofilm formation (Klemm et al., 2004). Furthermore, AIDA-I and
TibA are glycosylated by dedicated glycosyl transferases in the cytoplasm (Benz
and Schmidt, 2001; Lindenthal and Elsinghorst, 2001), which is required for bind-
ing to human cells (Lindenthal and Elsinghorst, 2001), although the reduced binding
of the non-glycosylated proteins may be due to their reduced stability (Charbonneau
and Mourez, 2008).

The autotransporters EstA of P. aeruginosa (Wilhelm et al., 1999) and McaP of
Moraxella catarrhalis (Lipski et al., 2007) are members of a third subclass. Their
passenger domains are rather small and lack the β-helical stem structure, as shown
by the crystal structure of EstA (van den Berg, 2010). Apart from the lipolytic activ-
ity, the McaP passenger also mediates adherence to cultured human epithelial cells
(Lipski et al., 2007).

8.4 Proteolytic Processing of Passenger Domains
at the Cell Surface

In most classical autotransporters, the passenger domain is released from the translo-
cator domain by a proteolytic cleavage. For example, the adhesins pertactin, AIDA-I
and Ag43 are proteolytically cleaved, but they remain attached to the cell surface via
non-covalent interactions. These can be released by a relatively mild heat-treatment
(Benz and Schmidt, 1992). Several different cleavage mechanisms have evolved.
IcsA of Shigella flexneri is released by a dedicated protease, SopA, present in the
outer membrane to ensure polar localization of the passenger domain at the cell
surface (Fukuda et al., 1995). The N-terminal serine protease subdomain of passen-
ger domains can be used for intermolecular autocatalytic release, as exemplified by
Hap (Fink et al., 2001). It requires interaction of two Hap monomers and a thresh-
old number of molecules to be present at the cell surface. A similar autocatalytic
release of App and IgA protease of N. meningitidis occurs in competition with an
intermolecular cleavage by another autotransporter, NalP (van Ulsen et al., 2003). In
contrast, the N-terminal serine protease subdomain of the SPATE passenger domains
is not involved in their release. Instead, they are released by a proteolytic cleavage
that occurs intramolecularly and within the hydrophilic channel of the transloca-
tor domain (see below) (Barnard et al., 2007). The catalytic residues are conserved
within the SPATEs and also found in pertactin. The AIDA adhesin is cleaved auto-
catalytically and intramolecularly as well, but the catalytic residues are located in the
region that links the passenger and translocation domain (Charbonneau et al., 2009).
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Proteolytic release appears counterintuitive for an adhesin, but the different
mechanisms that have evolved suggest that it is functionally relevant. It appears
not to be absolutely required, since a non-cleavable AIDA mutant mediates adher-
ence like wild type (Charbonneau et al., 2006), while the Hap-mediated adherence
increases when proteolytic processing is blocked (Hendrixson and St. Geme III,
1998), although it is already detectable at normal secretion levels (Fink et al.,
2002). On the other hand, a more loose association like the non-covalently attached
pertactin and AIDA may yield an interaction that is detachable and temporary,
which may benefit colonisation in vivo. For example, B. pertussis infection of mice
requires the release of the filamentous haemagglutinin adhesin from the cell surface
through the proteolytic activity of the autotransporter SphB1 (Coutte et al., 2003).

8.5 Structural Biology and In Vitro Folding of Classical
Autotransporters

The crystal structures of several autotransporter domains have been solved
(Fig. 8.2). On the sequence level, homology between these domains is hard to prove,
but secondary structure predictions indicated similarities that were confirmed by the
solved structures. The similarities also suggest a general secretion mechanism, with
constraints that derive from the shared conformations although the actual folding
mechanisms have been studied for only a few autotransporters.

8.5.1 The Translocator Domain

The C-terminal translocator domain is a 25- to 35-kDa domain that is essential
for the transport of the attached passenger domain across the outer membrane.
It was proposed to adopt a conformation similar to other outer membrane pro-
teins (Loveless and Saier, 1997). The latter are β-barrels consisting of amphipathic
β-strands with hydrophobic residues that face the membrane lipids and hydrophilic
residues that form a hydrophilic central channel (Bos et al., 2007). The β-strands are
connected by relatively long and variable extracellular loops, while the periplasmic
turns are short. The strands have a high number of aromatic amino acid residues
that align the barrel with the hydrophilic headgroups of the membrane lipids.
Translocator domains also comply with these general rules (Loveless and Saier,
1997).

The folding of an outer membrane protein into its β-barrel conformation can
be assessed by its “heat-modifiability”; i.e. the heat-denatured form of a β-barrel
protein shows a different electrophoretic mobility than the non-heated folded form
when run on a polyacrylamide gel with low SDS (van Ulsen et al., 2006b; Burgess
et al., 2008). Translocator domains also show heat-modifiability, as has been shown
for AIDA-I (Konieczny et al., 2001), NalP (Oomen et al., 2004), Tsh (Hritonenko
et al., 2006), EspP (Barnard et al., 2007) and SphB1 (Dé et al., 2008). Purifying
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the considerable amounts of a fully-folded membrane protein needed for structural
and functional assays can be difficult and in vitro folding is a relatively easy alter-
native (Buchanan, 1999; van Ulsen et al., 2006b). It involves overproduction of the
desired protein in E. coli without a signal peptide to prevent Sec-mediated transport
across the inner membrane. The large amounts of insoluble inclusion bodies that
accumulate in the cytoplasm can be isolated by breaking the cells. Subsequently,
the proteins are denatured by solubilising the inclusion bodies in 7–8 M urea or
6 M guanadinium–HCl and folded in vitro by rapid dilution into a buffer contain-
ing detergents that mimic the membrane environment. Heat-modifiability is used
to assess whether in vitro folding yielded a β-barrel conformation (de Jonge et al.,
2002; Oomen et al., 2004; van Ulsen et al., 2006b). The specific conditions, e.g. the
detergent used or the buffer condition, are subject to trial and error and may differ
between proteins. However, in vitro folding of the translocator domains of NalP of
N. meningitidis and Hbp of E. coli succeeded using rather similar conditions and
the same detergent (Roussel-Jazédé et al., 2011). Subsequent analysis of the con-
formational status of the heat-modifiable protein involves analytical techniques like
circular dichroism (Oomen et al., 2004; Dé et al., 2008). Ideally, also a functional
assay is included in the analysis. In vitro folding of the Opa adhesin of N. meningi-
tidis, which is a β-barrel outer membrane protein, yielded a heat-modifiable protein
that bound its human receptor, whereas the unfolded protein did not (de Jonge et al.,
2002). Unfortunately, there is no functional assay for translocator domains.

The first crystal structure of a translocator domain was obtained using the in
vitro folded domain of NalP (Oomen et al., 2004) (Fig. 8.2). To date, three other
structures of monomeric translocator domains have been solved: EspP and Hbp of
E. coli (Barnard et al., 2007; Tajima et al., 2010), and EstA of P. aeruginosa (van den
Berg, 2010), solved as a full-length protein (passenger-translocator). Furthermore,
the structure of the translocator domain of the trimeric autotransporter Hia has also
been solved (Meng et al., 2006). These four structures were obtained by purify-
ing recombinant proteins from solubilised outer membranes using detergents and
affinity tags. Nevertheless, they showed a great similarity to the NalP structure.
All translocator domains are 12-stranded β-barrels with a hydrophilic channel that
is occupied by an α-helix (or three in case of the trimeric autotransporters), and
all have quite similar dimensions (van den Berg, 2010). The structure of the EspP
translocator domain revealed a very small and tilted α-helix (Fig. 8.2), which results
from the intra-channel cleavage that releases the passenger domain from the cell sur-
face (Barnard et al., 2007). The Hbp translocator domain structure shows a mutant
in which that cleavage is prevented (Tajima et al., 2010). The structure contains the
tilted α-helix, suggesting that it is present prior to cleavage.

The pore-forming activity of the translocator domains of NalP, IgA protease, Hbp
(a close homologue of EspP), and SphB1 has been monitored on proteins reconsti-
tuted in planar lipid bilayers (Oomen et al., 2004; Dé et al., 2008; Roussel-Jazédé
et al., 2011). A voltage is applied over the lipid bilayer and the current flowing
through the pores of single molecules is measured (Van Gelder et al., 2000). These
electrophysiological experiments revealed pores with two types of channels: fre-
quently observed small channels with a conductance of 0.15 nS that and, rarely,
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larger channels with a conductance of 1.3 nS. The calculated pore-sizes match with
the channels observed in the crystal structures (Oomen et al., 2004; Roussel-Jazédé
et al., 2011) and may represent closed and open pores, respectively, the closure being
effected by the α-helix. The α-helices of the EstA and NalP translocator domains are
superimposable and both slightly off-centre (van den Berg, 2010), which leaves a
small channel through which water molecules could diffuse. Indeed, removing the
α-helices in the translocator domains of SphB1, NalP and Hbp resulted in measure-
ments of only the larger channels (Dé et al., 2008; Roussel-Jazédé et al., 2011).
The measured channels were very variable, which suggested a role for the α-helix
in barrel stability. This function was also suggested by molecular dynamics sim-
ulations (Khalid and Sansom, 2006) and confirmed by the chemical denaturation
curves of translocator domains with and without α-helices obtained by diluting the
proteins in increasing concentrations of guanadine hydrochloride and measuring the
Trp fluoresence (Roussel-Jazédé et al., 2011). Apparently, the α-helix both stabilizes
the barrel structure and closes the translocator domain channel once the passenger
domain is secreted.

8.5.2 The Passenger Domain

To date, crystal structures of five passenger domains have been solved (Fig. 8.2);
i.e. adhesin pertactin (Emsley et al., 1996), haemoglobin protease Hbp (Otto et al.,
2005), vacuolating cytotoxin VacA of Helicobacter pylori (Gangwer et al., 2007),
IgA protease of H. influenzae (Johnson et al., 2009) and lipolytic esterase EstA (van
den Berg, 2010). These structures are derived from secreted proteins that were iso-
lated from the culture medium of (heterologous) cells producing the autotransporter,
except for EstA that was isolated intact from the outer membrane.

The pertactin structure was the first solved and shows a rigid and protease-
resistant domain with a helix of β-strands that are connected by short loops and
constitute a triangular structure of three β-sheets (Emsley et al., 1996; Kajava and
Steven, 2006). A similar β-helical stem was identified in Hbp, VacA and IgA pro-
tease, but not in EstA (see below). Functional subdomains extend from the stem,
such as the loop involved in binding to epithelial cells in pertactin (Emsley et al.,
1996). Hbp and IgA protease have a similar structure with a globular trypsin-like
protease domain at the N terminus, while other domains of unknown function extend
from the β-helical backbone (Otto et al., 2005; Johnson et al., 2009). The short
β-strands of 6 amino acid residues that form the rungs of the helical structure often
contain repeats of alternating polar and apolar residues, of which the apolar residues
constitute the interior of the β-helical structure (Kajava and Steven, 2006).

Furthermore, arrays of repeated residues run along the β-helix axis, like the
array of Asn on the Hbp passenger domain (Otto et al., 2005). The repeats are a
weak, but conserved and general feature of passengers and can be used to iden-
tify them in database searches (Oomen et al., 2004; Junker et al., 2006; Kajava and
Steven, 2006). In fact, the autotransporter motifs in the pfam database (e.g. Pfam
PF03212) are based upon these repeats. Nevertheless, not all passenger domains
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are predicted to contain a β-helical subdomain, as is illustrated by EstA (van den
Berg, 2010). Instead, the EstA passenger shows the characteristic conformation of
lipolytic serine esterases, with a four-stranded parallel β-sheet sandwiched between
α-helices. Apparently, the β-helical conformation is not a prerequisite for autotrans-
porter secretion, which is also illustrated by the heterologous passengers that may
lack a β-helical fold but are exposed on the cell surface (e.g. Veiga et al., 2004).

The in vitro folding of a passenger domain has been assessed using the adhesin
pertactin and the cytotoxin Pet, which is a SPATE related to Hbp and EspP (Junker
et al., 2006; Renn and Clark, 2008; Junker and Clark 2010). Pertactin was folded
by dissolving inclusion bodies in 6M guanidine hydrochloride, followed by step-
wise dilution in a folding buffer (Junker et al., 2006). Pet was purified from the
medium of an E. coli culture and subsequently unfolded and re-folded (Renn and
Clark, 2008). Unfolding in guanidine hydrochloride was monitored by measuring
the tryptophan fluorescence or circular dichroism and indicated that the passenger
domains unfold in two steps. Limited proteolyis by proteinase K revealed that the
C-terminal region of the β-helical stem showed increased stability. Refolding of
the protein by lowering the guanidine hydrochloride concentration was extremely
slow, but not prone to aggregation and without a molten-globule intermediate. This
slow refolding is remarkable and not in line with the observed fast secretion across
the outer membrane (Skillman et al., 2005) and the speed of cell division. Detailed
analysis using site-directed fluorescent labeling of pertactin mutants containing sin-
gle cysteine residues showed that the β-strands of the passenger domain fold in
multiple steps in a concerted manner, whereby there is no difference in the speed
of folding of the C- and N-terminal parts of the β-helical stem (Junker and Clark,
2010). It suggests that the stable C terminus is not the starting point for folding per
se. Nevertheless, the C-terminal region of a passenger is the first part that emerges
from the outer membrane during secretion (Junker et al., 2009) and the folding of
the β-helical part of the passenger domain is believed to drive translocation through
the outer membrane (Jacob-Dubuisson et al., 2004).

8.6 Folding of Classical Autotransporters During Passage
Through the Cell Envelope

The autotransporter domain organisation with the N-terminal signal peptide and the
C-terminal outer-membrane-protein-like translocator domain suggested a fairly sim-
ple secretion route. N-terminal signal peptides direct proteins to the Sec machinery,
whereas outer membrane β-barrel proteins have a central hydrophilic channel that
could act as a pore. Subsequently, the secretion mechanism appeared straightfor-
ward and was hypothesised to include Sec-mediated passage of the inner membrane
and secretion across the outer membrane through the pore in the translocator domain
(Henderson et al., 1998; Jacob-Dubuisson et al., 2004). It also led to the name
“autotransporter”, although it rather reflects the absence of a dedicated secretion
machinery than that no other proteins are involved in secretion (Fig. 8.3).
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Fig. 8.3 Schematic overview of autotransporter secretion. Depicted from left to right: transloca-
tion across the inner membrane through the Sec machinery in an unfolded form; tethering to the Sec
machinery via the extended signal peptide; pre-folding in the periplasm in presence of chaperones
(spheres), with either an α-helix (left) or a hairpin (right) in the channel of the translocator domain;
translocation across the outer membrane via the Bam complex, with the passenger domain going
via the multi-protein Bam complex (left) or through the pore of the translocator domain (right);
full insertion of the translocator domain in the outer membrane and full folding of the passenger at
the cell surface

8.6.1 Passage Through the Inner Membrane

Most autotransporters carry fairly normal signal peptides (Desvaux et al., 2006). A
few autotransporters carry a lipoprotein signal peptide with a lipobox [LA(A/G)C]
that is acylated at the cysteine residue (van Ulsen et al., 2003). However, ~10% of
the autotransporters, mostly found in the β- and γ -proteobacteriae, have rather long
signal peptides of over 45 residues that contain an N-terminal extension of around
20–25 amino acid residues of which some are conserved (i.e. M1,N2,Y5,Y9 and E21)
(Henderson et al., 1998; Desvaux et al., 2006). Such extended signal peptides are
found among all branches of the Type V secretion pathway.

Sec transports protein in an unfolded conformation to the periplasm. Two target-
ing routes exist. Hydrophobic inner membrane proteins target the Sec machinery
cotranslationally via the signal recognition particle (SRP) route, while periplasmic
and outer membrane proteins follow the posttranslational SecB pathway. Strikingly,
however, in vitro cross-linking studies showed that nascent chains of Hbp and
EspP, both containing an N-terminal extension, interact with components of the
SRP pathway (Sijbrandi et al., 2003; Jong and Luirink, 2008; Zhang et al., 2010).
However, the secretion did not appear to depend on either pathway, since it was
not impaired in mutant strains lacking them (Sijbrandi et al., 2003; Brandon et al.,
2003; Peterson et al., 2006). It was proposed that the N-terminal extension would
act as a SRP-avoidance signal (Peterson et al., 2006), but its deletion did not alter the
cross-linking or binding to the SRP particle (Jong and Luirink, 2008; Zhang et al.,
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2010), nor did it change the facultative use of either pathway (Szabady et al., 2005;
Peterson et al., 2006). The extension did seem to be important for later steps in the
secretion process. In its absence the secretion of EspP was very inefficient and the
folding of the passenger and translocator domain was impaired, as judged by the
reduced heat-modifiability of the mutant (Szabady et al., 2005). Deleting the exten-
sion also prevented cell-surface exposure of the EspP passenger, since it became
insensitive to extracellularly added proteases. Furthermore, overexpression of pro-
teins that contained the full-length EspP signal peptide appeared to jam the Sec
machinery. These observations led to a model in which the extension in the signal
peptide keeps the autotransporters tethered to the Sec machinery longer to ensure
the correct order of the later secretion steps (Fig. 8.3). Whether similar processes
also occur during the secretion of autotransporters that carry non-extended signal
peptides remains to be shown. However, the fusion of various types of signal pep-
tides to NalP, including an extended one, resulted in some periplasmic degradation
(V. Roussel-Jazédé, J. Tommassen, P. van Ulsen, unpublished results). Apparently,
the passage of the cell envelope involves a tight interplay between the signal peptide
and the other autotransporter domains, as well as the periplasmic factors that bind
them (see below).

8.6.2 Passage Through the Outer Membrane

The first likely model for transport across the outer membrane was the hairpin model
(Oomen et al., 2004; Jacob-Dubuisson et al., 2004). In this model, the transloca-
tor domain folds into a β-barrel that inserts into the outer membrane having in its
lumen a hairpin containing the passenger C-terminus. The extracellular folding of
the β-helical structure, starting from the hairpin, would thread the passenger domain
through the channel. Epitopes inserted in the C-terminal region of the pertactin pas-
senger appear first at the cell surface during secretion (Junker et al., 2009), which is
in line with the C- to N-terminal folding sequence of the model. The folding could
also provide the energy for secretion.

The crystal structures of the translocator domains clearly represent the end-
stage of the secretion process, but also pose a problem for the hairpin model. The
dimensions of the channels in the crystal structures are only just wide enough to
accommodate the passage of two unfolded polypeptide chains, but not of a bulky
tertiary-structure element. Therefore, transport would require a completely unfolded
passenger domain; and initial experiments, in which the cholera toxin B subunit
was fused as an artificial passenger to the translocator domain of IgA protease, indi-
cated that formation of disulfide bridges blocked outer-membrane passage (Klauser
et al., 1990). However, many natural passenger domains contain pairs of cysteines
that potentially form a disulfide bridge. In Gram-negative bacteria these are formed
by the Dsb enzymes in the periplasm; i.e. before transport – as indeed has been
shown for a disulfide bridge in the IcsA passenger (Brandon and Goldberg, 2001).
Similarly, an immunoglobulin fragment containing a disulfide-bridge was used as
an artificial passenger domain; it, too, was found to be surface exposed (Veiga et al.,
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2004). However, there seems to be a size limit. Pairs of cysteine residues were intro-
duced into the Hbp and pertactin passengers to form smaller and larger loops (Jong
et al., 2007; Junker et al., 2009). The larger loops blocked secretion, while smaller
loops did not. Furthermore, when a small subdomain that extends from the β-helical
backbone of Hbp was replaced by calmodulin, which adopts a bulky and rigid con-
formation in the presence of calcium but remains more flexible when it is absent,
the mutant was only secreted when the calcium was depleted from the medium by
adding EDTA (Jong et al., 2007). Overall, the results indicate that a certain degree
of folding is tolerated for secretion.

Despite their name, autotransporters do require other proteins to be transported
across the outer membrane. Absence of the multi-protein Bam complex, which
assembles and inserts β-barrel outer membrane proteins into the outer membrane
(Bos et al., 2007), impairs the secretion of IgA protease in N. meningitidis (Voulhoux
et al., 2003) and IcsA when expressed in E. coli (Jain and Goldberg, 2007). The
involvement of this complex may be restricted to the insertion of translocator
domains into the outer membrane, but, in view of the size of the translocator domain
channels, it was also proposed to have a more direct role in the secretion of passen-
ger domains (Oomen et al., 2004) (Fig. 8.3). There is some experimental evidence
that supports this model. The passenger of the secretion-incompetent Hbp disulfide-
bridge mutant is exposed on the cell surface (Jong et al., 2007), even before its
translocator domain is inserted into the outer membrane, since it did not display the
characteristic heat-modifiability (Sauri et al., 2009). Similarly, the secretion-stalled
mutants of pertactin and EspP were exposed on the cell surface before the translo-
cator domains were inserted in the outer membrane (Junker et al., 2009; Ieva and
Bernstein, 2009). Chemical cross-linking experiments, indeed, indicated an inter-
action between the stalled mutants of Hbp and EspP and the Bam complex (Sauri
et al., 2009; Ieva and Bernstein, 2009). These interactions appear transient, since
they could not be detected when the wild-type autotransporters were used. In EspP,
the interactions mapped to both the passenger and the translocator domain (Ieva and
Bernstein, 2009). The data indicate that the Bam complex might directly be involved
in the secretion of the passenger domain across the outer membrane, while inserting
the translocator domain. The complex might still harbour the passenger domain in a
hairpin-like configuration as a starting point for secretion, as suggested by its C- to
N-terminal appearance at the cell surface (Junker et al., 2009).

Not only does the passenger domain appear to adopt a partly folded conforma-
tion in the periplasm (Veiga et al., 2004; Jong et al., 2007; Junker et al., 2009); the
translocator domain may also fold to some extent. Mutants of EspP that contained
a protease recognition site within the α-helix that occupies the β-barrel channel
were not accessible for that protease during periplasmic transit, since they were not
cleaved when the protease was added to spheroplasts (Ieva et al., 2008). The pro-
tected fragment appeared to be in an α-helical conformation and not in an extended
hairpin, since single-cysteine mutants in the region were not accessible for labelling,
which would be expected for the latter. The β-barrel, apparently, folds around the
α-helix before it inserts into the outer membrane.
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8.6.3 Periplasmic and Extra-Cellular Folding
of Autotransporter Domains

The periplasmic transit and folding of outer membrane proteins is governed by
chaperones. These include the general chaperone Skp, folding catalysts like the
disulphide-bridge-forming Dsb proteins, the cis/trans peptidyl prolyl isomerases
(PPIases) SurA, Fkp and PpiA and D and the proteases DegP and DegQ, which
function in the removal of misfolded proteins, while DegP also acts as a folding
chaperone. Periplasmic chaperones appear redundant for outer membrane protein
biogenesis, but the absence of two is lethal (Sklar et al., 2007). Chaperones are also
involved in autotransporter secretion (Fig. 8.3), although again none appears essen-
tial. Nevertheless, the absence of chaperones Skp, SurA and DegP led to decreased
secretion of IcsA and EspP (Purdy et al., 2007; Wagner et al., 2009; Ruiz-Pérez
et al., 2009). Furthermore, the secretion-stalled mutants of Hbp and EspP cross-
linked to the SurA chaperone (Sauri et al., 2009; Ieva and Bernstein, 2009). For
outer membrane proteins, two routes appear to exist to the Bam complex (Sklar
et al., 2007). The bulk of the outer membrane proteins interact with SurA, while
the Skp/DegP route serves as a back-up system, which either rescues or degrades
misfolded proteins not interacting with SurA (Sklar et al., 2007). Autotransporters
appear to follow the same routes. Binding of SurA and Skp to the translocator
domains of EspP and NalP has been shown by techniques like surface plasma reso-
nance, yeast two-hybrid association and fluorescence spectroscopy (Qu et al., 2007;
Ruiz-Pérez et al., 2009), while the DegP protease was found to be involved in the
degradation of stalled mutants of Hbp (Jong et al., 2007). Interactions not only
mapped to the translocator domain, but also involved the passenger domain (Ieva
and Bernstein, 2009; Ruiz-Pérez et al., 2009), most likely via the aromatic residues
in those domains since deletion of those residues in the EspP passenger abolished
binding (Ruiz-Pérez et al., 2009).

Folding of the passenger domain at the cell surface would provide the energy
for outer membrane translocation and the chaperones in the periplasm may pre-
vent formation of fully-folded passengers. Mutations in the region that links the
translocator domain β-barrel to the passenger domain were found to interfere with
passenger stability and secretion (Ohnishi et al., 1994; Velarde and Nataro, 2004;
Kostakioti and Stathopoulos, 2006). However, when the C-terminal part of the pre-
dicted β-helical stem of the BrkA autotransporter of B. pertussis was deleted, the
protein was transported to cell surface, but the exposed passenger was unstable and
prone to proteolytic degradation (Oliver et al., 2003). Apparently, the secretion is not
blocked per se when a passenger can not attain its fully-folded conformation. The
chaperone-binding sites in the EspP passenger mapped outside of this C-terminal
autochaperone-like domain (Ruiz-Pérez et al., 2009). If, indeed, the passenger can
be secreted without a folding step at the cell surface, it would exclude that a hairpin
is the starting point for extra-cellular folding, although the sensitivity to proteases
does not exclude the possibility of partial folding to a level that would suffice for
secretion.
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8.7 Concluding Remarks

It is now clear that the secretion route of autotransporters is grafted onto the bio-
genesis route of outer membrane proteins (Fig. 8.3). However, it remains to be seen
to what extent the autotransporter domains fold in the periplasm versus at the cell
surface and what their conformation is during the intermediate secretion steps, for
example during the interaction with the Bam complex. Furthermore, the influence
of the periplasmic chaperones on folding is still not resolved, nor is the difference
between in vivo and in vitro folding efficiency. These types of data will be very
important for a full understanding of the mechanism of autotransporter secretion.
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Chapter 9
Structure and Biology of Trimeric
Autotransporter Adhesins

Andrzej Łyskowski, Jack C. Leo, and Adrian Goldman

Abstract Trimeric autotransporter adhesins (TAAs) are a family of secreted Gram-
negative bacterial outer membrane (OM) proteins. These obligate homotrimeric
proteins share a common molecular organisation, consisting of a N-terminal “pas-
senger” domain followed by a C-terminal translocation unit/membrane anchor. All
described TAAs act as adhesins. The passenger domain is responsible for specific
adhesive and other activities of the protein and has a modular architecture. Its globu-
lar head domain(s), where ligands often bind, are projected away from the bacterial
surface by an extended triple α-helical coiled coil stalk attached to the β-barrel
anchor. The head domains appear to be constructed from a limited set of subdo-
mains. The β-barrel anchor is the only part of the protein strictly conserved between
family members. It appears that the extracellular export of the passenger does not
require an external energy source or auxiliary proteins, though recent data indicate
that an OM complex (the Bam complex) is involved in passenger domain secre-
tion. The ability to bind to a variety of host molecules such as collagen, fibronectin,
laminin or cell surface receptors via a structurally diverse elements suggests that
TAAs have evolved a unique mechanism which closely links structure to folding
and function.

9.1 Introduction

Although the vast majority of symbiotic bacteria are either harmless or beneficial
to their (human) hosts, one of the most evident, negative results of human inter-
action with the surrounding ocean of microbial life is the occurrence of diseases,
some life-threatening. Gram-negative infectious bacteria have caused very high
levels of morbidity and mortality, such as Yersinia pestis, the causative agent of
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bubonic plague, which eradicated up to 40% of the population of Europe in the
fourteenth century (Perry and Fetherston, 1997). Even today, septicemic melioido-
sis, caused by Burkholderia pseudomallei which is endemic in Southeast Asia, has
a greater than 10% mortality rate even with treatment (e.g. Warner et al., 2007). The
introduction of effective antibiotics in the twentieth century, starting with the discov-
ery of penicillin in 1928 (Fleming, 1929), resulted in a huge decrease in mortality
due to bacterial infections. However, the emergence of multiply antibiotic-resistant
bacterial strains and the steadily growing threat of bioterrorism have increased
interest in what were only recently considered defeated diseases.

To successfully colonize the host, bacteria need to establish and maintain an
association with host tissues. Various secreted virulence factors facilitate form-
ing such connections during infection. Trimeric autotransorter adhesins (TAAs)
comprise a group of virulence-related proteins in Gram-negative bacteria (Linke
et al., 2006). These obligate homotrimeric proteins are embedded in the outer mem-
brane (OM) and act primarily as adhesins. Members of the family bind to diverse
molecules, such as cell surface receptors, components of the extracellular matrix
(ECM) such as collagen and laminin, and each other (i.e. they act as autoagglu-
tinins). Furthermore, they often protect the bacterium from host immune responses
by binding modulators of both the antibody-mediated and innate pathways of com-
plement, such as Factor H, antibodies, or C4b binding protein (Kirjavainen et al.,
2008).

TAAs are obligate homotrimeric proteins with a common modular organisa-
tion, consisting of an N-terminal “passenger” domain followed by a C-terminal
translocation unit/membrane anchor. The N-terminal part, the passenger domain,
is responsible for binding. The highly conserved C-terminal domain, the translo-
cation unit, transports the passenger across the outer membrane (OM) into the
extracellular space. The β-barrel is the only part of the protein strictly conserved
between family members in terms of sequence and structure. The translocation
process seems to be independent of any external source of free energy, such as
adenosine triphosphate (ATP), ion gradients, or other proteins; hence the name auto-
transporter (Henderson et al., 2004). However, recent data indicates that an OM
complex (the Bam complex) is involved in passenger domain secretion. Overall, the
available data suggest that folding, function and structure are very closely linked
in TAAs.

The prototypical trimeric autotransporter is the Yersinia adhesin A (YadA), found
in two enteropathogenic species, Y. enterocolitica and Y. pseudotuberculosis. Other
TAAs have been characterized (Table 9.1), and genomic sequencing has shown that
they are common in a variety of pathogenic, commensal and environmental Gram-
negative species (Szczesny and Lupas, 2008). The sizes of TAAs vary not only
between bacterial species but also between strains of the same species. For instance,
Y. enterocolitica YadA can be between 422 and 455 amino acids long (El Tahir and
Skurnik, 2001). Among the well-studied TAAs, the size range is from 340 residues
(the putative TAA from Fusobacterium nucleatum) to 3082 residues (Bartonella
adhesin A, BadA) (Szczesny and Lupas, 2008; Szczesny et al., 2008).
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Table 9.1 Selected characterized trimeric autotransporter adhesins. STEC = Shiga toxin-
producing E. coli, UPEC = uropathogenic E. coli

Protein Organism(S) Disease Functions

AhsA Mannheimia
haemolytica

Bovine pneumonic
pateurellosis

Collagen binding

BadA Bartonella
henselae

Cat scratch disease Collagen binding, binding to
epithelial cells, phagocytosis
resistance, proangiogenic
factor

BimA Burkholderia
pseudomallei

Melioidosis Actin binding, polymerisation
and actin-based motility

Cha Haemophilus sp. Maternal urogenital and
neonatal respiratory
infections

Binding to epithelial cells

DsrA Haemophilus
ducreyi

Chancroid Serum resistance, keratinocyte
binding, ecm binding

EibA, EibE E. coli – IgG binding, serum resistance
EibC, EibD,

EibF
E. coli – IgA and IgG binding, serum

resistance
EibG STEC Gastroenteritis Binding IgA and IgG,

chain-like adhesion to
mammalian cells

EmaA Aggregatibacter
actino-
mycetemcomi-
tans

Periodontal disease Collagen binding

HadA H. influenzae Otitis media, sinusitis,
conjunctivitis,
pneumonia

Autoagglutination, ECM
binding, epithelial cell
binding and invasion

Hia, Hsf H. influenzae Otitis media, sinusitis,
conjunctivitis,
pneumonia

Epithelial cell binding

MID Moraxella
catarrhalis

Otitis media, bronchitis,
sinusitis, laryngitis

IgD binding, adhesion to lung
and middle ear epithelial
cells, biofilm formation

NadA Neisseria
meningitidis

Meningitis Adhesion to and invasion of
epithelial cells

NhhA Neisseria
meningitidis

Meningitis ECM binding, binding to
epithelial cells, serum and
phagocytosis resistance

Saa STEC Gastroenteritis Autoagglutination, binding to
epithelial cells

UpaG UPEC Urinary tract infections ECM binding, biofilm
formation, autoagglutination

UspA1, UspA2 M. catarrhalis Otitis media, bronchitis,
sinusitis, laryngitis

ECM and epithelial cell
binding, serum resistance,
biofilm formation

VompA,
VompC

B. quintata Trench fever Collagen binding,
autoagglutination
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Table 9.1 (continued)

Protein Organism(S) Disease Functions

XadA Xanthomonas
oryzae pv.
Oryzae

Rice blight Leaf attachment and entry

YadA Yersinia
enterocolitica,
Y. pseudotu-
berculosis

Gastroenteritis,
mesenteric
lymphadenitis

ECM binding, serum and
phagocytosis resistance,
autoagglutination, binding to
epithelial cells and
neutrophils

YadB, YadC Yersinia pestis Plague Epithelial cell invasion

9.2 TAA Secretion and Folding

In Gram-negative bacteria, secreted proteins must successfully traverse two mem-
branes. To facilitate this, Gram-negative bacteria have evolved several specialised
secretion systems. The type V secretion system includes autotransportation and
two-partner secretion. Type V secretion is a two-step process: the proteins contain a
signal peptide that directs them to the Sec machinery (the general secretion pathway;
Dautin and Bernstein, 2007) to cross the inner membrane. Once in the periplasm,
there are three distinct subsystems for crossing the OM. Type Va is the classical
autotransportation pathway; type Vb refers to two-partner secretion; and type Vc
refers to TAAs (see Chapter 8, this volume). In all three, transport of the extracel-
lular passenger domain through the OM depends on an integral β-barrel membrane
component. In Type Va and type Vc, a single gene appears to encode all the compo-
nents required for transportation. For type Vc (TAAs), three identical copies of the
resulting polypeptide chain are required to allow secretion and to form the functional
protein (Dautin and Bernstein, 2007). Separate genes encode the secreted passenger
domain and the translocation unit in the two-partner secretion system (Hodak and
Jacob-Dubuisson, 2007).

IgA1 protease from Neisseria gonorrheae was the first example of a classical
autotransporter (Pohlner et al., 1987). Classical autotransporters are composed
of a single polypeptide chain with three distinct regions: an N-terminal signal
peptide, a central large passenger domain, encoding the biological function of
the autotransporter, and the C-terminal β-barrel domain or translocation unit.
Secretion and folding are proposed to occur thus: the N-terminal signal peptide is
recognized by the Sec machinery, which translocates the protein across the inner
membrane. Afterwards, the C-terminal β-barrel inserts into the OM to form a pore.
The passenger domain is then transported through this pore into the extracellular
space. Folding of the extracellular passenger domain into its native conformation
appears to be concurrent with translocation. In some cases, the mature passenger
is cleaved from the surface resulting in soluble protein (Henderson et al., 2004).
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This is in contrast to TAAs (see below). There are a limited number of domain
structures of classical autotransporters in the protein data bank (PDB); for a review
see (Nishimura et al., 2010).

Two-partner secretion (type Vb) is similar to type Va in that there are two separate
components: a secreted passenger domain and a translocation unit. However, these
components are encoded by two separate genes, referred to as TspA (the passenger
domain) and TspB (the membrane embedded translocation unit). The TspB seems
to dedicated to secreting only its associated TspA partner. As for classical auto-
transporters, many members of the two-partner secretion system are released into
medium. However, some remain attached to the OM (Hodak and Jacob-Dubuisson,
2007).

TAAs constitute the third class of the type V secretion system (type Vc).
Members of this group are, as the name implies, obligate homotrimers and
trimerisation is required for activity (Cotter et al., 2006). In contrast to classical
autotransporters, all passenger domains of TAAs studied so far remain covalently
attached to the β-barrel membrane anchor; they are not cleaved following secretion
(Linke et al., 2006). The prototypical members of the family are YadA (El Tahir
and Skurnik, 2001; Koretke et al., 2006) and the Haemophilus influenzae adhesion
protein Hia (St. Geme and Cutter, 2000). Originally, YadA was described as a non-
pilus-associated adhesin in order to differentiate it from fimbriae and pili. Due to the
presence of the extended coiled coil content in characterized members of the fam-
ily, a second name, oligomeric coiled-coil adhesin or Oca was used (Roggenkamp
et al., 2003). Finally, trimeric autotransporter adhesins (TAAs) was established to
emphasize the trimeric nature of the proteins, translocation mechanism through the
OM and their main function (Linke et al., 2006).

The mechanism of autotransport is generally assumed to be the same for both
classical autotransporters and TAAs, the principal difference being how many chains
are translocated. Three models have been proposed to explain the autotransportation
mechanism.

The single-chain model predicts that the C-terminal β-barrel folds into the
outer membrane first while the passenger domain remains in a transport-competent
(unfolded) state in the periplasm, possibly due to slow release from the Sec machin-
ery (Szabady et al., 2005) and/or the participation of chaperones (Hagan et al.,
2010). Once the functional β-barrel is formed, the most probable translocation
sequence would require formation of a β-hairpin at the C-terminus of the passen-
ger domain and insertion of this hairpin into the pore of the β-barrel. The rest of the
polypeptide chain would then pass through the pore with C-to-N-terminal polarity
(Fig. 9.1).

In a variant of this model, the passenger domain is threaded from the N-terminus
first, as this forms the membrane-distal structure in the folded protein. This seems
unlikely, for several reasons. First, deletions and modifications of the N-terminal
part of autotransporters do not inhibit translocation, so it is unlikely that a pore
targeting sequence exists at the N-terminus of the passenger domain (Bernstein,
2007; Hoiczyk et al., 2000). Second, the sheer length of some of the passenger
domains makes it unlikely that three could be folded through the pore in register.
Third, passage of the N-terminus first is inconsistent with the requirement for slow
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Fig. 9.1 Models for the autotransport mechanism. In the “single-chain” models all elements
required for the autotransport are contained within the polypeptide chain. Specifically, the passen-
ger domain inserts through the pore of the translocation unit β-barrel in an unfolded state and folds
on the outside of the cell. There are two possible ways in which this can be achieved: N-terminus
first (threading model) or C-terminus first (hairpin model). In the assisted model, Bam machinery
is involved in initial biogenesis of the translocation unit and assists in passenger secretion (see
Chapter 8, this volume). Right: theoretical model of EibD

release from the Sec machinery (Szabady et al., 2005). In either case, folding of the
passenger domain would be concurrent with it crossing the membrane pore, and the
free energy released upon folding presumably provides the driving force required
for translocation. The resulting topology makes the process essentially irreversible
(Klauser et al., 1990).

In the multimeric model, translocation is a joint effort. The passenger domain
is presumed to be secreted by a macrostructure formed by several translocation
domains. The central pore generated by the oligomeric structure would be suffi-
ciently large to allow passage of even folded proteins (Veiga et al., 2002). A central
problem with this model is topological. Once the passenger domain has been trans-
ported through the putative central pore, it must be passed into the centre of the
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β-barrel. The folded passenger domain is interwound and attaches to the β-barrel
in three different places, at the beginning of strands 1, 5 and 9. Passing the pas-
senger domain into the core of the barrel would thus require not only unwinding it
at least slightly but also opening the barrel in three separate places. Such opening
is at the very least inconsistent with the fact that the barrel is the most stable part
of a TAA.

The third model suggests that auxiliary outer membrane proteins are required
to assist in translocation. The Bam complex (formerly Omp85 or YaeT), which is
required for the biogenesis of outer membrane β-barrel proteins (Voulhoux et al.,
2003), could assist during translocation either by providing a temporary channel
through which the passenger is transported or by acting as an assembly scaffold by
stabilizing the membrane pore (Bernstein, 2007). Recent evidence suggests that the
Bam complex interacts with the passenger domains of classical autotransporters,
and it is reasonable to assume this would be the case for TAAs as well (Sauri et al.,
2009; Ieva and Bernstein, 2009).

For TAAs, the most probable model is a combination of the single-chain model
and Bam-assisted transportation. For example, the Bam complex could assist in the
initial biogenesis of the membrane pore, with the final translocation occurring by the
single-chain mechanism. However, it has to be emphasized that even though the gen-
eral mechanism is probably similar between classical autotransporters and TAAs,
differences must exist. Due to their multimeric nature, TAAs must have evolved a
unique way to deal with the synchronized transport and folding of multicomponent
passenger domains.

9.3 Structural Organisation

TAAs show a simple head-stalk-anchor organization. The head mediates host-
specific binding properties, the stalk projects the head beyond the membrane, and
the membrane anchor secretes both previous components. Bacteria have evolved a
wide array of head domains, and the structural mismatch between the globular head
domains and the fibre-like stalk domain requires the presence of an additional class
of “neck” elements acting as connectors. These provide a smooth transition to and
from the stalk.

Detailed electron microscopy studies on the expression of YadA of Yersinia
enterrocolitica and UspA1 of Moraxella catarrhalis provided the first information
on the structural organization of TAAs. Electron micrographs of Yersinia YadA
and Moraxella UspA1 revealed “lollipop”-like projections on the surface of the
bacteria (Hoiczyk et al., 2000). In the case of YadA, projections approximately
23 nm long were observed. These pillar-like projections consisted of two distinct
elements: a ca. 18 nm long stem-like part (the stalk) and a bulky head domain ca.
5 nm long. The identity of these structural elements was verified by mutagenesis
and deletion studies. Four YadA constructs were studied (Hoiczyk et al., 2000).
The N-terminal deletion mutant YadA�29–81 showed a ~50% decrease in size of
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the head domain in comparison to wild-type YadA. Similarly, various deletions in
the stalk domain resulted in a reduction in stalk length proportional to the size of
the deletion.

Sequence analysis combined with the electron micrograph data suggested that
the YadA stalk was most likely formed by an extended coiled coil, a structure with
two or more α-helices packed either parallel or antiparallel with respect to each
other (Moutevelis and Woolfson, 2009). A search for repetitive patterns in YadA by
Fourier analysis revealed a strong 15-residue periodicity. Further analysis suggested
that the whole region should form a strongly amphipathic α-helix. However, the
calculated periodicity of 3.75 residue/turn was significantly larger then the 3.5/3.6-
residue periodicity expected for a typical left-handed coiled coil. A right-handed
coiled coil ca. 17.5 nm long was found to be most compatible with the experimental
data.

This was surprising. The coiled coils in TAAs are perforce trimeric, and typical
trimeric coiled coils are left-handed (see below). The sequence motif encoding a
coiled coil is composed of hydrophobic (H) residues separated by three and four
polar (P) residues [(HPPHPPP)n≥3]: the positions in the heptad repeat are desig-
nated abcdefg. The crossing angle between the helices in a coiled coil is close
to zero, and the packing follows a “knobs-into-holes” arrangement (Crick, 1953),
where the knobs formed by hydrophobic residues in positions a and d pack into cavi-
ties formed by residues on a neighbouring helix (Lupas and Gruber, 2005). In TAAs,
the three helices are wound in register around each other, so all of the a residues are
at the same height, as are the bs and so on. Position a favours β-branched side-chains
(Ile, Val, Thr), while residues in position d are closer together and so unbranched
residues are favoured (Lupas and Gruber, 2005).

Identifying and classifying the TAA coiled coils is thus important. Lupas and
coworkers have thus developed the Domain Annotation in Trimeric Autotransporter
Adhesins (daTAA, http://toolkit.tuebingen.mpg.de/dataa) server to assist in anno-
tation of TAAs and to provide detailed information on their modular structure
(Szczesny and Lupas, 2008). TAAs are hard to annotate because they are modu-
lar and trimeric; the domains are too small to be properly identified when only the
monomer is considered. The daTAA server addresses the above issues and, with the
help of a knowledge-based approach and manually curated TAA sequence profiles,
it provides a unique tool for TAA domain analysis. Below we discuss the structurally
solved TAA domains, as annotated in the daTAA server (Fig. 9.2).

9.3.1 YadA-Like Head Domain (YLhead)

The YadA head domain from Y. enterocolitica was the first structure containing
this fold to be solved. Short β-strands form layers of a left-handed parallel β-roll
(LPBR) fold with a right-handed superhelical twist (Nummelin et al., 2004). The
YadA β-roll has a number of unique features. It is one of the most compact β-roll
structures known. It is composed of a canonical 14-residue repeat motif, of the form
Turn 1 – three-residue inner strand – Turn 2 – three-residue outer strand. The repeat

http://toolkit.tuebingen.mpg.de/dataa
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Fig. 9.2 Cartoon representation of selected experimentally determined domain structures of
TAAs, all scaled to the same size. The structures are identified by their PDB ID codes where avail-
able. (a) 1s7m: structure of Haemophilus HiaBD1; (b) 3emf: structure of Haemophilus HiaDB2;
(c) 3emi: structure of Haemophilus Hia 307–442 non-adhesive domain; (d) 3emo: structure of
transmembrane domain of Haemophilus Hia 973–1098; (e) 3la9: structure of Burkholderia BpaA;
(f) 3dx9: structure of the head of the Bartonella adhesin BadA; (g) 1p9h: structure of the collagen
binding domain of Yersinia YadA; (h) 2xqh: structure of the head domain of E. coli EibD
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Fig. 9.3 YadA like head
domain characteristics. Top:
YadA (blue) and EibD (silver)
head monomer overlay in two
different orientations,
showing the longer loops in
the EibD head. Bottom: The
left-handed parallel β-roll
(LPBR) viewed from above
along the three-fold axis. The
colour scheme is as in the top
panel. In the top right, a
single layer of the YadA
LPBR, showing a conserved
NSVAIG motif. The residues
are coloured in atom colour
and labeled

varies in YadA from 13 to 16 residues, due to insertions in the outer strand, with
the longest one at the C-terminus of the LPBR. Longer insertions are found in other
TAAs (Fig. 9.3). The trimeric domain is formed from a total of nine repeats with
the consensus sequence of NSVAIGXXS and binds diverse proteins of the extracel-
lular matrix. The hydrophobic interior of the trimer is formed by the conserved Val
and Ile, while small hydrophobic residues, typically Ala, pack in the monomer inte-
rior. Both turns in YLhead are type II turns, with a left-handed α-helical residue
at position one. This position is always Gly in Turn 2 due to steric hindrance
from neighbouring monomers, but Gly occurs only 3/9 times in the equivalent
position in Turn 1. In both turns, the conformation is often stabilized by hydro-
gen bonding between the carbonyl oxygen at position one and the Ser at position
four (Fig. 9.3).

9.3.2 Trp ring, GIN and KG Head Domains

The secondmost frequent TAA head domain after the YLhead is the Trp ring
domain, which was observed in all of the Hia head domain structures. The name
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comes from a distinctive feature of this domain, a ring of highly conserved Trp
residues in the C-terminal part of the domain. These residues are located at the inter-
face between the preceding coiled coil and the domain’s β-meander. A GIN domain
frequently neighbours Trp ring domains. The GIN domain is named after a char-
acteristic Gly-Ile-Asn motif, which allows it to be identified in TAAs by sequence
alone. Like many of the head domains, it is an all-β domain. It is formed by five
antiparallel β-sheets arranged to form a motif shaped like the letter N: two pairs of
antiparallel β-sheets are connected by a diagonally running extended β-sheet. In the
functional trimer, the sheets are tightly intertwined to form a β-prism in which each
wall is composed of a complete set of five β-strands.

The KG domain is another type of head domain. Observed in various species,
this domain is structurally similar to the ISneck domain (discussed below), but
the structural elements are arranged with a different topology. KG domains
have a mixed α/β-fold where helical elements are localized at the edge of the
domain. Head domains can also be interrupted by head insert motifs, such as
“HIN2”, which forms an extended loop protruding from the otherwise smooth
YLhead domain in a fragment of Burkholderia pseudomallei BpaA (Edwards
et al., 2010).

9.3.3 Neck and ISneck Domains

The head domains are always wider than the coiled-coil stalks, and have their
own superhelical, right-handed, twist (Fig. 9.3). This can be best seen in YLhead
domains, where the monomers twist counterclockwise when viewed from the N-
terminus. As a result, TAAs have a number of connector “neck” domains whose
function appears to be to adapt the diameter and twist of the head domains to the
diameter and twist of the stalks.

Neck domains are never found next to each other; they always connect head
domains to coiled coils in an N-to-C direction. The classic neck domain occurs in
two variations, differing by insertion/deletion of only three amino acids in the cen-
tral part. Despite its small length, it is very conserved. Structurally, it is a stretch of
residues from one of the monomers that runs below the inner sheet of the adja-
cent monomer in a clockwise direction when viewed from the N-terminus. The
connection between the domains thus always involves a 120◦ rotation such that
the helix from monomer A starts under the head of monomer B, from monomer
B under monomer C, and so on. This does not appear to be structurally necessary
as the hydrophobic residues of the neck continue the hydrophobic core of the head.
However, the arrangement leads to a conserved, multivalent ion network that may
be important in stabilising the structure of the TAA or, possibly, in relieving strain
during folding (see Future Directions). Another variant of the neck domain, the
ISneck, also occurs in two types. ISneck is a neck motif interrupted by an insertion.
The insertion can take form of either folded (ISneck 1) or much shorter, unfolded
(ISneck 2) perturbation.
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9.3.4 Stalk Domain

The TAA stalk consists of coiled-coil regions with different structural character-
istics. Many TAA stalks are unusual in that they switch from right-handed to
left-handed supercoiling. Detailed sequence analysis of the YadA stalk suggested
that the right-handed N-terminal part (Fig. 9.3) is followed by a C-terminal left-
handed part (Hernandez Alvarez et al., 2010). The N-terminal right-handed part
was predicted to contain between seven and nine repeats with 15/4 (3.75) periodic-
ity and a single element with 19/5 (3.8) periodicity. The left-handed part of the stalk
apparently contained four repeats with the classical 3.5 residues/turn. This is indeed
observed in experimental structures; the transition between the two twist directions
is achieved by a local supercoiling over about 14 residues (Hernandez Alvarez et al.,
2010).

Very recently, it has been shown that certain TAA coiled coils sequester ions
in their hydrophobic core, as initially observed in UspA1 (Conners et al., 2008).
This occurs when positions a and d are occupied by polar residues like Asn and
His, rather than Ala, Ile or Val. Both phosphate (UspA1) and chloride ions (UspA1,
SadA, EibD) have been found, and they are associated with Asn in position d to such
an extent that they can be identified in the daTAA database (Hartmann et al., 2009).

Finally, TAAs coiled coils may be interrupted by small and unique domains of as
yet unknown function. They may increase stalk flexibility by adding extra degrees
of freedom; or they may increase rigidity, as they are thicker than the surrounding
stalk; or they may be involved in releasing the strain caused by local superhelical
stalk twisting. Two structures are known: the FGG domain in BpaA (Edwards et al.,
2010) and the saddle domain in EibD. In both cases, these minidomains rotate the
otherwise continuous α-helix by 120◦. The FGG domain is formed by an elongated
loop with two short stretches of β-sheet running parallel to the trimer axis. It facil-
itates a 120◦ counter-clockwise rotation when viewed from the N-terminus of the
stalk. The EibD saddle is only 22 residues long and consists of three anti-parallel
β-sheets, and the rotation introduced by the saddle is also counter-clockwise – i. e.
in the opposite direction to the neck domains. As in the neck, the saddle is stabilized
at the exit and re-entry points in the stalk by a well-defined ion network composed
of the amino acids from all three monomers.

9.3.5 C-Terminal Translocation Domain

There are currently three essentially identical structures of a single TAA translo-
cation domain, that of Hia, differing only in the lengths of N-terminal stalk.
Proceeding from the C-terminal end, the structure is formed by a four-stranded
β-sheet followed by the N-terminal α-helix, which forms the end of the coiled-
coil stalk. The functional trimeric membrane anchor is created by side-by-side
placement of the monomers. The trimer then contains three α-helices running
approximately parallel to the trimer axis surrounded by a total of 12 β-sheets, which
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create a β-barrel. The barrel is 29 Å in diameter and 36 Å deep. The barrel pore is
approximately 18 Å in diameter, just large enough to accommodate all three helices
(Meng et al., 2006). The stalk helices are packed against the inner face of the β-
sheets. The part of the helices inside the β-barrel is not superhelically coiled whereas
the part outside is.

The translocation unit is the most conserved part in the TAA family and allows
efficient identification of TAAs from sequence databases. The anchor contains a
nearly invariant Gly residue that faces the pore lumen. In YadA, mutating this
residue to larger amino acids decreases the level of expression and stability of
YadA as a function of increasing side chain size. The mutations, however, do not
impair YadA-mediated adhesion to collagen and to host cells (Grosskinsky et al.,
2007), suggesting that the effect is on YadA translocation efficiency and subsequent
passenger domain folding.

9.4 Structure-Function Relationships

The major ligand for YadA from Y. enterocolitica is collagen. The collagen-
binding activity of YadA maps to the head domain (El Tahir and Skurnik, 2001).
Mutagenesis studies identified more then 15 surface residues with small but quantifi-
able effects on the YadA collagen-binding activity (Nummelin et al., 2004). Using
these data, a collagen-mimicking peptide could be docked diagonally onto the YadA
surface. The peptide makes contact with residues from more than one monomer. The
angle between YadA and the collagen peptide is about 30 degrees, which implies
that the rigid 10–300 nm long collagen fibril would collide with the bacterial sur-
face roughly 25 nm away from the head domain. YadA must therefore bend to allow
collagen to bind. Bending would also allow many heads to come in contact with
the same collagen fibril, consistent with the fact that the overall avidity of YadA
presented on the pathogen surface for collagen is much higher than that of isolated
YadA heads (Nummelin et al., 2004). Additionally, being able to expose different
combinations of binding surfaces could also explain how YadA can interact with dif-
ferent ECM molecules. Other YadA adhesin properties mediated by the head domain
include autoagglutination, binding to other ECM molecules, neutrophil binding and
epithelial cell binding (see Chapter 1, this volume). In contrast, the serum resistance
properties of YadA mapped to the stalk (El Tahir and Skurnik, 2001; Hoiczyk et al.,
2000).

Bending was also suggested for the interaction of UspA1 with its cellular recep-
tor, carcinoembryonic antigen-related adhesion molecule 1 (CEACAM1). While the
atomic structure of the complex is not available, small-angle X-ray scattering studies
and modelling revealed that in solution the stalk domain bends in order to accom-
modate the CEACAM1 molecule. The estimated angle of 30–60 degrees from the
linear form resulted in a boomerang shape.

In contrast to YadA, no biological function other than folding has been ascribed
to the YLhead of EibD. The non-immune IgG and IgA-binding activity of EibD has



156 A. Łyskowski et al.

been mapped to the stalk, and no biological function has been ascribed to the head
domain so far other than folding (Leo et al., in press). The binding site for IgA is
located in the N-terminal, right-handed coiled-coil part of the stalk, while the IgG
binding site is located in the C-terminal left-handed coiled-coil region, just above
the outer membrane. They are separated from each other by the saddle mini-domain
(see Section 9.3.4).

Of the three subdomains forming the high-affinity binding domain in the origi-
nal Hia structure (HiaBD1) only subdomains two and three (ISneck and Trp ring)
are essential for receptor binding. In the overall structure of HiaBD1, these two
domains create the top of the unique mushroom-like structure. The β-sheets of the
subdomain preceding the ISneck, the stem, interact with strands from neighbouring
monomers and, while not essential for binding, this sub-domain does contribute to
the overall stability. It is also the essential structural difference between the HiaBD1
and HiaBD2, a lower-affinity binding domain located in the N-terminal part of Hia.
HiaBD1 and HiaBD2 have a similar binding pocket. The resulting groove was iden-
tified as the surface responsible for the binding activity. Mutations in this region
abolish the adhesive activity of Hia. Residues located at the edge of the “mushroom”
rim, N617, E668 and E678, also form the rim of the binding pocket. Comparison
of the binding grooves revealed that the essential difference in binding affinity can
be pinpointed to a single amino acid: Asp618 residue in HiaBD1, corresponding to
Gln83 in HiaBD2 (Yeo et al., 2004).

9.5 Future Directions

TAAs form a remarkable family of proteins. Its members exhibit unique binding
properties as well as astonishing structural diversity. However, while the function of
a number of them is known, three major research areas can be identified.

First, it should be possible to construct complete homology models of TAAs
from parts. The daTAA server lists more than 20 structural domains identified by
sequence similarity. Only a handful have been determined experimentally, and a few
more than once. To be able to efficiently build model structures of TAAs, the domain
dictionary must be completed, preferably with more than a single representative of
each.

Second is the folding mechanism of TAAs. So far, a number of models have
been proposed (Bernstein, 2007). These include different variants of the passenger
domain threading through the initially established β-barrel pore, as well as the Bam-
assisted model. So far none of the models have been proven experimentally, due to
the lack of a tractable experimental system. However, very recent work has shown
that the Bam complex is capable of in vitro folding of the outer membrane protein
OmpT (Hagan et al., 2010), which offers a new and promising way of studying the
folding mechanism of TAAs.

Finally, studying TAA-ligand interactions structurally has medical importance.
Binding sites or surfaces have been identified using mutational and biochemical
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studies for YadA, Hia, EibD and UspA1, but no complex structure is yet available.
There are crude models of YadA interacting with collagen (Nummelin et al.,
2004), UspA1 with CEACAM1 (Conners et al., 2008) and EibD with IgG (Leo
et al., in prep.), but they do not provide accurate enough information required
for advanced structural studies. Only an atomic-resolution complex structure can
be reliably used in the design of novel drugs. For instance, drugs interfering
with TAA folding/structure would be specific to and universal for TAA-utilizing
pathogens.
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Chapter 10
Crystallography and Electron Microscopy
of Chaperone/Usher Pilus Systems

Sebastian Geibel and Gabriel Waksman

Abstract Among bacteria, the chaperone-usher (CU) pathway is a widespread con-
served assembly and translocation system for adhesive protein fibres, called pili or
fimbriae. Pili are large linear polymers that protrude from the outer bacterial sur-
face and consist of several subunits. Pili contain adhesin proteins at the tip that
are used by pathogenic bacteria to mediate attachment to host cells and initiate
infections. Well studied examples of CU pili are P and type 1 pili of uropathogenic
Escherichia coli (UPEC), which are responsible for kidney and bladder infections,
respectively. Upon secretion into the periplasm, pilus subunits are stabilized by
periplasmic chaperones and the resulting chaperone:subunit complexes are guided
to the usher located in the outer membrane. The usher catalyzes the ordered assem-
bly of pilus subunits while releasing the chaperones and translocating the growing
pilus stepwise to the outer surface. Here we review the structural biology of the
chaperone-usher pathway that has helped to understand the mechanisms by which
biogenesis of an important class of bacterial organelles occurs.

10.1 Introduction

Gram-negative uropathogenic Escherichia coli (UPEC) is the leading causative
agent of human urinary tract infections (Hooton et al., 1996). UPEC expresses adhe-
sive, hair-like protein polymers termed pili or fimbriae, which protrude from the
bacterial surface. Their ability to recognize and adhere to specific structures on host
cells makes pili an indispensible tool for UPEC to colonize the urinary tract. The
onset of cystitis or pyelonephritis is closely associated with two different types of
pili expressed by UPEC. P pili (P abbreviation for pyelonephritis) are used by UPEC
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to bind to renal tissue and proceed to infection of the kidney (Roberts et al., 1994).
Type 1 pili are used to bind to and invade urothelial cells in order to cause cystitis
(Martinez et al., 2000; Mulvey et al., 1998). Specific attachment of piliated bacteria
to receptors on host cells is mediated by specialized proteins on the pilus tip termed
adhesins. For example, type 1 pili exhibit the adhesin FimH on their tip for the spe-
cific recognition of mannosylated receptors of the bladder epithelium cells (Krogfelt
et al., 1990; Mulvey et al., 1998), whilst P pilus adhesin PapG recognizes specifi-
cally Gal-α(1–4)-Gal-containing glycolipid receptors on the kidney epithelium of
the host (Lund et al., 1987).

10.2 Classification and Morphology of P and Type 1 Pili

P and type 1 pili are assembled by a specific pathway of biogenesis called
the “chaperone-usher (CU) pathway”. The CU pathway of pilus biogenesis is
widespread among pathogenic Gram-negative bacteria. The superfamily of CU sys-
tems comprises 189 members and can be classified into six major clades termed
α,β,γ(1–4),κ,π and σ based on amino acid sequence comparisons (Nuccio and
Baumler, 2007). CU pili are linear hair-like protein fibres consisting of hundreds
to thousands of pilus subunits of molecular weights between ∼12–20 kDa. The
morphology of CU pili varies from thin fibre- to rod-like helical shapes with
a thin fibrillum on the top of the rod. Typical rod-like shaped pili are found
within the α, γ and π clades. P pili and type 1 pili of UPEC belong to π and
γ1 fimbrial clades, respectively, and are paradigms for pili assembled by the CU
pathway because these two pili types are biochemically and structurally very well
studied.

The P pilus exhibits a rod-like shape. The P pilus rod has a diameter of 6.8 nm
and is connected to a flexible fibrillum termed the “tip fibrillum”, which is located
on the top of the rod and is 2.0 nm in diameter (Jones et al., 1995; Kuehn et al.,
1992). The P pilus is assembled by six different subunits termed PapA, PapE, PapF,
PapG, PapK and PapH (Fig. 10.1). PapH, located at the base of the pilus, anchors
the P pilus in the cell wall (Baga et al., 1987; Verger et al., 2006). The P pilus rod
protrudes out from the bacterial surface and is composed of >1000 copies of subunit
PapA, forming a right-handed helix with a 2.5 nm pitch and 3.3 PapA molecules per
turn (Bullitt and Makowski, 1995; Gong and Makowski, 1992). The tip fibrillum on
the top of the rod contains 5–10 copies of PapE followed by one copy each of PapF
and PapG (Kuehn et al., 1992). The adaptor subunit PapK links the PapA rod to the
PapE:F:G tip fibrillum.

The tip fibrillum of the type 1 pilus is shorter than that of the P pilus, because
it is composed of only one copy of subunits FimG and FimH (Hahn et al., 2002).
The pilus adaptor subunit FimF links the fibrillum with the rod, which consists of
approximately 1000 FimA subunits. The adhesin FimH of type 1 pilus is displayed
at the distal end of the fibrillum (Jones et al., 1995) (Fig. 10.1).
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Fig. 10.1 Architecture of P
and type 1 pili. A schematic
of P and type 1 pili is
presented. Left side: P pilus.
Right side: type 1 pilus.
Usher dimers FimD and PapC
are shown as rectangles
spanning the outer membrane
(OM). The N- (white) and
C-terminal (black) domains
of the usher and P and type 1
pilus subunits are drawn as
oval shapes. Chaperones
FimC and PapD are marked.
Extracellular space (E),
periplasm (P)

10.3 Principles of Pilus Assembly by the Chaperone Usher
Pathway

Two accessory proteins are needed to assemble CU pili: an usher and a periplas-
mic chaperone. Ushers FimD and PapC are dimeric translocation pores in the outer
bacterial membrane where they catalyse the polymerisation of type 1 pili subunits
and P pilus subunits, respectively (see Section 10.4). In the periplasm, chaperones
FimC and PapD recruit type 1 and P pilus subunits, respectively, at the exit of the
SecYEG translocon (Jones et al., 1997) and guide them to their cognate ushers FimD
and PapC at the outer membrane for pilus assembly.

10.3.1 Donor Strand Complementation

CU chaperones play four roles: (i) folding of subunits (see below), (ii) prevention
of premature polymerization in the periplasm (Kuehn et al., 1991), (iii) priming of
subunit for polymerization at the usher (see Section 10.3.3), and (iv) targeting of
subunits to the usher (see Section 10.4.1).

The mechanism of chaperone function leading to correct folding of pilus subunits
and induction of a polymerisation competent state of the pilus subunits is termed
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Fig. 10.2 Principles of chaperone-usher catalysed pilus assembly: Donor strand complementation
and Donor strand exchange. (a) Crystal structure of P pilus adaptor subunit PapK in complex with
chaperone PapD. PapK is presented as grey surface model and PapD as light blue ribbon model.
Structurally conserved residues Arg-8 and Lys-112 and P1–P4 of PapD are drawn as grey stick
models. Pocket P5 of PapK is indicated with a black open circle. (b) Crystal structure of P pilus
termination- and anchor subunit PapH in complex with chaperone PapD. PapG is shown as light
brown surface model and PapD as light blue ribbon model. Structurally conserved residues Arg-8
and Lys-112 and P1–P4 of PapD are drawn as grey stick models. The missing pocket P5 of PapG
is indicated with a black open circle. (c) Topology diagram of P pilus adaptor subunit PapK (grey)
with the Nte of chaperone PapD bound (red). (d) Crystal structure of P pilus subunit PapE in
complex with Nte of the preceding subunit PapK after DSE. PapE (blue) and Nte of PapK (red) are
drawn as ribbon models. (e) Topology diagram of P pilus subunit PapE (blue) with the Nte of the
following P pilus subunit PapD (red)



10 Crystallography and Electron Microscopy of Chaperone/Usher Pilus Systems 163

E

Fig. 10.2 (continued)

donor strand complementation (DSC) and was deduced from crystal structures of
the chaperone-pilus subunit complexes FimC:FimH and PapD:PapK (Choudhury
et al., 1999; Sauer et al., 1999). Chaperones FimC and PapD (each ∼25 kDa) share
a boomerang-like shape consisting of two immunoglobulin-like (Ig-like) domains
(Holmgren and Brändén, 1989; Kuehn et al., 1993; Pellecchia et al., 1998) and inter-
act with pilus subunits by their β-strands A1 and G1 of their N-terminal domain and
two structurally conserved basic residues (Arg 8 and Lys 112, PapD numbering),
which are found in a cleft between the two Ig-like domains (Kuehn et al., 1993)
(Figs. 10.2a,b).

Pilus subunits cannot fold correctly in the absence of the chaperone (Barnhart
et al., 2000; Vetsch et al., 2004) because pilus subunits have an incomplete Ig-like
fold, which consists of six β-strands (A–F) and lacks a seventh C-terminal β-strand
(G) (Choudhury et al., 1999; Sauer et al., 1999). The lack of a β-strands creates a
hydrophobic groove where the missing strand G would be. The chaperone enables
the correct folding of the pilus subunit because it provides in trans the missing sev-
enth β-strand to complement the Ig-like fold of the subunit. In the crystal structures
of FimC:FimH and PapD:PapG, the chaperone inserts its β-strand G1 (strand G of
the chaperone’s N-terminal Ig-like domain 1) into the hydrophobic groove of the
pilus subunit (Fig. 10.2a) (Choudhury et al., 1999; Sauer et al., 1999). A motif of
four alternating hydrophobic residues P1–P4 on the G1 β-strand occupies four of
five hydrophobic acceptor pockets in the groove of the pilus subunit, which are
termed “P1–P5 pockets” (Fig. 10.2a). The fifth hydrophobic pocket P5 remains
accessible, which is crucial for pilus subunit polymerisation (see Section 10.3.1).
PapH is an exception as it is the only Pap subunit that does not possess a P5 pocket
(Fig. 10.2b, see Section 10.7). The chaperone-complemented Ig-like fold of the pilus
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subunit is atypical, because the donor β-strand G1 of the chaperone runs parallel to
the subunit’s F β-strand (Fig. 10.2c). In a regular Ig-like fold the seventh G β-strand
runs antiparallel to the F strand. Because the chaperone donates in trans the missing
β-strand to complement the incomplete Ig-like fold of the pilus subunit, the reaction
of pilus subunit stabilisation by the chaperone is termed donor strand complemen-
tation (DSC) (Choudhury et al., 1999; Sauer et al., 1999). After DSC stable binary
chaperone-pilus subunit complexes are formed, which are used for pilus assembly
by the usher.

10.3.2 Donor Strand Exchange

The reaction underlying pilus subunit polymerisation is termed “donor strand
exchange (DSE)” and occurs at the usher. During pilus assembly the usher adds
pilus subunits to the growing pilus one at a time to catalyse non-covalent interactions
between the subunit assembled last and the incoming subunit.

Pilus subunits exhibit a disordered 10–20 amino acids long N-terminal exten-
sion peptide (Nte), which is crucial for polymerisation with other subunits. The
Nte of pilus subunits is not part of their Ig-like fold and contains a motif of four
alternating hydrophobic residues termed “P2–P5 residues” (Sauer et al., 1999). For
polymerisation the Nte of an incoming pilus subunit replaces the donor β-strand G1
of the chaperone in the groove of the previously assembled subunit of the growing
pilus (Sauer et al., 2002) (Fig. 10.2d). After DSE, residues P2–P5 of the incom-
ing pilus subunit’s Nte occupy pockets P2–P5 of the acceptor subunit groove (the
“acceptor” subunit being the previously assembled subunit), whilst pocket P1 of the
acceptor subunit remains empty. Residue P4 of the Nte of the pilus subunit is a Gly
and is conserved among all pilus subunits. Gly P4 lies on top of the P4 pocket in
the subunit groove, which contains a bulk formed by an aromatic residue. Gly is the
only residue that is small enough to adapt to this bulk. Therefore, the interaction of
P4 Gly with the bulk works as a control for the correct positioning of the incoming
Nte in the acceptor groove. After DSE the complemented pilus subunit exhibits a
canonical Ig-fold because the Nte of the incoming pilus subunit runs anti-parallel to
β-strand F of the acceptor subunit (Fig. 10.2e).

DSE is initiated by insertion of residue P5 of the incoming subunit’s Nte into
the P5 pocket of the previously assembled pilus subunit. Further insertion of the
Nte into the groove proceeds from pockets P5–P1 of the acceptor subunit and pro-
gressively displaces the donor strand of the chaperone. The first evidence for this
mechanism was the observation of a ternary chaperone-subunit-Nte complex of
Salmonella pilus subunit SafA by non-denaturing mass spectrometry (Remaut et al.,
2006). The formation of ternary chaperone-subunit-Nte complexes was dependent
on the accessibility of pocket P5 of the subunit. Sequential mutagenesis of amino
acids P5, P4 and P3 of the Nte of the (incoming) pilus subunit correlated with
decreasing DSE rates. A “zip-in zip-out” mechanism was proposed, in which the
Nte of the incoming subunit-chaperone complex replaces the G1 donor β-strand of
the chaperone step by step moving from pocket P5–P1.
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10.3.3 Pilus Subunit Ordering is Dependent on DSE Rates

The order of subunits in the P pilus was elucidated by biochemical and electron
microscopy studies (Jacob-Dubuisson et al., 1993; Kuehn et al., 1992; Lindberg
et al., 1987). Pilus subunit ordering of P pilus is affected by affinity of the sub-
units to each other (Rose et al., 2008) and by the ability of the usher to selectively
catalyse DSE between the subunits (Nishiyama and Glockshuber 2010). In vitro
measured DSE rates of Pap chaperone-subunit complexes and isolated Nte peptides
of cognate and non-cognate pilus subunits showed highest DSE rate for subunits
and their cognate Nte peptides (“cognate” here refers to the natural order of sub-
units in the pilus) (Fig. 10.1) (Rose et al., 2008) and indicated that affinity of
subunits to each other determines their order in the pilus. The usher also affects pilus
subunit ordering. A recent study demonstrated that the usher FimD of type 1 pili
selectively catalyses DSE between pairs of subunits (Nishiyama and Glockshuber,
2010).

The DSE rate is dependent on accessibility and flexibility of the P5 pocket of
pilus subunits. The more flexible and accessible the region around the P5 pocket,
the faster the DSE rate is (Verger et al., 2008). The crystal structures of P pilus
subunits PapA and PapK show well-defined P5 pockets. DSE of PapA and PapK
occurs with similar rates. The region around pocket P5 of pilus subunit PapE is
more flexible compared to those of PapA and PapK. As a result, PapE is the sub-
unit that undergoes DSE with the highest rate among the Pap subunits. In contrast,
the P5 pockets of PapH and PapF are blocked (Thr 52 in PapH and Pro 32 in
PapF). Consequently, PapH is unable to undergo DSE whilst PapF undergoes DSE
only slowly compared to the other Pap subunits. Structure-guided mutagenesis and
molecular dynamics studies in combination with DSE experiments indicated that
the obstructed P5 pocket of PapF becomes accessible periodically and thus DSE of
PapF is still possible. This is not the case for PapH.

10.4 Structure of the Usher

In vitro DSE occurs spontaneously but only at very slow rates in absence of the
usher. DSE rates of type 1 pili are increased significantly by addition of the usher
FimD. Thus the usher catalyses DSE for pilus assembly (Nishiyama et al., 2008).
Usher-catalysed polymerisation of pilus subunit is thermodynamically driven and
independent from intracellular energy (Jacob-Dubuisson et al., 1994). The required
energy for pilus subunit polymerisation is stored in the fold of the chaperone-subunit
intermediates and released upon DSE (Sauer et al., 2002).

Electron microscopy studies of the P pilus usher PapC reconstituted in E. coli
lipids demonstrated that PapC forms a homodimeric channel and complementation
studies with PapC loss of function mutants showed that the usher functions at least as
a dimer in vivo (Li et al., 2004; So and Thanassi, 2006), although an usher monomer
may also be sufficient for pilus assembly in vitro (Huang et al., 2009).
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Fig. 10.3 Structures of the usher: The P and type 1 pilus assembly platform. (a) The domain archi-
tecture of usher PapC. N-terminal (residues 1–125) and C-terminal (residues 722–809) domains
(both purple) are connected with unstructured amino acid linkers to the translocation domain
(residues 135–640, purple) which is interrupted by the plug domain (residues 235–335, cyan).
(b) Left panel: The crystal structure of the N-terminal domain of FimD (purple) in complex with
chaperone FimC (yellow) and a fragment of subunit FimF (blue) as ribbon representation. Right
panel: The crystal structure of the C-terminal domain of usher PapC (purple) as ribbon model.
(c) The crystal structure of usher PapC. The PapC dimer is shown as ribbon model (purple).
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The usher is a 90 kDa protein consisting of about 800 residues and four func-
tional domains: (i) an N-terminal periplasmic domain (∼125 residues), (ii) a central
translocation pore domain: (∼500 residues) in the bacterial outer membrane, (iii)
a plug domain (∼110 residues), found within the translocation pore, and (iv) a
C-terminal, periplasmic domain (∼170 residues) (Fig. 10.3a) (Capitani et al., 2006;
Nishiyama et al., 2003; Remaut et al., 2008; Thanassi et al., 2002).

10.4.1 The N-terminal Usher Domain Binds Chaperone-Subunit
Complexes

The N-terminal domain (NTD) of the usher FimD exhibits high affinity for
chaperone-subunit complexes and is likely to be the main platform for recruit-
ment of chaperone-subunit complexes (Ng et al., 2004; Nishiyama et al., 2005).
The crystal structures of the NTD of the usher FimD in complex with chaperone
FimC and adhesin FimH or subunit FimF showed that the NTD of the usher FimD
interacts with with both the chaperone and the subunit (Fig. 10.3b) (Eidam et al.,
2008; Nishiyama et al., 2005). The largest part of the binding interface between
FimD NTD and chaperone-subunit complexes is between a conserved hydrophobic
patch on the chaperone FimC and the NTD of the usher FimD and is structurally
conserved; only a small part of the binding interface is subunit-specific. Specific
interactions are observed between the flexible N-terminus of FimD NTD and sub-
units FimF and FimH and can explain how the N-terminal domain of FimD is able
to discriminate between different chaperone-subunit complexes.

10.4.2 The C-terminal Domain of Usher PapC Supports
Subunit Binding

Truncations and substitution mutants of the C-terminal domain of usher PapC
demonstrated that the C-terminal domain is required for proper binding of
chaperone-subunit complexes to the usher and supports pilus assembly (Huang
et al., 2009; So and Thanassi, 2006). A fragment of the C-terminal region of usher
PapC shows a β-sandwich fold similar to the plug domain of PapC (Fig. 10.3b)
(Ford et al., 2010). Due to the structural similarity of plug and C-terminal domain, it
was suggested that both domains could exert similar functions but at different stages
of pilus assembly.

�
Fig. 10.3 (continued) The view to the PapC dimer is from the periplasmic side (top) and extra-
cellular side (bottom). The Plug domain is coloured cyan, the β-barrel of the translocation pore
purple, the trigger hairpin green and a single α-helix inside the β-barrel yellow. N- and C-terminal
domains of PapC are indicated by NTD and CTD
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10.4.3 The Translocation Pore of Usher PapC

The translocation pore domain of usher PapC folds into a β-barrel, which is com-
posed of 24 β-strands and is interrupted by the plug domain between β-strands six
and seven. The diameter of the pore is ∼45 × 25 Å and is big enough to extrude the
growing pilus in a folded state (Fig. 10.3c) (Remaut et al., 2008).

10.4.4 The Plug Domain of the Usher PapC

In vitro studies demonstrated that the plug domain of the usher PapC is required
for pilus assembly because PapC is unable to assemble pili without it (Huang et al.,
2009). The crystal structure of the translocation pore of PapC showed that the plug
domain exhibits a β-sandwich fold similar to the C-terminal domain of the usher
and obstructs the translocation pore (Remaut et al., 2008) (Fig. 10.3c).

10.4.5 Activation of the Usher FimD

Upon binding of adhesin FimH, the susceptibility of the usher FimD to trypsin
changes, indicating a conformational change of the usher (Munera et al., 2007;
2008; Saulino et al., 1998). The adhesin-induced conformational change of FimD
is a crucial activation step in type 1 pilus biogenesis as it significantly increases
the pilus subunit assembly rate of the usher (Nishiyama et al., 2008). The con-
formational change of FimD requires moving the plug domain aside within the
translocation pore or outwards away from the pore into the periplasm to allow the
translocation of a growing pilus through the pore.

10.5 Intermediate FimD2:C:F:G:H (Tip Assembly)

Electron microscopy images provided snapshots of a type 1 pilus intermediate which
consists of dimeric usher FimD, the chaperone FimC and the adhesin FimH, and the
subunits FimG and FimF (Fig. 10.4a) (Remaut et al., 2008). Pilus subunits FimH,
FimG and FimF compose the tip fibrillum of the type 1 pilus. Surprisingly, it was
observed that only a single usher pore in the usher dimer is used for secretion of
the growing pilus. The second usher pore was supposed to be in a non-activated

�
Fig. 10.4 (continued) drawn as oval shapes and labelled N1 (NTD of FimD1) and N2 (NTD
of FimD2) respectively. C-terminal and plug domains of the FimD dimer are left out for clarity.
All pilus subunits have oval shapes. Chaperone FimC (yellow) has heart shape. The protruding
rectangles from the subunits and FimC indicate Nte’s (except for FimH). Colours of pilus subunits
are: FimA (cyan) FimF (blue), FimG (red), FimH (green). Black closed circle on adhesin FimH
represents its α-D mannose binding site. E (extracellular), OM (outer membrane), P (periplasm).
Arrows indicate interaction between molecules
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A

B

Fig. 10.4 Pilus subunit assembly by the chaperone-usher pathway. (a) Cryo electron microscopy
structure of a type 1 pilus intermediate consisting of chaperone FimC (yellow), usher dimer FimD
(purple) and subunits FimF (blue), FimG (red) and FimH (green). The pilus intermediate is shown
as ribbon representation. The plug and C-terminal domains of the usher are not modelled. The
crystal structure of homologues usher PapC was used for modelling usher FimD since the three
dimensional structure of FimD is unknown. A model of rod subunit FimA (cyan) in complex with
chaperone FimC (yellow) and N-terminal domain of the second usher (purple) is also shown, which
is not covered by experimental data. (b) Model for subunit assembly of type 1 pili. Each monomer
of the FimD dimer is shown as purple square and labelled D1 and D2 respectively (FimD1 and
FimD2 in the main text respectively). The two N-terminal domains (NTD) of the usher dimer are
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state and to adopt a closed form. A model was provided for the need of a sec-
ond usher, which suggests that the second usher functions as a second recruitment
platform for chaperone-subunit complexes but not for translocation of the growing
pilus. The N-terminal domains of each of the two ushers could alternately recruit
the chaperone-subunit complexes. This model is in agreement with in vivo data
indicating that more than a single usher molecule is essential for pilus assembly (So
and Thanassi, 2006). In contrast, in vitro experiments indicated that the usher can
function as a monomer (Huang et al., 2009).

10.6 Model for Pilus Subunit Incorporation Cycle

Based on the EM reconstructed FimD2:C:F:G:H intermediate structure a model for
incorporation of the pilus subunit FimA was presented in which subunit FimA is
recruited by the N-terminal domain of the second usher (Usher2 in Fig. 10.4a).
Its N-terminal domain (NTD2 in Fig. 10.4a) is attached by a flexible linker to the
usher’s translocation pore (Fig. 10.4a). It could bind to a FimC:FimA complex,
bring it to Usher1 (the secretion pore), close to the already engaged FimC:FimF
complex and into a position such that the P5 residue of the incoming FimA subunit
can engage in the P5 pocket of the acceptor FimF subunit, thereby initiating DSE
of FimA with FimF (Fig. 10.4a). Upon DSE, the chaperone FimC is released, FimF
enters the translocation pore as part of the growing pilus and the N-terminal domain
of Usher1 is free to recruit the next FimC:FimA chaperone-subunit complex and
bring it near the previously assembled FimC:FimA complex for DSE (Fig. 10.4b).
Unbound FimC lacks affinity to the usher (Nishiyama et al., 2003; Saulino et al.,
1998) and would be ready to pick up new pilus subunits (Fig. 10.4b). The cycle
of chaperone-subunit recruitment, subunit polymerisation and translocation of the
pilus fibre is repeated until the pilus is completed.

10.7 Termination of Pilus Biogenesis

Growth of P pilus is terminated by incorporation of termination-and anchor subunit
PapH (Baga et al., 1987), because PapH is unable to undergo DSE. The crystal
structure of chaperone-subunit complex PapD:PapH reveals that PapH lacks the P5
pocket required for DSE (Verger et al., 2006). The termination process for type-
1 pili is still unknown since no corresponding termination subunit has been found
(Fig. 10.2b).

10.8 Adhesin-Receptor Interactions

Bacterial attachment to host cell surfaces is accomplished by specific binding of
the adhesin molecule of the pilus tip to a host receptor. Type 1 pili are essential
for UPEC to cause cystitis (Martinez et al., 2000; Mulvey et al., 1998) and are
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Fig. 10.5 Adhesin receptor
interactions. Proteins
molecules are shown as
ribbon representation and
bound molecules as stick
models. CTD, C-terminal
domain. (a) Crystal structure
of adhesin receptor domain
FimH in complex with
α-D-Mannose. (b) Crystal
structure of adhesin PapG
bound to GalNAc β 1–3Gal α

1–4Gal β 1–4Glc (Galabiose)

also involved in later stages of cystitis where type 1 pili ensure formation of intra-
cellular bacterial communities (Justice et al., 2006; Wright et al., 2007). Binding
and invasion of type 1 piliated UPEC to human bladder cells was demonstrated to
be dependent on adhesin FimH, which binds α-D mannose residues (Hung et al.,
2002).

Crystal structures of several adhesin molecules are available, including FimH
from enterotoxigenic E. coli (ETEC) and from UPEC, the P Pilus adhesin PapG
from UPEC, adhesin GafD in G-fimbriae from UPEC and adhesin F17-G in F17 fim-
briae from ETEC. All adhesin structures share a similar β-barrel jelly-roll fold (Buts
et al., 2003; Dodson et al., 2001; Hung et al., 2002; Merckel et al., 2003), but their
receptor binding sites differ noticeably and are found in different parts of the struc-
tures. In the crystal structure of FimH bound to D-Mannopyranoside, mannose is
bound in a deep negatively charged pocket at the tip of the receptor-binding domain
(Fig. 10.5a). The crystal structure of PapGII (class II of three different PapG classes
binding different globoseries of glycolipids) shows that Gal(α1–4)Gal is bound in
a shallow pocket, which is formed by three β-strands and a loop located on the
side of the molecule (Fig. 10.5b). The interaction between tip adhesin PapGII and
Gal(α1–4)Gal is crucial for pyelophrenetic strains of P piliated E. coli to bind renal
tissue and to cause kidney disease (Roberts et al., 1994).

10.9 Conclusion

Our understanding of the molecular basis of pilus biogenesis and adhesion by
CU pili has increased dramatically in the last decade starting with the elucida-
tion of DSC and DSE as the fundamental mechanisms of chaperone and usher
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functions. This knowledge is being exploited in the design of inhibitors of pilus
biogenesis. One recent success has been the design of the first active “pilicides”,
small molecules capable of disrupting the interaction between the usher and the
chaperone-subunit complexes (Pinkner et al., 2006). Future work will aim to eluci-
date further the interactions between the translocation pore and the subunits as they
pass through the pore. There is no doubt that future unravelling of the usher sys-
tem will yield new targets for antibiotics design. In this era of increased antibiotics
resistance, targeting virulence factors rather then killing the bacteria (good or bad)
is an approach well worth pursuing and thus, we anticipate research on pilicides to
benefit greatly from further fundamental insights into the processes described in this
review.
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Chapter 11
Crystallography of Gram-Positive
Bacterial Adhesins

Vengadesan Krishnan and Sthanam V.L. Narayana

Abstract Both Gram-negative and Gram-positive pathogens display a multitude of
proteins and protein assemblies (pili or fimbriae) on their cell surfaces, which are
often used for adherence and initiate colonization and pathogenesis. Adhesive pro-
teins known as MSCRAMMs (microbial surface components recognizing adhesive
matrix molecules), anchored by a specific enzyme called sortase in Gram-positive
bacteria, target the host’s extracellular matrix proteins (ECM) like collagen, fibrino-
gen and fibronectin. In the past decade, structural analysis by X-ray crystallography
has enhanced our understanding of the interactions between MSCRAMMs and the
host ECM by revealing several novel structural features that dictate surface protein
assembly and the mode of their adhesion to host tissue. The latest focus is on the
recently discovered Gram-positive bacterial pili, assembly of which is assisted by
yet another specific sortase. Novel features like inter- and intra-molecular isopep-
tide bonds that facilitate the stability of the pilins, and intra-molecular donor
strand complementation to stabilize the adhesin-target interactions are specific to
Gram-positive bacteria. This chapter describes and discusses the common structural
details between surface proteins and pilins of Gram-positive bacteria and biological
implications emanating from these structures.

11.1 Introduction

Adhesion to host tissue is the first critical step for bacterial pathogenesis, and
both Gram-positive and Gram-negative bacteria use a multitude of proteins and
protein assemblies (pili or fimbriae) that are associated with their cell walls for
adhesion. A subfamily of adhesive proteins covalently linked to the Gram-positive
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cell wall peptidoglycans is called MSCRAMMs (microbial surface components
recognizing adhesive matrix molecules) (Patti et al., 1994b), and some of the
extracellular matrix proteins targeted by the MSCRAMMs of Staphylococcus
aureus include fibrinogen (Hawiger et al., 1982), fibronectin (Kuusela, 1978), and
collagen (Speziale et al., 1986).

The net repulsive forces caused by the negative charges present on the host and
guest cell surfaces is a general problem that the bacterium faces during adhesion,
and one of the ways the pathogen overcomes this is with the help of hair-like, fil-
amentous cell surface organelles known as pili or fimbriae that are anchored to
the cell wall. These organelles are assembled using two or more distinct proteins
(pilins) (Navarre and Schneewind, 1999), which are stabilized by non-covalent and
hydrophobic interactions in Gram-negative bacteria and with the help of covalent
linkages in Gram-positive bacteria. The main extended pilus segment, also known
as the fimbrial rod or pilus shaft, is composed of several small subunits or major
pilins assembled in a head-to-tail manner (Choudhury et al., 1999; Hahn et al., 2002;
Hilleringmann et al., 2009; Kang et al., 2007). In some cases, the minor pilins are
decorated along the pilus shaft and also at the tip. Chaperone mediated pili assembly
in Gram-negative bacteria has been extensively investigated and is well understood
(Sauer et al., 2000b; Waksman and Hultgren, 2009), where the individual pilins are
held together by an interesting and exquisite “donor strand complementation” tech-
nique (Choudhury et al., 1999; Remaut et al., 2006; Sauer et al., 2000a). However,
the pili in Gram-positive bacteria, a relatively recent discovery (Scott and Zahner,
2006; Telford et al., 2006; Ton-That and Schneewind, 2004), are assembled by a
distinct mechanism catalyzed by a transpeptidase, called a sortase (Ton-That and
Schneewind, 2003; 2004). Sortase mediated pili assembly is still a nascent field of
investigation and much of the story is still evolving.

There has been a sustained push for the structure determination of Gram-positive
surface adhesins during the past decade, mainly to understand their interactions
with host tissue. Presently, many crystal structures of Gram-positive bacterial sur-
face proteins and their complexes with host ligands are available (Table 11.1) and
the recent focus is on visualizing the individual pilin components and their asso-
ciations leading to the formation of the adhesive pili. The Gram-positive bacterial
surface proteins (MSCRAMMs) and the individual pilin components have similar
structural motifs (Fig. 11.1a) to facilitate their transport from the cytoplasm through
the Sec system and target them for incorporation into the cell wall. The cell wall
sorting motifs include a canonical LPXTG sequence at the C-terminus, where X is
any of the 20 amino acids, followed by a hydrophobic stretch of residues and end-
ing with a short positively charged segment, and these three motifs are sufficient
and essential for anchoring to the cell wall (Schneewind et al., 1992). Besides that,
MSCRAMMs are modular proteins with individual domains for specific functions
such as binding to host proteins, extending their binding sites away from the bac-
terial surface etc., and there are few domains of unknown function. The N-terminal
half of most MSCRAMMs carry ligand binding domains (A regions) (Fig. 11.1b)
that target host extracellular matrix proteins (ECM) such as collagen, fibrinogen, and
fibronectin, while other structural domains that facilitate the extension of A-regions
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Fig. 11.1 The domain organization for Gram-positive adhesins. (a) Common structural motifs
present in the MSCRAMMS and Pilin components. A N-terminal signal sequence (S) followed
by varying number of non-repetitive and repetitive regions suitable for various functions (ligand
binding, projecting binding region/stalking, etc.) and C-terminal region for cell wall anchoring
that includes a cell wall sorting region (W) containing the LPXTG motif, membrane-spanning
hydrophobic domain (M) and cytoplasmic positively charged C-terminus tail (C). (b) The organiza-
tion of three distinct MSCRAMMS: Collagen-binding (CNA/ACE), Fibrinogen-binding (ClfA/B,
SdrG) and Fibronectin-binding (FnbpA/B) MSCRAMMs. In addition to common structural motifs
(S, W, M and C), most adhesins carry the ligand binding domains (N1, N2, N3,. . .) in the N-
terminal half (A-region) and other structural domains that facilitate the extension of A-regions
away from cell surface and unknown functions in the C-terminal half (B-region). Exceptions to
this rule are the bifunctional FnbpA/B that display fibronectin binding activity at the C-terminal
repeats (D1-D4) and fibrinogen binding activity in the N-terminal half. CNA and ACE are highly
homologous; however, the ACE is made of only two subdomains (N1 and N2) but exhibits equal
affinity to the N1 + N2 domains of CNA. (c) The organization of pilins. In addition to common
structural motifs (S, W, M and C), the pilins carry varying numbers of domains that make up the
pilus shaft and are used for adhesion. The major pilins contain an E-box (YxLxETxAPxGY) and
conserved pilin motif (WxxxVxVYPK) suitable for minor pilin incorporation and for covalent
polymerization that is catalyzed by an enzyme sortase, respectively
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away from cell surface are in the C-terminal half. Interestingly, S. aureus strains like
8325-4, Newman and P1 carry two fibronectin binding proteins FnbpA and FnbpB
(Flock et al., 1987; Froman et al., 1987), which display fibronectin binding activ-
ity that is localized to four 40-residue repeat domains (D1-D4) in the C-terminal
half. However, FnbpA and FnbpB are also bifunctional, exhibiting binding sites for
fibrinogen in the N-terminal half as well (Wann et al., 2000).

Similar to the surface proteins (MSCRAMMS), the Gram-positive pilus com-
ponents (pilins) also carry an N-terminal signal peptide and a C-terminal LPXTG
sorting signal followed by a hydrophobic domain and a positively charged tail
(Fig. 11.1c). In addition, the major pilins contain a conserved element called the
pilin motif (WxxxVxVYPK). The side chain amide group of the Lys residue from

Fig. 11.2 IgG fold variants in Gram-positive adhesions. Ribbon cartoons and topology diagrams
of some representative adhesin domains are shown. The core β-strands are labeled A to G (All the
ribbon and surface diagrams were prepared with CCP4MG version 2.4.). (a) The ubiquitous IgG-
constant domain. The IgG constant domain (IgG-C) has a four-stranded β sheet I (A, B, E, D) on
one side of the barrel and a three-stranded β sheet II (C, F, G) on the other side. (b) DEv-IgG fold
of S. aureus CNAN2 domain. The additional strands, compared to that of conventional IgG-C fold
(Fig. 11.2a) are labeled D∗, D’ and D” between strands D and E. (c) IgG-rev fold of S. aureus CNA
B-repeats. The IgG-rev fold resembles four and three stranded IgG-C fold (Fig. 11.2a) but differ
in topology i.e. the order of β-strands and their linking segments. (d) DEv-IgG fold of S. aureus
ClfAN2. The additional strands between the strands D and E are labeled D’ and D”. (e) The IgG-
rev fold of S. agalactiae minor pilin GBS52. The fold observed in GBS52 is similar to the IgG-rev
fold observed in CNA B repeats (Fig. 11.2c) but strand F is shifted to β-sheet II. (f) DEv-IgG fold
of C. diphtheriae major pilin SpaA (middle) domain (N2)
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this region is linked to a Thr residue carbonyl of another pilin and many repeats
of the same linkage lead to covalent polymerization of major pilins. This inter-
molecular cross-linking is catalyzed by a specific enzyme called sortase, SrtC,
as demonstrated for Corynebacterium diphtheriae pilus assembly (Ton-That and
Schneewind, 2003; 2004). To date, crystal structures are available for many individ-
ual pilins (Budzik et al., 2009; Izoré et al., 2010; Kang et al., 2009; Krishnan et al.,
2007) but, unlike the surface proteins, the ligands they target and their binding mode
are still not clear.

One important commonality between these adhesins is the presence of the IgG-
constant domain fold and its variants, which are different from the widely observed
V-, C-, H- and I-type folds of the immunoglobulin superfamily (Bork et al., 1994;
Harpaz and Chothia, 1994). The IgG constant domain has a four-stranded β sheet
(I), ABED on one side of the barrel and a three stranded β sheet (II) CFG on the
other side (Fig. 11.2). As we discuss later, this motif and its variants are seen across
all the Gram-positive surface adhesins and the manifestation of such a common fold
suggests that enrichment of these bacterial receptors with IgG-like domains is crit-
ical for their adhesion activity. The following sections discuss the structural details
of surface proteins and pilins of Gram-positive bacteria and biological implications
of these structures.

11.2 Gram-Positive Adhesins

11.2.1 Collagen-Binding MSCRAMMs

Collagens are the most abundant structural proteins in vertebrates and both eukary-
otes and prokaryotes express collagen-binding adhesins. They are the major struc-
tural component of the extracellular matrix (ECM) and participate in many cellular
processes such as cell attachment, differentiation, and migration. Collagen fibers
are thin, long and rope-like right-handed triple helical structures composed of three
parallel, left-handed polypeptide strands coiled about each other. Each polypep-
tide strand is made of a repeating Gly-X-Y sequence where X and Y can be any
amino acid, but are usually Proline (Pro) and Hydroxyproline (Hyp) (Shoulders and
Raines, 2009). The triple helical structure of collagen creates significant structural
limitations on the complementarity of the binding domains of interacting proteins.
The only crystal structure of eukaryotic collagen-bound protein complex available to
date is the I-domain of integrin α2, in complex with a collagen-derived peptide lig-
and (Emsley et al., 2000). A metal ion (Mg2+) present in the I-domain facilitates the
protein-ligand interactions, and a Glu residue of the ligand collagen completes the
I-domain metal coordination and stabilizes the complex. There are many collagen-
binding adhesins (MSCRAMMs) in Gram-positive bacteria but they do not share
sequence and structural homology with the collagen binding I-domain and do not
require metal ion for collagen binding.
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11.2.1.1 The Ligand Binding A-Region

CNA, the collagen binding MSCRAMM of S. aureus, binds collagen with moder-
ate affinity (House-Pompeo et al., 1994) and was shown to be a virulence factor
in different animal models of staphylococcal infections including arthritis, endo-
carditis, osteomyelitis, mastitis and keratitis, suggesting that its ability to interact
with collagen provides a general advantage to the bacteria in pathogenesis. As
shown in Fig. 11.1b, it has an N-terminal 55 kDa non-repetitive collagen bind-
ing A region, followed by C-terminal 23 kDa repetitive B regions. Similar to the
fibrinogen–binding protein ClfA (Deivanayagam et al., 2002) of S. aureus and SdrG
of S. epidermidis (Ponnuraj et al., 2003), the A-region of CNA is made of N1 (31-
140), N2 (141–344) and N3 (345–531) subdomains. The crystal structure of the
19 kDa N2 domain (CNA 151–318), the minimal collagen binding region denoted
as CBD19 (Patti et al., 1995), provided the first structural insight (Symersky et al.,
1997) into Gram-positive bacterial adhesins. It revealed a single domain with a novel
variant of the IgG-like fold that had a jelly-roll topological pattern (Richardson,
1981). This was later named the DEv-IgG fold (see below; Deivanayagam et al.,
2002). CBD19 is composed of two β-sheets (I and II) that are parallel to each
other with a largely hydrophobic interior. Each sheet consists of five anti-parallel
β-strands: β-sheet I (A,B,E,D,D∗) and β-sheet II (D’,D”,C,F,G). A two turn
α-helix between the D∗ and D’ strands and a single α-helical turn between E and D”
(Figs. 11.2b and 11.3a) are also observed. The molecular surface of CBD19 revealed
an apparent groove of 1–5 Å depth and 10–15 Å width on β-sheet I, indicating a
putative collagen-binding region. The binding interface along the groove, suggested
by the docking of a triple helical collagen model (Fig. 11.3a) containing four repeats
of Gly-Pro-Hyp or Gly-Pro-Pro per chain onto the CBD19 structure, had consider-
able geometrical and chemical complementarity to the collagen (Symersky et al.,
1997). Site directed mutagenesis of residues in this putative collagen binding grove
and the measured ligand binding affinities of CBD19 and full length CBD55 mutants
supported both the docking model and the earlier observations of CNA specificity
for the triple-helical structures (Speziale et al., 1986). A similar model was pro-
posed for ACE (Ponnuraj and Narayana, 2007), the collagen binding MSCRAMM
of Enterococcus faecalis, where the ACE19 subdomain exhibits 95% sequence iden-
tity with CBD19. However, ACE is made of only two subdomains N1 and N2 and
has the same affinity towards collagen as CBD35 (the N1 and N2 construct of CNA)
(Liu et al., 2007).

CBD19 and ACE19 have 10-fold lower affinity for collagen than their respective
full length proteins, suggesting that the other domains of the A-region partici-
pate significantly in the interactions with collagen (Patti et al., 1993; Xu et al.,
2004). However, the CNA CBD35 construct binds collagen with an affinity that
is equivalent to or more than that of full length CBD55 (Patti et al., 1993). The
crystal structure of CBD35 was determined as an apo-structure and in complex
with a synthetic, collagen-like triple-helical peptide (Zong et al., 2005). Both struc-
tures displayed two distinct N1 (31–163) and N2 (174–329) domains. The N1
domain exhibits a DEv-IgG fold (Deivanayagam et al., 2002), which contains three
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Fig. 11.3 Structure of domains of CNA alone and complexed with collagen peptide. (a) Ribbon
representation of the Collagen-binding domain (N2) of CNA. The N2 domains display the DEv-
IgG fold (Fig. 11.2b). The collagen-binding groove on β-sheet I is shown by arrow with docked
collagen peptide. (b) Ribbon representation of the Collagen-binding domains (N1 and N2) of CNA.
The N1 and N2 domains display a DEv-IgG fold (Fig. 11.2b). A long flexible linker (in light green)
connects the N1 and N2 domain. The C-terminus of the N2 domain extends toward and into the
N1 domain and forms a β-strand (in pink) that complements one of the β-sheets of N1 domain.
(c) Surface representation of CBD35N1N2 of CNA. N1 and N2 domains are shown in magenta
and cyan colors, respectively. The N1-N2 linker is in light green and the C-terminal extension of
N2 domain is in pink. (d) Structure of CBD35N1N2 in complex with collagen-like triple helical
peptide. The three chains of collagen peptide (in surface representation) are leading (L) (purple),
middle (M) (pink), and trailing (T) (red) as viewed from their N-termini. Two CNA molecules (one
in ribbon as in Fig. 11.3b, and another in surface mode, colored as in (Fig. 11.3c) interact with
the collagen peptide in an identical manner. The leading and trailing chains interact with the N2
domain and the middle chain with N1. The N1-N2 linker covers the leading and trailing chains,
and holds the rope-like ligand in place

additional strands D∗, D’ and D” between the D and E strands of β-sheet I compared
to the conventional IgG-C fold. The N2 domain is very similar to the CBD19 struc-
ture (Symersky et al., 1997), but the N-terminal part of β-strand D is converted into a
short β-strand and a α-helical turn. The N1 and N2 domains are connected by a long
flexible linker (164–173), which creates a distinct hole between the two domains
(Fig. 11.3b and 3c). Surprisingly, the C-terminus of the N2 domain extends toward
and into the N1 domain and forms a β-strand that complements one of its β-sheets
(Fig. 11.3b and 3c). This intra-molecular donor strand observed in the apo-CBD35
is analogous to the “latch” observed in the structure of ligand-bound SdrGN2N3
complex (Ponnuraj et al., 2003), where the C-terminus of N3 domain extends into
the solvent for apo- SdrGN2N3 and is redirected and latched into a trench present
in its N2 domain, after ligand-binding (Bowden et al., 2008).

11.2.1.2 The Ligand Bound A-Region

The CBD35-Collagen peptide complex, presented by Zong et al. (2005), was only
the second collagen-bound protein complex crystal structure available in the Protein
Data Bank. The collagen and cell surface receptor interactions are very much
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different between the two available complex structures, which are metal mediated
in eukaryotic I-domain bound collagen complex, while hydrophobic interactions
dominate the CBD35-Collagen peptide complex formation. In the CBD35-collagen
peptide [(GPO)4GPRGRT(GPO)4) complex structure (Zong et al., 2005), the colla-
gen triple helix is seen penetrated through the hole between the N1 and N2 domains
of two CNA molecules in such a way that one CNA molecule is present at each end
of the triple helix, resulting in a dumbbell shaped molecular complex (Fig. 11.3d).
The inter-domain “hole” is about 12 to 15 Å in diameter (Fig. 11.3b and 3c) into
which the GPO repeating units of the collagen peptide fit precisely leaving no extra
space to accommodate any other larger side chain for X and Y amino acids, sug-
gesting high specificity. The CNA molecules at either end of the collagen peptide
exhibit identical interactions, which are primarily hydrophobic and in addition to
few hydrogen bonds and van der Walls contacts. Looking down the helical axis, one
can see two CBD35 molecules associated with the triple helical collagen peptide by
adopting its “pitch” and twist. The adhesins recognize the collagen peptide only in
one direction as most of the interactions are lost if the triple helical peptide has the
opposite orientation.

The three chains of the collagen peptide are named as leading, middle and trailing
when viewed from their N-termini (Emsley et al., 2004; 2000). The leading and trail-
ing chains (L and T) of the ligand interact with the N2 domain trench region, while
the middle chain (M) interacts with the N1 domain that acts as a cover. The inter-
domain linker region, which is essential for the confinement of collagen (Symersky
et al., 1997), covers the leading chain of the bound peptide and has no specific con-
tacts with the other two chains. Significantly, the Val172 residue from the linker
and Tyr175 from the N2 domain sandwich the same Pro11L of the leading chain.
The electron density was missing for Val172 in the apo-CNA structure and present
in the complex, possibly indicating its role in sequestering the collagen chain. The
hydrophobic Tyr175, Phe191 and Tyr233 and polar Asn193, Asn223 and Asn278
residues present in the N2 domain trench region, identified previously by molecular
modeling and site-directed mutagenesis studies (Symersky et al., 1997) as important
for collagen-adhesin interactions, are observed as predicted (Zong et al., 2005). The
hydrophobic residues of the N2 trench region are seen stacked parallel to Pro11L,
Pro8L and Pro5T residues, respectively and the polar residues hydrogen bond to
Hyp6T and Hyp9T side chain hydroxyls. There are slight variations (5–10◦) in the
inter-domain association angle between the two CNA molecules, possibly due to the
helical twist flexibility of the binding sites in collagen. A single 310 helix (138–148)
observed in the apo-CBD35 structure adjacent to the inter domain linker (164–173),
was transformed into a β-strand upon ligand binding. This newly formed β-strand
facilitates the shortening and tightening of the linker around the bound ligand. These
conformational changes result in shrinkage of the inter-domain hole snugly around
the bound ligand (Zong et al., 2005).

11.2.1.3 The C-Terminal B-Region of CNA

The B-region of CNA in S. aureus (strain FDA574) contains three 23 kDA repeat
units (B1, B2 and B3) (Fig. 11.1b), which neither bind collagen nor influence the
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Fig. 11.4 Structure of B repeats of CNA. (a) Ribbon representation of B1. B1 has two similar
domains (D1 and D2) side by side. Both have the IgG-rev fold (Fig. 11.2c). (b) Ribbon representa-
tion of two individual repeat units B1 and B2. The B1 and B2 domain structures are very similar.
The loop (KYTPGET) connecting D1 to D2 and D3 to D4 in B repeats is flexible with a Gly
residue and forms a β-turn, which places the domains side by side; however, the loop (KYTPET)
connecting the B repeats (D2 to D3) without the Gly has reduced flexibility

A-region’s collagen-binding activity (Rich et al., 1998). The B-region repeats have
been proposed to serve as a “stalk” that projects the A-region away from the bacte-
rial cell surface and positions it for binding collagen (Rich et al., 1998). The crystal
structures of the B1 and B1B2 repeats (Deivanayagam et al., 2000) (Fig. 11.4a and
4b) revealed them to be IgG-like, with variations in β-strand arrangement. Each of
the two similar domains in B1, D1 and D2, displays a four and three-strand arrange-
ment similar to the IgG domain but with different topology, i.e. the order of β-strands
and their linking segments (Fig. 11.2c). We named this the IgG-rev fold. In the B1B2
structure, the B1 (D1 and D2) and B2 (D3 and D4) domain structures are the same
(Fig. 11.4b) and have almost identical primary sequence (99.5%). A Gly residue
present in the D1-D2 and D3–D4 linkers provides the needed flexibility between the
D subdomains of B repeats, while the linker joining B1 and B2 repeats (D2–D3),
without such a Gly residue, have restricted flexibility.

11.2.1.4 The Collagen Hug Model

The closed conformation of E. faecalis ACE40, stabilized by engineering a disul-
phide link between the latch sequence (C-terminal extension of N2 domain) and the
bottom of the N1 domain, did not bind type I collagen, proving that only an open
conformation of ACE (and CNA) is capable of binding collagen (Liu et al., 2007). In
addition, as collagens are long (~200 Å) rope like structures that exhibit side chains
of different sizes, shapes and polarity for amino acids at the X and Y positions,
and hence could not be “threaded” through the tight “hole” seen between the N1
and N2 domains of apo-CNA35 structure, we proposed a multistep “Collagen Hug”
model. In this model, CNA exists in equilibrium between open and closed confor-
mations and may be extended away from the bacterial surface to seek the ligand.
Upon ligand binding, initiated by low-affinity (hydrophobic and polar) interactions
between the residues present in the shallow “trench” of N2 domain and the ligand,
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the inter-domain linker wraps around the triple helical ligand and repositions the
N1 domain to cover the bound ligand. Then the inter-domain “hole” shrinks like
a clamp, triggered by some specific conformational changes and fits CNA snugly
around the bound collagen. The N2 domain’s C-terminal extension (connected to N3
domain in CNA) occupies the “latch” space available in the N1 domain β-sheet I to
further secure the ligand (Liu et al., 2007). This multistep “Collagen Hug” is concep-
tually similar but mechanistically different to that of the Dock, lock and Latch (DLL,
discussed below) mechanism used for binding linear peptides by MSCRAMMs. The
“Collagen Hug” model also suggests that CNA can only bind to monomeric forms of
collagen, which either occur naturally or are generated through tissue injury (Kehrel,
1995; Liotta et al., 1980).

11.2.2 Fibrinogen (Fg) -binding MSCRAMMs

Fibrinogen (Fg), a 340 kDa glycoprotein found in blood plasma, plays key roles in
hemostatis and coagulation (Herrick et al., 1999). Fg is composed of six polypep-
tide chains (two α-, two β- and two γ-chains) arranged in a symmetrical dimeric
complex structure. The C-terminus of the Fg γ-chain is targeted by the pathogen
Staphylococcus aureus, resulting in Fg-dependent cell clumping and tissue adher-
ence (Hawiger et al., 1982) and the same Fg γ-chain region also interacts with
the platelet integrin αIIβ3 during Fg-dependent platelet adherence and aggregation
(Kloczewiak et al., 1984). Clumping factor A (ClfA) of S. aureus was the first
MSCRAMM identified targeting the γ-chain of Fg and ClfB was identified later that
binds specifically to the Fg α-chain (Patti et al., 1994a). Both ClfA and ClfB contain
a Ser-Asp repeat region (R region) in the C-terminal part of the protein, in addition to
all other common features observed in a typical MSCRAMM. The Fg-binding activ-
ity of ClfA is affected by the divalent cations Ca2+ and Mn2+, analogous to αIIβ3
integrin (D’Souza et al., 1994; Smith et al., 1994). Higher concentrations of both
cations inhibit Fg-dependent bacterial clumping and binding of the recombinant
ClfA to isolated Fg.

11.2.2.1 The Crystal Structure of ClfAN2N3

The crystal structure of the proteolytically stable minimum Fg-binding truncation
of ClfA (221-559) (Deivanayagam et al., 2002) revealed two compact domains (N2
and N3) with an Ig-like fold similar to the C-type IgG fold ((Fig. 11.2, 11.5a), but
displaying variations between its D and E strands, and thus named the DEv-IgG fold
(DE-variant fold), and also occurs in CNAN2 (see above). The DEv-IgG fold was
also predicted for the ligand binding regions of other S. aureus MSCRAMMs ClfB,
FnbpA and FnbpB, CNA etc. Three metal ions with octahedral coordination geom-
etry were observed in the ClfA N2N3 structure and they are predominantly coor-
dinated through main-chain carbonyl oxygen atoms and waters. The recombinant
ClfA N1 and N2 domains fail to bind Fg when expressed independently, suggesting
a cooperative ligand binding role for both domains (Deivanayagam et al., 2002).
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Fig. 11.5 Structures of ClfAN2N3 and of SdrGN2N3 as apo- and in complex with Fibrinogen
peptide. (a) Ribbon representation of Fg-binding domains (N2 and N3) of apo-ClfAN2N3. The
N2 and N3 domain linker is short, in contrast to the CNA inter-domain linker. The C-terminus of
the N3 domain (shown in pink) turns back and interacts with G strand of N3 domain, occupying
the space where the ligand peptide is observed in ClfAN2N3-Fg peptide complex crystal structure
(Fig. 11.5c). (b) Ribbon representation of N2 and N3 domains of SdrG. N2 and N3 domains are
shown in rainbow colours. The N2-N3 linker is represented in light green and the C-terminus is
flexible (no electron density present). (c) Ribbon representation of SdrGN2N3 in complex with
fibrinogen peptide. The N2 and N3 domains are in magenta and cyan. The interdomain linker and
C-terminal latch region are in light green and pink. The fibrinogen peptide (in red) forms an anti-
parallel β-strand with the G strand of the N3 domain. (d) Surface representation of SdrGN2N3 in
complex with fibrinogen peptide as in Fig. 11.5c

11.2.2.2 The “Dock, Lock and Latch” Model

The crystal structures of Fg-binding A region N2N3 segment of Staphylococcus
epidermidis SdrG (Ponnuraj et al., 2003), determined as apo- and in complex with
a synthetic peptide similar to the N-terminal 6–20 of human Fg β-chain (Ponnuraj
et al., 2003) (Fig. 11.5b and 5c), revealed the topology of both N2 and N3 domains
to be the same as the DEv-IgG fold. A similar DEv-IgG fold arrangement is
also seen in the recently determined peptide bound ClfAN2N3 complex structure
(Ganesh et al., 2008). The Fg-derived peptides in both ClfA and SdrG complexes
are in an extended conformation and fit snugly into a cleft (~30 Å in length) present
between the respective N2 and N3 domains. The topologies and relative orientations
of the N2 and N3 domains in the apo- and peptide bound complexes of SdrG and
ClfA are similar. However, with the C-terminus of N3 domain directed into the
solvent, the apo-SdrGN2N3 and apo-ClfaN2N3 crystal structures exhibit an unoc-
cupied space in the respective N2 domain β-sheet I, sufficient for an extra β-stand
between respective D and E strands. However, in the complex structure, once the
ligand peptide is positioned in the “cleft” region and stabilized by hydrogen bonds
and hydrophobic interactions, the N3 C-terminus is redirected and forms a regular
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β-strand that is inserted between the D and E strands of the above mentioned N2
domain β-sheet that has “unoccupied space” (Fig. 11.5c). Based on these observed
conformational changes, a “dock, lock and latch (DLL)” model was proposed for
SdrG ligand binding. In this model, the ligand binding takes place in multiple steps:
the ligand peptide docks into the cleft followed by structural rearrangement at the
C-terminus, which crosses over the binding “cleft” and locks the bound peptide
in place. The resulting hydrogen bonds between the peptide and adhesin secure
the ligand in the binding pocket and the final step is latching, which stabilizes the
complex by the insertion of the N3 C-terminus as a strand between the D and E
strands of N2 domain, completing the intra-molecular β-strand complementation.
This is conceptually similar, but physically different from the inter-molecular donor
strand complementation observed in Gram-negative pili assembly (Choudhury
et al., 1999; Remaut et al., 2006; Sauer et al., 2000a). The TYTFTDYVD-like motif
present in the back of the latching cleft is conserved across MSCRAMMs such as
ClfA, ClfB, CNA and ACE, etc. suggesting that all Gram-positive bacterial adhesins
use a similar ligand-binding mechanism. In addition, the SdrG-peptide complex
structure explained how the thrombin cleavage site is blocked and fibrinopeptide
B release is inhibited. Interestingly, the staphylococci express proteins that bind
Fg and prevent the release of chemotactic elements such as fibrinopeptide B, thus
reducing the influx of phagocytic neutrophils, which possibly enhances bacterial
survival at the infection site.

The comparison of the SdrG-peptide and ClfA-peptide complex crystal structures
reveals some significant similarities but also differences. The two ligand peptides,
snugly docked in the “cleft” region and held in place by the respective reoriented
N3 domain C-terminal regions display opposite directionality. The N-terminal Fg
β chain (9-18) residues in the SdrG complex form an anti-parallel β-sheet comple-
mentary to strand G of the N3 domain. However, Fg γ-chain C-terminal (395–411)
residues form a parallel β-sheet with the same G strand in the ClfA complex.
Significantly, a stabilized closed conformation of SdrG (locked in closed confor-
mation by an engineered disulfide link) does not bind to Fg, whereas similarly
engineered ClfA does bind the ligand (Ganesh et al., 2008), suggesting that an open
conformation is required for the initial docking of the ligand peptide for SdrG but
not for ClfA. Significantly, the ClfAN2N3 in closed conformation bound ligand with
higher affinity compared to the wild-type ClfAN2N3, and this observation raises
the possibility that Fg peptide binding to ClfA involves a different mechanism or a
variation of DLL.

11.2.3 Fibronectin (Fn) -Binding Proteins (FnBPs)

Fibronectin (Fn) is a ~440 kDa glycoprotein found in the ECM and body fluids
of vertebrates and is involved in many cellular processes including cell adhesion,
growth, migration, tissue repair and blood clotting. Many MSCRAMMs of staphy-
lococci and streptococci target Fn using the D repeats in their C-terminal region. The
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MSCRAMM binding site present in the N-terminal domain (NTD) of Fn contains
five sequential type I repeats (1–5F1). An NMR structure of 1–2F1 module pair com-
plexed with FnBP peptide (B3) from Streptococcus dysgalactiae was determined
and a tandem β-zipper model was proposed for such binding, where the 1F1 and
2F1 – binding motif in B3 forms an additional antiparallel β-strand on sequential F1
modules (Schwarz-Linek et al., 2006; 2004; Schwarz-Linek et al., 2003).

11.2.3.1 Tandem β-zipper Model

Two Fn-binding MSCRAMMs (FnBPA and FnBPB) were identified in S. aureus
(Jonsson et al., 1991) that contain multiple Fn binding repeats (FnBRs) in the
C-terminal region, six of which bind the Fn NTD with high-affinity. The crystal
structures of FnBPA–1 and FnBPA–5 peptides (STAFF1 and STATT5) with F1
module pairs (2–3F1, 4–5F1) were solved as (2–3F1-STATT1, 4–5F1-STAFF1, 2–3F1-
STATT5, and 4–5F1-STAFF5) complexes (Bingham et al., 2008). The FnBP peptide,
with four short conserved motifs, binds Fn by adding an antiparallel strand to the
three-stranded β-sheet of the four sequential F1 modules (Schwarz-Linek et al.,
2003). These structures also suggest that other Fn-binding sites in FnbpA may also
follow the same β-zipper binding mechanism. The B3 peptide-bound F1 module
structures are very similar to peptide free-forms. The FnBRs in the intact bacterial
protein are likely to have less flexible N and C-termini, which possibly influences
their interactions with F1 modules. The FnBPA-1/Fn NTD and FnBPA-5/Fn NTD
interactions are dominated by hydrophobic and electrostatic interactions with large
buried surface area (~4,300 Å2). Interestingly, FnBPA also binds to Fg via its N-
terminal A-region, and this bi-functionality of FnBPA may facilitate the disease
progression by synergistic and/or cumulative adhesion (Wann et al., 2000) to the
host ECM.

11.3 Gram-Positive Pilins

Pili in Gram-positive bacteria were identified first on Corynebacterium renale
(Yanagawa et al., 1968) and followed by others such as Actinomyces, Ruminococcus,
Enterococcus, Clostridia, and species of Streptococcus (reviews (Mandlik et al.,
2007; Proft and Baker, 2009; Telford et al., 2006; Ton-That and Schneewind, 2004)).
The structural study of Gram-positive pili is an emerging field and their target tis-
sues in the host are not yet well defined. Therefore, the classification of pili and their
components based on their receptors/targets, as done for the surface MSCRAMMs,
is not available. Here we present a short description of the available individual pilin
structures and conserved folding patterns among them. Interestingly, Gram-positive
pilins harbor intra-molecular isopeptide bonds, a covalent bond between the side
chains of Lys and Asn, which are mostly present on two neighboring β-strands
and such bond formation is catalyzed by a proximal Asp or Glu residue (Kang
et al., 2007). Mutations that abrogate the formation of such isopeptide bonds affect
the thermal stability of pilins and decrease their resistance to proteases (Kang and
Baker, 2009; Kang et al., 2009).
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11.3.1 Streptococcus agalactiae Minor Pilin GBS52

S. agalactiae or group B Streptococcus (GBS) is the major cause of sepsis, menin-
gitis and pneumonia leading to significant morbidity and mortality in the United
States and Europe (Baker and Edward, 2001). Genomic analysis showed the pres-
ence of two similar pilus islands (PIs) that encode number of LPXTG motif-bearing
proteins and associated sortase enzymes (Dramsi et al., 2006; Lauer et al., 2005;
Rosini et al., 2006). EM and biochemical studies revealed that the PI-1 in strain
2603 V/R encodes pilus components, in which a major pilin GBS80 forms the pilus
shaft while two minor (associated) pilins GBS52 and GBS104 are also incorporated
at various positions in the pilus fiber. GBS minor pilins have recently been shown
to be adhesins (Dramsi et al., 2006; Krishnan et al., 2007) and the deletion of minor
pilins (GBS52 and GBS104) significantly reduced bacterial adherence to pulmonary
epithelial cells while the deletion of major pilin (GBS80) resulted in pilus-deficient,
but fully adhesive bacterial cells, suggesting that the minor pilins anchored as
surface proteins act as adhesins independent of the pilus structure. The structure
of GBS52, the first crystal structure of a Gram-positive bacterial pilin, revealed
the presence of two IgG-like domains (N1 and N2) each with IgG-rev topology,
respectively (Fig. 11.6a and 11.2e). Significant features are an extended Pro-rich
hydrophobic C-terminus in the N2 domain and a predominantly hydrophobic inter-
face between the structurally homologous N1 and N2 domains, which are linked
head-to-tail. Biochemical studies revealed that the N2 domain alone of GBS52 is
necessary and sufficient for GBS adhesion to lung epithelial cells (Krishnan et al.,
2007).

11.3.2 Streptococcus pyogenes Major Pilin Spy0128

S. pyogenes or group A streptococcus (GAS), often found in the throat and on
the skin, is implicated in impetigo, cellulites, necrotizing fasciitis and streptococ-
cal toxic shock syndrome. The pili of GAS are assembled from three pilins (strain
SF370): a major pilin Spy0128 and two minor pilins Spy0125 and Spy0130. The
structure of Spy0128 (Kang et al., 2007) revealed the presence of two IgG-like
domains (Fig. 11.6b), with one intra-molecular (intra-domain) isopeptide bond
between proximal Lys and Asn side chains. Each isopeptide bond is surrounded
by many aromatic residues, and a conserved glutamate residue is seen associated
with it forming hydrogen bonds to the isopeptide C=O and NH groups (Kang et al.,
2007). Kang et al. (2007) also analyzed the previously reported crystal structures
of Gram-positive adhesins and revealed the presence of many undetected intra-
molecular isopeptide bonds. Interestingly, the predicted inter-molecular isopeptide
bonds catalyzed by Sortases have yet to be observed, as no crystal structure of
isopeptide linked multiple pilins is available. Even though no structural proof is
available, similar inter-molecular isopeptide bonds are known to exist, such as that
observed during ubiquitination (Pickart, 2001) and transglutamination (Greenberg
et al., 1991) dictating the stability of the participants.
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Fig. 11.6 Structures of some Gram-positive Pilins. (a) Ribbon representation of minor pilin,
GBS52 of group B Streptococcus. GBS52 has two domains (N1 and N2) that display IgG-rev fold,
but with strand F shifted to β-sheet II. The isopeptide bond between the Lys and Asn residues and
the conserved proximal Glu residue are shown as sticks. (b) Ribbon representation of major pilin
spy0128 of group A Streptococcus. The Spy0128 shows two IgG-like domains and each domain
hosts an isopeptide bond. (c) Ribbon representation of major pilin SpaA of Corynebacterium diph-
theriae. The SpaA shows three domains (N1, N2 and N3). Both N2 and N3 domains host a single
isopeptide bond. The N1 and N3 domains exhibit IgG-rev fold, while the middle N2 domain
exhibits DEv-IgG fold

11.3.3 Corynebacterium diphtheriae Major Pilin SpaA

C. diphtheriae, the causative agent of pharyngeal diphtheria, was one of the earli-
est organisms in which the presence of pili was described (Yanagawa et al., 1968)
and best described (Gaspar and Ton-That, 2006; Swierczynski and Ton-That, 2006;
Ton-That and Schneewind, 2003). C. diphtheriae display three types of pili, which
are named according to their respective major pilins and are products of sortase-
mediated pilus assembly (Spa), SpaA-, SpaD- and SpaH-type. In the SpaA-type
pilus, the major pilin SpaA builds the pilus shaft while SpaB decorates the shaft and
SpaC sits at the tip of pilus. The crystal structure of SpaA revealed the presence
of three (N1, N2 and N3) domains, arranged in tandem, each domain exhibiting an
IgG-like fold (Fig. 11.6c). Both N2 and N3 domains have a single isopeptide bond.
Interestingly, the N1 and N3 domains have the IgG-rev fold observed in the CNA
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B-region subdomains; and the N2 domain is a DEv-IgG fold similar to that in the
ligand binding A-region of CNA. The pilin motif is located on the last strand of
the N1-domain and the critical Lys, whose mutation abrogates the polymerization
of SpaA molecules during pilus shaft formation, is located close to the N1 and N2
domain interface. A high affinity Ca2+ binding site is observed in the N2 domain,
but its role is not certain.

11.4 Conclusions

Host colonization by a microbe happens only when the latter is successful in estab-
lishing a “beachhead” in the host, and pathogens utilize a multitude of adhesins and
adhesin complexes toward their successful campaign. Understanding the mode of
adhesion and the structural biology of bacterial tools used for invasion and coloniza-
tion will facilitate the design of new classes of antimicrobials, whose necessity is
obvious in light of prevailing antibiotic resistance. The structural biology of Gram-
positive bacterial adhesins is an emerging field and has made considerable progress
in a relatively short time; and protein crystallography has made significant con-
tributions toward this journey. Starting from the crystal structure of the minimum
collagen binding domain of CNA, CBD19 (Symersky et al., 1997), a steady stream
of crystal structures of adhesins (Table 11.1) and their complexes with target host
proteins have broadened our perspective of bacterial adhesion. By employing the
topologically simple immunoglobulin IgG constant domain, which is observed in
numerous proteins encoded all across human genome, for adhesion to host proteins
of varied shape and topology, the microbes have gained a tactical advantage and
are steps ahead of the human immune arsenal. The observed versatility could be
evidence for convergent evolution, possibly by simple lateral or horizontal gene
transfer from higher organisms. The microbes have perfected the utilization of
IgG domains for adhesion and improved their adaptability by employing a “donor
strand complementation” technique, inter-molecular in Gram-negative bacteria and
intramolecular in Gram-positive bacteria for pilus assembly and ligand adhesion,
respectively.
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Chapter 12
The Nonideal Coiled Coil of M Protein
and Its Multifarious Functions
in Pathogenesis

Partho Ghosh

Abstract The M protein is a major virulence factor of Streptococcus pyogenes
(group A Streptococcus, GAS). This gram-positive bacterial pathogen is respon-
sible for mild infections, such as pharyngitis, and severe invasive disease, like
streptococcal toxic shock syndrome. M protein contributes to GAS virulence in
multifarious ways, including blocking deposition of antibodies and complement,
helping formation of microcolonies, neutralizing antimicrobial peptides, and trig-
gering a proinflammatory and procoagulatory state. These functions are specified
by interactions between M protein and many host components, especially C4BP
and fibrinogen. The former interaction is conserved among many antigenically vari-
ant M protein types but occurs in a strikingly sequence-independent manner, and the
latter is associated in the M1 protein type with severe invasive disease. Remarkably
for a protein of such diverse interactions, the M protein has a relatively simple
but nonideal α-helical coiled coil sequence. This sequence nonideality is a cru-
cial feature of M protein. Nonideal residues give rise to specific irregularities in
its coiled-coil structure, which are essential for interactions with fibrinogen and
establishment of a proinflammatory state. In addition, these structural irregulari-
ties are reminiscent of those in myosin and tropomyosin, which are targets for
crossreactive antibodies in patients suffering from autoimmune sequelae of GAS
infection.

12.1 Introduction

The M protein is a central virulence factor of the widespread, gram-positive bacte-
rial pathogen Streptococcus pyogenes (group A Streptococcus, GAS) (Cunningham,
2000). Extending ~500 Å outwards from the GAS surface in the form of hair-like
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fimbriae (Fischetti, 1989), the M protein is in a prime location to interact with host
components and guide the course of infection. GAS is responsible for both mild
infections, such as pharyngitis (“strep throat”), as well as severe invasive diseases
having high mortality rates (~30%), such as necrotizing fasciitis and streptococcal
toxic shock syndrome (STSS) (O’Loughlin et al., 2007). GAS infection, especially
if untreated, can also lead to delayed autoimmune diseases, such as acute rheumatic
fever (Steer et al., 2009).

M protein contributes to GAS infection in a number of different ways. Most well
recognized is the capacity of M protein to block antibodies and complement from
being deposited onto the surface of S. pyogenes. This enables GAS to evade phago-
cytic destruction by leukocytes and survive in whole blood (Carlsson et al., 2003).
M protein is also involved in the adhesion of GAS to host cells (Okada et al., 1995),
intracellular invasion of host cells (Cue et al., 2000), formation of GAS aggregates
that enhance phagocytic resistance and host cell adhesion (Frick et al., 2000), neu-
tralization of antimicrobial peptides (Nilsson et al., 2008; Lauth et al., 2009), and
assembly of GAS biofilms (Cho and Caparon, 2005). A growing body of evidence
indicates that M protein evokes a proinflammatory and procoagulatory state that
causes severe tissue damage reminiscent of the symptoms of STSS (Herwald et al.,
2004). M protein is also involved in eliciting crossreactive antibodies in autoim-
mune sequelae of GAS infection (Cunningham, 2000). The multifarious functions
of M protein depend on its interaction with a sizeable number of host components.
Curiously for a protein of such diverse interactions, the M protein has a seemingly
simple α-helical coiled-coil sequence, albeit one that is nonideal and one that is just
beginning to be understood in the light of the first atomic-resolution structure of M
protein (McNamara et al., 2008).

12.2 Antigenic Variation and M Types

The M protein was first described as a type-specific substance that could be extracted
by acid from virulent strains of GAS (Lancefield, 1928). The type-specificity refers
to the antigenic variation of M protein, which has served as the basis for the
Lancefield serological typing of GAS strains. M types are now defined genotypi-
cally by the first 160 bases of the mature protein, which encode the hypervariable
region (HVR) (Fig. 12.1) (Facklam et al., 2002). While greater than 100 M types
have been identified, only a few are prevalent in the human population (Steer
et al., 2009).

The M1 protein type is especially notable not only for being the most prevalent
M type but also for being strongly associated with invasive GAS infection and for
having proinflammatory properties (Herwald et al., 2004; O’Loughlin et al., 2007).
A subclone of the M1T1 serotype has been the leading cause of severe invasive GAS
infection worldwide for the past 30 years (Aziz and Kotb, 2008). The M12 and M3
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Fig. 12.1 Regions of M protein. Top, the M1 protein type is used as an example to delineate
regions. The signal sequence (SS) is removed proteolytically, and the C-terminal “LPXTG” motif
is cleaved and covalently attached to the peptidoglycan. Mature M1 is constituted by the A-region,
which contains the 50-residue long hypervariable region (HVR); the B-repeats, which consist of
~2.2 imperfect repeats of a 28-residue sequence; the S-region, which is unique to M1; the C-
repeats, which consist of 3 imperfect repeats of a 42-residue sequence; and the D-region. Bottom,
most of mature M1 has a high propensity for forming an α-helical coiled coil, with a slight break
at the end of the B-repeats

types are also strongly associated with severe invasive disease (O’Loughlin et al.,
2007), but less is known about the proinflammatory or procoagulatory properties of
these M protein types.

12.3 Bacterial Surface and Released Forms of M Protein

M protein is synthesized in immature form with an N-terminal signal sequence
and a C-terminal site for processing by sortase (Fig. 12.1). The N-terminal signal
sequence of ~40 residues directs secretion of M protein to the bacterial division sep-
tum (Carlsson et al., 2006), and is removed by signal peptidase. The signal sequence
is well conserved among M protein types, suggesting a functional importance to
secretion at the division septum. Once secreted across the bacterial membrane, M
protein is processed by sortase, which cleaves between the Thr and Gly residues
in an “LPXTG” motif located close to the C-terminus. Sortase then carries out a
transpeptidation reaction in which the Thr residue is covalently attached to the pep-
tidoglycan precursor lipid II, and eventually to the peptidoglycan itself (Navarre
and Schneewind, 1999). With the removal of these N- and C-terminal regions, the
mature form of M protein contains ~300–400 residues.

M protein is found not only attached to the GAS surface but also as a released
molecule. Release may occur through cleavage by the streptococcal cysteine pro-
tease SpeB (Berge and Bjorck, 1995). For severe invasive strains which have little
or no SpeB expression (Kansal et al., 2000), M protein is released during infection
by the action of neutrophil proteases (Herwald et al., 2004). In fact, the greater part
of M1 protein in patient samples occurs as released rather than bacterial surface-
attached protein (Kahn et al., 2008). Significantly, the released form of M1 retains
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its proinflammatory and procoagulatory properties (Herwald et al., 2004; Shannon
et al., 2007; Kahn et al., 2008; Nilsson et al., 2008).

12.4 Repeats and Nonideal Coiled-Coil Sequences

Two features distinguish the sequence of mature M protein. This is true for both the
highly divergent N-terminal half of the protein as well as the more well conserved
C-terminal half. The first distinguishing feature is the presence of imperfect repeats
in the sequence. Repeats in the sequence divergent N-terminal half are designated
A-repeats and B–repeats (Fig. 12.1), but somewhat confusingly, the repeats of two
different M types need not be closely related in sequence. A case in point is the
B-repeats of M1 and M5, which both bind fibrinogen (Carlsson et al., 2005). The
M1 and M5 B-repeats have no obvious relationship to one another (~14% identity),
and consistent with this divergence, bind fibrinogen noncompetitively (Ringdahl
et al., 2000). In contrast, in the sequence conserved C-terminal half, the 42-residue
long C-repeats of different M types are ~70–95% identical. These are followed by
a ~90-residue D-region, which has up to ~90% identity between M types. While
the D-region is covalently attached to the peptidoglycan and likely buried within it,
the C-repeats are exposed and bind host components (Sandin et al., 2006). Why M
protein has such a preponderance of repeat sequences is not yet clear.

The second distinguishing feature of the M protein sequence is the presence of
an α-helical coiled-coil heptad periodicity (Manjula and Fischetti, 1980). This is
true for the divergent N-terminal half, except for the first ~20 residues of the HVR,
as well as the conserved C-terminal half, except for the last ~50-residues of the
D-region. The heptad periodicity is marked by the recurrence of small hydropho-
bic residues at the a and d positions. These small hydrophobic residues form the
hydrophobic core of the coiled coil through “knobs-into-holes” packing (Fig. 12.2a).
Parallel as well as anti-parallel associations of α-helices are possible in coiled coils
(Fig. 12.2a), as are homotypic and heterotypic associations. In addition, a number
of stoichiometries have been observed for coiled coils.

M protein forms a dimeric, parallel α-helical coiled coil structure as directly
shown by the crystal structure of a physiologically relevant fragment of M1 protein
encompassing the A-region and B-repeats, called M1AB (McNamara et al., 2008).
The structure also reveals a substantial number of structural irregularities in the
coiled coil (Figs. 12.2b and 12.2c). These structural irregularities stem from a
sequence that is far from ideal at the core a and d positions (Nilson et al., 1995;
McNamara et al., 2008). The ideal residues for a dimeric, parallel coiled coil at
the a and d positions are Val and Leu, respectively (Wagschal et al., 1999; Tripet
et al., 2000). Destabilizing residues at a positions are Ala, Gln, His, Lys, Ser, Glu,
Arg, and Gly; and at d positions Ala, Trp, Asn, His, Thr, Lys, Asp, Ser, Glu, Arg,
and Gly. M protein, regardless of type, has a substantial number of these nonideal
residues at predicted a and d positions throughout its length (Nilson et al., 1995;
McNamara et al., 2008).
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Fig. 12.2 Crystal structure of M protein. (a) Knobs-into-hole packing of residues in the a and d
positions, left and middle, respectively, in a dimeric, parallel α-helical coiled coil. Both a and d
positions in this example are occupied by Leu, and examples of “knobs” and “holes” are labelled.
Right, knobs-into-hole packing of an Asp at the a position with a Leu in the d position in a dimeric,
anti-parallel α-helical coiled coil. This and other molecular figures were generated with PyMol
(http://www.pymol.org). (b) Structure of the M1AB α-helical coiled-coil dimer. The HVR is in red
(with its ~15 initial residues disordered and shown in an arbitrary position as dashed lines), the
rest of the A-region in blue, and the B-repeats in green. In yellow, residues that form the Ala-
stagger and cause unwinding due to large positively charged residues at a positions. This region
is boxed and expanded below. (c) The B-repeats of the M1AB dimer splay apart and engage in an
anti-parallel α-helical coiled-coil with the B-repeats of a neighbouring molecule. This anti-parallel
interaction between two neighbouring M1AB dimers is shown, with one α-helix of each dimer
omitted for clarity

12.5 Structural Irregularities

The consequences of sequence nonidealities in M protein were recently revealed
by the crystal structure of M1AB (McNamara et al., 2008). M1AB forms a parallel,
dimeric α-helical coiled coil through the A-region, while the B-repeats splay apart
and engage in an anti-parallel coiled coil with the B-repeats of an adjoining M1AB

molecule in the crystal (Figs. 12.2b and 12.2c). Only two short stretches in M1AB

have regular structure. Each of these short segments consists of ~2 heptads (residues
63–79 in the HVR and residues 106–119 of the A-region). The rest of the structure is
irregular. These structural irregularities consist of an Ala-stagger due to a cluster of

http://www.pymol.org
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poorly packed Ala residues at contiguous a and d positions in the HVR, superhelical
unwinding due to large positively charged residues at consecutive a positions in the
A-region, and splaying apart of the entire B-repeats.

Each of these specific structural features has been seen in the α-helical coiled
coil portions of myosin, tropomyosin, or both (Brown et al., 2001; Li et al., 2003;
Brown et al., 2005; Blankenfeldt et al., 2006). This is notable as patients with acute
rheumatic fever have crossreactive antibodies directed against myosin, tropomyosin,
and other host α-helical coiled coil proteins (e.g. laminin, keratin, and vimentin)
(Cunningham, 2000). This raises the possibility that specific structural irregularities
shared between M1, myosin, and tropomyosin are being recognized by crossreactive
antibodies rather than the generic “coiled coil-ness” of the structure. In support of
this notion, sequence idealization of the B-repeats of M1, in which a and d posi-
tions of the B-repeats were substituted with Val and Leu, respectively, resulted
in decreased recognition by the crossreactive antibody 36.2.2 (McNamara et al.,
2008), noted for its cytoxicity against heart cells (Cunningham et al., 1992). This
B-repeat idealized version of M1 retained the capacity to elicit protective immunity
(McNamara et al., 2008), suggesting that sequence idealization may be applicable
to vaccine design.

While the splaying apart of the B-repeats is indicative of the instability of the
coiled coil in this region, it is also possible that the anti-parallel coiled coil reflects
a physiologically relevant state in promoting GAS aggregation (Fig. 12.3a). GAS
aggregation is involved in the evasion of phagocytosis as well as the formation
of microcolonies that adhere better to epithelial cells than single bacterial cells
(Caparon et al., 1991; Frick et al., 2000). Evidence exists that M protein dimers
dynamically dissociate and reassociate (Akerstrom et al., 1992; Cedervall et al.,
1995; Nilson et al., 1995; McNamara et al., 2008), making it possible for M pro-
teins from abutting bacterial cells to associate in anti-parallel form. For the B-repeats
and perhaps for other portions of the M protein, the anti-parallel coil form may be
more favourable than the parallel one (Nilson et al., 1995; McNamara et al., 2008).
This is because the packing in an anti-parallel coiled coil is between a-d′ and d-a′
positions (the prime referring to the residue in the opposing helix) as opposed to the
a-a′ and d-d′ packing in a parallel coiled coil (Fig. 12.2a). Anti-parallel packing in
the B-repeats of M1 avoids several a-a′ charge-charge clashes that would occur in
the parallel conformation. Electron micrographs suggest that this sort of interaction
occurs (Phillips et al., 1981), and the importance of M protein to GAS aggregation
has been reported (Caparon et al., 1991).

For myosin and tropomyosin, structural irregularities in the coiled coil are cor-
related with function. The same appears to be the case for M protein. Idealization
of the a and d positions in the B-repeats of M1 was seen to impart greater sta-
bility to the molecule but also reduced its affinity for fibrinogen (McNamara
et al., 2008). The regularity of a coiled coil, while structurally elegant, appears
not to be conducive to conferring specific recognition or conformational flexibil-
ity. These features require nonideal sequences and structural irregularity, with the
cost of this being a diminution in protein stability. This explains a puzzling fea-
ture of M protein, its instability at 37◦C (Akerstrom et al., 1992; Cedervall et al.,
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Fig. 12.3 Functional interactions of M protein. Bacterial surface-bound M protein contributes to
(a) GAS aggregation through homotypic interactions, and (b) evasion of phagocytosis through
recruitment of fibrinogen or C4BP to the bacterial surface. Bound fibrinogen is also responsible
for recruiting plasmin to the GAS surface, which is associated with a transition from localized to
invasive infection. (c) M protein released by neutrophil proteases from the bacterial surface inter-
acts with fibrinogen, and M-fibrinogen complexes activate neutrophils via β2 integrins along with
IgGs that bind to M protein and interact with FcγRII. Activated neutrophils release the vasodilator
heparin binding protein (HBP). (d) M-fibrinogen complexes also activate platelets. This occurs
through interaction of these complexes with the integrin GPIIb/IIIa along with IgGs that bind
to M protein and interact with FcγRII. Activated platelets in turn lead to further activation of
neutrophils and monocytes. (e) M protein synergizes in a TLR2-dependent manner with HBP to
activate monocytes, which then secrete proinflammatory cytokines and upregulate the procoagula-
tory protein tissue factor. (f) M protein is also responsible for neutralizing the antimicrobial effects
of cathelicidins in neutrophil extracellular traps (NET)

1995; Nilson et al., 1995; Cedervall et al., 1997; Gubbe et al., 1997; McNamara
et al., 2008).

12.6 B-Repeats and Proinflammatory Effects

The B-repeats of several M protein types are crucial to the evasion of phagocytosis
through the recruitment of fibrinogen to the GAS surface (Ringdahl et al., 2000;
Carlsson et al., 2005). Bound fibrinogen substantially interferes with the formation
and deposition of the classical complement pathway C3 convertase, C4bC2a, (even
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in the absence of immune conditions) on the GAS surface (Fig. 12.3b) (Carlsson
et al., 2005). Fibrinogen is also responsible for recruiting plasmin to the GAS sur-
face, which is essential for the transition of an infection from localized to invasive
(Sun et al., 2004; Cole et al., 2006). The B-repeats are also immunodominant,
although the antibodies elicited by this region are nonopsonic and do not provide
protection (Fischetti and Windels, 1988; Huber et al., 1994; Stalhammar-Carlemalm
et al., 2007).

A separate role for the B-repeats of released M1 protein in septic shock has
been uncovered in recent years (Herwald et al., 2004). Released M1 binds fibrino-
gen through the B-repeats (Herwald et al., 2004; McNamara et al., 2008), and the
resulting M1-fibrinogen complex interacts with β2 integrins (i.e. CD11b/CD18) on
the surface of neutrophils (Fig. 12.3c). This brings about neutrophil activation, as
seen by an increase of several cell surface markers (e.g. CD11b) and the release of
soluble granule components, including heparin binding protein (HBP), the antimi-
crobial peptide LL-37, MMP-9 (gelatinase), and albumin (Herwald et al., 2004;
Soehnlein et al., 2008). This activation event requires both M1 protein and fibrino-
gen (Herwald et al., 2004; McNamara et al., 2008; Soehnlein et al., 2008), and likely
occurs through crosslinking of β2 integrins on the neutrophil surface as deduced
from the observation that antibody crosslinking of β2 integrins has the same effects
as M1-fibrinogen complexes (Gautam et al., 2000; Herwald et al., 2004; Soehnlein
et al., 2008). Neutrophil activation, as monitored by the release of HBP, is sub-
stantially enhanced by binding of IgG antibodies directed to the S-region of M1
(between the B-repeats and C-repeats) (Figs. 12.1 and 12.3) (Kahn et al., 2008).
These antibodies act through the FcγRII receptor (Kahn et al., 2008). Neutrophil
activation is also promoted by the binding of M1-fibrinogen complexes to the low-
affinity integrin GPIIb/IIIa on the surface of platelets, in concert with the binding
of IgGs directed against M1 to FcγRII (Fig. 12.3d) (Shannon et al., 2007). These
interactions lead to platelet activation, aggregation, and generation of thrombi, and
activated platelets in turn stimulate neutrophils and monocytes.

The most damaging substance released by activated neutrophils is HBP (also
called azurocidin and CAP37). HBP is an inactive serine protease and a member of
the serprocidin family of neutrophil cationic proteins (Gautam et al., 2001; Herwald
et al., 2004), and is stored in azurophilic granules and secretory vesicles (Tapper
et al., 2002). Once released, HBP acts on endothelial cells to cause Ca2+-dependent
cytoskeletal rearrangements and intercellular gap formation (Gautam et al., 2001).
These events lead in vivo to vasodilation, haemorrhage, and acute pulmonary dam-
age resembling the symptoms of STSS (Herwald et al., 2004; Soehnlein et al., 2008).
In agreement with these findings, high plasma levels of HBP in patients have been
found to be a strong indicator for the onset of sepsis and circulatory failure (Linder
et al., 2009).

HBP also synergizes with M1 protein in bringing about the secretion of the
proinflammatory cytokines IL-6, IL-1β, and TNF-α from monocytes (Fig. 12.3e)
(Pahlman et al., 2006). HBP acts on β2 integrins on the surface of monocytes, and
M1 acts in a TLR2-dependent manner on monocytes (Pahlman et al., 2006). In fact,
M1 binds preferentially to monocytes as compared to neutrophils and lymphocytes,
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and M1 and TLR2 appear to colocalize on the surface of monocytes (Pahlman
et al., 2006). Whether this interaction is direct and which portions of M1 protein
are involved are not known. M1, as well as some other M protein types, upregu-
late tissue factor on monocytes to produce a procoagulatory state (Pahlman et al.,
2007). The time to clot formation is decreased by these M protein types, with
C-terminal portions of M1 (S-region through the C-repeats) being required for this
effect (Pahlman et al., 2007).

Lastly and somewhat surprisingly, M1 also acts as a superantigen. M1 stimulates
T cell proliferation and causes the release of Th1 type cytokines (TNF-β and IFN-γ).
This effect is dependent on class II MHC and shows a preference for certain T cell
receptor (TCR) Vβ chains, which is the case for other superantigens (Pahlman et al.,
2008). Presumably, M1 crosslinks class II MHC molecules on antigen presenting
cells with particular TCRs, but this has not been shown directly and, again, which
portions of M1 are involved is not yet known.

The M1 protein type has been intensively studied for proinflammatory and pro-
coagulatory properties due to the prevalence of the M1 type among strains causing
invasive disease. Other M protein types have been documented to evoke responses
from host cells similar to that of M1. For example, M3, M5, and M49 have also been
found to stimulate the release of IL-6 from monocytes (Pahlman et al., 2006). More
comparative work will be required to determine whether M1 is especially virulent
compared to other M types.

12.7 Hypervariable Region

The very N-terminus of M protein, the HVR (Fig. 12.1), has intriguing functional
properties. Within a particular M type, the HVR sequence is quite stable (Facklam
et al., 2002). While the HVR is non-immunodominant (Stalhammar-Carlemalm
et al., 2007), it specifically elicits protective (i.e. opsonic) antibody responses (Dale
et al., 1983; Fischetti and Windels, 1988; Jones and Fischetti, 1988; Persson et al.,
2006; Sandin et al., 2006). Due to this protective feature, a multivalent vaccine com-
posed of portions of the HVRs of 26 prevalent M types has been tested and shown
to be promising (Dale et al., 2005). The sequence stability of the HVR in the face of
immune pressure suggests a functional importance to this region.

Consistent with the HVR having functional significance, deletion of the M5
HVR resulted in a ~50-fold lower competitive index in the liver and spleen of mice
(Waldemarsson et al., 2009). The functional basis for the importance of the M5 HVR
is unknown. While the M5 HVR binds factor H-like protein 1 (FHL-1) (Johnsson
et al., 1998), an alternative splice variant of the complement regulatory protein factor
H, the interaction with FHL-1 lacks functional significance (Kotarsky et al., 2001).
In contrast to the deletion of the entire HVR, a smaller deletion of residues 3–22
of the M5 HVR had no effect on colonization of the upper respiratory tract of mice
(Penfound et al., 2010). This smaller deletion did, however, lead to decreased bind-
ing of lipotechoic acid (LTA) to M5 and decreased GAS adherence to epithelial cells
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(Penfound et al., 2010). LTA displayed on M protein acts as an adhesin (Beachey
and Ofek, 1976).

No studies on the virulence of M1 protein lacking its HVR have been carried out,
but a functionally important interaction of the M1 HVR with a host component has
been identified (Lauth et al., 2009). The M1 HVR provides protection against cathe-
licidin antimicrobial peptides (i.e. LL-37 and mCRAMP), which kill GAS upon
entrapment in neutrophil or mast cell extracellular traps (Fig. 12.3f) (Lauth et al.,
2009). The effect is direct as incubation of an M1 fragment containing the HVR
results in a dose-dependent decrease of LL-37 in solution. At this point, the struc-
ture of the M1 HVR provides little direction in understanding how cathelicidins are
recognized. The first ~15 residues of the M1 HVR are disordered (Fig. 12.2b). The
following ~4 residues are in random coil conformation, after which the HVR forms
an α-helix. This α-helix makes one turn and then engages in a parallel, dimeric
coiled coil, at the end of which is the Ala-stagger (Fig. 12.2b). M1 also inhibits a
second antimicrobial peptide, this one derived from β2 glycoprotein I, but the region
of M1 responsible for this activity has not yet been mapped (Nilsson et al., 2008).

Perhaps the most remarkable feature uncovered for the HVR is the astonishing
number of sequence unrelated HVRs that bind the regulatory complement com-
ponent C4b-binding protein (C4BP) (Morfeldt et al., 2001; Persson et al., 2006).
The soluble glycoprotein C4BP increases the rate of dissociation of the C3 con-
vertase and increases the activity of the regulatory complement component factor I
(Gigli et al., 1979), which cleaves C3b. The C4BP-binding HVRs, although lack-
ing sequence identity, all bind to the same site on the α chain of C4BP (Accardo
et al., 1996; Jenkins et al., 2006). Recruitment of C4BP to the GAS surface by the
HVR of M protein is crucial for inhibiting phagocytosis through the interference
with deposition of the classical pathway C3 convertase as well as degradation of
the C3 convertase, presumably mediated by factor I (Fig. 12.3b) (Carlsson et al.,
2003). Furthermore, C4BP competes with opsonising antibodies targeted to the
HVR (Berggard et al., 2001; Carlsson et al., 2003).

Sequence analysis has revealed that C4BP-binding HVRs have only four residues
that are well conserved, two Glu residues at predicted outward-facing g positions of
the heptad and two Leu residues at predicted inward-facing d positions (Fig. 12.2a)
(Persson et al., 2006). Individual substitutions of these glutamates in the M22 HVR
with Ala had no effect on binding to C4BP, while individual substitutions of the
leucines in the M22 HVR with Ala did (Persson et al., 2006). These Glu and Leu
residues occur in the ordered coiled-coil portion of the HVR as determined from
nuclear magnetic resonance (NMR) spectroscopy evidence; by comparison, the N-
terminus is unstructured as it is in the M1 HVR (Andre et al., 2006). Not enough
information is available from the NMR data to indicate whether the coiled coil in the
C4BP-binding HVRs of M4 and M22 are structurally irregular (Andre et al., 2006).
Of note, the predicted coiled-coil register of the M22 HVR and other C4BP-binding
HVRs contain several nonideal residues at a and d positions. While C4BP binding
is maintained even when the putatively surface-exposed g position glutamates are
substituted by Ala, recognition by antibodies is compromised (Persson et al., 2006).
This suggests that small variations in the HVR that enable escape from immune
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pressure are possible without destroying essential functions. The structural basis
for the relatively sequence-independent interaction between the HVR and C4BP is
currently unknown.

12.8 Concluding Remarks

The M protein is remarkable for the number of different functions in GAS viru-
lence that are specified by its relatively simple, albeit nonideal, α-helical coiled
coil sequence. These functions depend on interactions between M protein and a
diverse set of host proteins, prominent among these being regulators of the com-
plement system and the blood clotting protein fibrinogen. Deeper knowledge of
how the sequence nonideality of M protein relates to its multifarious functions is
beginning to be gained. Recent work has shown that sequence nonidealities in M1
result in structural irregularities, and that these structural irregularities are essential
for binding fibrinogen and eliciting proinflammatory effects. They also appear to
be involved in antibody crossreactivity. A number of important questions remain
to be addressed. For example, a detailed accounting of how structural irregularities
beget specific recognition and function remains to be furnished. It also remains to be
determined whether structural irregularities in M protein are necessary for recogni-
tion of other host components, such as C4BP. It will also be important to understand
whether the M1 protein type has special proinflammatory and procoagulatory prop-
erties that distinguish it from other M protein types. The convergence of structural,
biochemical, genetic, and in vivo studies promises to shed light on these questions
in the coming years.
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Chapter 13
Bacterial Extracellular Polysaccharides

Kateryna Bazaka, Russell J. Crawford, Evgeny L. Nazarenko,
and Elena P. Ivanova

Abstract Extracellular polysaccharides are as structurally and functionally diverse
as the bacteria that synthesise them. They can be present in many forms, including
cell-bound capsular polysaccharides, unbound “slime”, and as O-antigen compo-
nent of lipopolysaccharide, with an equally wide range of biological functions.
These include resistance to desiccation, protection against nonspecific and specific
host immunity, and adherence. Unsurprisingly then, much effort has been made to
catalogue the enormous structural complexity of the extracellular polysaccharides
made possible by the wide assortment of available monosaccharide combinations,
non-carbohydrate residues, and linkage types, and to elucidate their biosynthesis and
export. In addition, the work is driven by the commercial potential of these micro-
bial substances in food, pharmaceutics and biomedical industries. Most recently,
bacteria-mediated environmental restoration and bioleaching have been attracting
much attention owing to their potential to remediate environmental effluents pro-
duced by the mining and metallurgy industries. In spite of technological advances
in chemistry, molecular biology and imaging techniques that allowed for consid-
erable expansion of knowledge pertaining to the bacterial surface polysaccharides,
current understanding of the mechanisms of synthesis and regulation of extracellu-
lar polysaccharides is yet to fully explain their structural intricacy and functional
variability.

13.1 Introduction

Bacteria secrete an intricate assortment of extracellular polymeric substances,
including polysaccharides, proteins, and nucleic acids, that vary in molecular mass
and structural properties (Jayaratne et al., 1993). Extracellular polysaccharides
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(EPSs) are produced by a broad range of bacterial species. They can be present in
many forms, including that of capsular polysaccharides, which are also referred to as
“cell-bound extracellular polymeric substances”. These are located on the outermost
surface of a wide range of bacteria. The EPS can also be found in its unbound form,
or “free EPS” (Dong et al., 2006; Roberts, 1996). In contrast to free EPS (otherwise
known as slime), which maintains only limited association with the surface of the
bacterial cells, capsular polysaccharides remain connected to cell surfaces by means
of a covalent attachment to phospholipid or lipid A molecules present at the bacte-
rial surface (Deng et al., 2000; Sørensen et al., 1990; Whitfield and Valvano, 1993).
However, using the extent of attachment as a means to differentiate between capsular
and free EPS can be complicated, since capsular polysaccharides may themselves be
released into the growth medium (i.e. become “free”) as a consequence of the low
stability of the phosphodiester linkage between the polysaccharide and the phos-
pholipid membrane anchor. Moreover, certain free EPS molecules can also remain
in close proximity to the cell surfaces in the absence of a detectable membrane
anchoring mechanism (Roberts, 1996; Troy et al., 1971). These tightly attached cap-
sular polysaccharides form a distinct structural layer (the capsule) which encloses
the cell and serves as a protective layer. This layer acts as a shield, protecting the
cell from major bacterial pathogens (Dong et al., 2006).

The commonly described biological functions of bacterial EPS include resistance
to desiccation (Roberson and Firestone, 1992), protection against nonspecific and
specific host immunity, and adherence. Capsular polysaccharides are major deter-
minants of virulence for many pathogenic bacteria as they may act to inhibit the
complement-mediated bactericidal activity of human serum. They may also impede
antibody opsonization and phagocytosis, promote colonisation of tissues and sur-
faces, and induce inflammation and aberrant complement activation that can be
damaging to host tissues. In addition, the presence of the capsule may significantly
increase the survival of a pathogen in the environment by acting as a permeability
barrier that facilitates selective transportation of nutrients, whilst at the same time
providing a protective barrier that excludes harmful substances such as antimicrobial
agents. Most significantly, EPS play a major role in mediating the bacterial coloniza-
tion of surfaces, biotic and abiotic, by enabling cell adhesion and co-aggregation
via dipole interactions, covalent or ionic bonding, steric interactions, and hydropho-
bic association (Beveridge and Fyfe, 1985; Beveridge and Graham, 1991; Bruno
and Yves, 2002; Decho, 1990; Flemming, 1995). Components of free EPS can
be released onto surfaces that might otherwise be considered unfriendly for bac-
terial settlement, such as mineral surfaces. These pre-condition the target surface by
adsorbing to it hence making it more attractive for bacterial attachment. In Gram-
negative bacteria, lipopolysaccharides represent a significant component of the outer
leaflet of the outer membrane. As a result, these lipopolysaccharides are also likely
to have a profound influence over the adhesive behaviour of the microorganism
(Fletcher, 1996). In Escherichia coli, the lipopolysaccharide core and O-antigen
have been identified as key components that mediate bacterial binding with inor-
ganic surfaces. Hydrogen bonding is an important factor in controlling O-antigen
adhesion to inorganic molecules such as Si3N4, TiO2, SiO2, and Al2O3 (Strauss



13 Bacterial Extracellular Polysaccharides 215

et al., 2009), and they also facilitate aggregation with other cells (Sheng et al.,
2008). The length and heterogeneity of the O-antigen may also contribute to the
adhesive interactions between the microorganism and its environment (Abu-Lail
and Camesano, 2003; Strauss et al., 2009). Equally, the ability of a bacterium to
attach and adhere to biotic targets such as host tissues and other microorganisms
is also strongly influenced by the secretion of EPS. The temperature, solution pH,
electrolyte and macromolecule concentration, and adsorbent surface chemistry will
directly influence the chemical composition and structure of the EPS substances that
are responsible for the surface conditioning (Cheng et al., 1994; Ong et al., 1994).

13.2 Bacterial Polysaccharides Chemistry and Structures

Bacterial polysaccharides are composed of repeating monosaccharide units that are
joined by glycosidic linkages. They can take form of homo- or heteropolymers,
with heteropolysaccharides generally comprised of oligosaccharide repeating units.
Bacterial cell surface polysaccharides, such as lipopolysaccharides and capsular
polysaccharides, are characterised by enormous structural complexity. The efforts
to understand their biosynthesis and export are driven by their importance in host–
bacteria interface biology, their strong association with bacterial pathogenicity, and
their important role in microorganism adhesion and biofilm formation (Woodward
et al., 2010). Such factors as the solution chemistry, abundance of nutrients, and the
cell growth phase exert a significant effect on the nature and the distribution of the
bacterial polysaccharides (Omoike and Chorover, 2004).

Bacterial capsular polysaccharides are generally linear and comprised of reg-
ularly repeating subunits of one to six monosaccharides. Their molecular weight
ranges between 100 and 1000 kDa. Lipopolysaccharides are comprised of the lipid
A which is embedded into the bacterial membrane, a core oligosaccharide, and
a polysaccharide, otherwise known as O-antigen, with repeating units of two to
greater than 100 (Strauss et al., 2009). The chemical structure of lipid A is highly
conserved, with the classical backbone of lipid A comprising of a β-1’,6-linked dis-
accharide of 2-amino-2-deoxy-D-glucose (D-glucosamine, D-GlcN) to which fatty
acids, typically 3-hydroxyalkanoic acids, are bound via ester or amide linkages.
More variable compared to the lipid moiety, the inner region of the core oligosac-
charide is typically constructed from 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo)
and L-glycero-D-manno-heptose (LD-Hep). Kdo and phosphate, and less frequently
hexuronic and other sugar acid residues, contribute to the anionic nature of both
the inner core region and of lipid A. The phosphate groups frequently act as a
bridge to an amino alcohol (ethanolamine, Et3N), to 4-amino-4-deoxy-L-arabinose
(L-Ara4N), or to other amino sugar residues.

The O-antigenic side chains consist of polymerized oligosaccharide units, and
are highly variable in terms of their chemical structure and composition. In addi-
tion to the vast potential for complexity and diversity available with the common
hexoses alone, the scope of variation within extracellular polysaccharides is often
further enhanced by the presence of less common enantiomers, other stereoisomers,
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monosaccharides of different chain length (C5–C10), ketoses, aldoses and branched
monosaccharides (Caroff and Karibian, 2003). In addition, the diversity of these
polysaccharides is further enhanced by other structural modifications (e.g. positional
and cumulative permutations of deoxy, amino and carboxyl functions; esterification,
etherification and amidation) and the presence of non-carbohydrate residues (e.g.
polyols, carboxylic and amino acids). Furthermore, a wide variety of configurations
may be adopted between any two structural units due to the high number of hydroxyl
groups in each monosaccharide, each of which may form a glycoside bond. The con-
figuration of O-antigen is flexible and depends on the immediate environment of the
bacterium. The preferred conformation of lipopolysaccharides seems to have the
O-antigen positioned flat on top of the saturated fats and phospholipids of the lipid
A, and possibly on the non-polar sites of the cell surface (Fletcher, 1996).

Since the presence of certain terminal sugars within the structure of the
O-specific side chain confers immunological specificity of the antigen, the degree of
O-chain polymerisation can be used to define biologically distinct serotypes within
a species. Depending on the degree of the O-antigen attenuation, a species with a
complete O-antigen is classified as smooth (S-type), whereas loss of the O-specific
region by mutation renders the strain rough (R-type), or deep-rough (core-defective
R-type) if the core oligosaccharide is incomplete. In addition to having a direct
effect on the virulence of the strain and its susceptibility to various chemicals, such
mutations also significantly influence the surface properties of the microorganism,
and hence the nature of the bacterium-host and bacterium-abiotic target interactions.

13.3 Biological Specificity of Extracellular Polysaccharides

Extracellular polysaccharides are highly hydrated, generally containing more than
95% water (Costerton et al., 1981). The biosynthesis of extracellular polysac-
charides is hierarchical, with the biological repeating unit polymerised from an
already-assembled oligosaccharide. In most structural studies, only the “chemical”
repeating unit has been determined, whereas the “biological” repeating unit may be
any cyclic permutation of that structure (Jansson, 1999; Kenne and Lindberg, 1983).
Biological specificity is achieved through chemical diversity, through variations in
composition and structure. Hence, it is not surprising that bacterial populations
within the same species can express distinctly dissimilar capsular polysaccharides.
For instance, over 80 distinct capsular serotypes have been indentified for E. coli
(Nesper et al., 2003), 91 capsular serotypes indentified for Streptococcus pneumo-
nia (Weinberger et al., 2009), and 78 for Klebsiella pneumonia (Pan et al., 2008). On
the other hand, chemically identical capsular polysaccharides have been identified
in a taxonomically diverse range of bacterial species, including the group B capsule
of Neisseria meningitidis homopolymer of α2,8-linked N-acetylneuraminic acid
(NeuNAc), which is identical to the K1 capsule of E. coli (Grados and Ewing, 1970),
while Pasteurella multocida type D repeating disaccharides of glucuronic acid
linked to N-acetylglucosamine are identical to the E. coli K5 antigen (DeAngelis
and White, 2002).
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13.4 Factors Influencing Bacterial Interactions with Surfaces

Extracellular polysaccharides play a crucial role in the bacterial colonization of
surfaces by facilitating cell adhesion to biotic (i.e. epithelial and endothelial cells)
and abiotic surfaces (i.e. mineral surfaces or medical implants), and to each other
(Beveridge and Graham, 1991; Bruno and Yves, 2002; Decho, 1990; Flemming,
1995). Adhesion of the cells to solid surfaces involves a combination of electrostatic
interactions, hydrogen bonds, and London dispersion forces. This may result in the
formation of biofilms and EPS-mediated interspecies co-aggregation within biofilms
that can boost their individual potential for colonisation of various ecological niches
(Costerton et al., 1987; Mayer et al., 1999). For bacterial cells, the biofilm can also
act as a defence mechanism against predation by phagocytic protozoa, and can serve
as a permeability barrier against antimicrobial agents (Costerton et al., 1999). It also
confers certain nutritional advantages over the planktonic state, which can be essen-
tial for the survival of bacterial populations, by acting as a sorptive sponge that
binds and concentrates organic molecules and ions close to the cells (Decho, 2000).
A biofilm can comprise bacteria, algae, fungi and protozoa embedded in a dynamic
aggregation of polymeric compounds, mostly polysaccharides, with the addition of
proteins, nucleic acids, lipids, and humic substances. The composition and quan-
tity of the extracellular polymeric materials that form the matrix of the biofilm will
change with the type of microorganism, the age of the biofilm and the environmen-
tal circumstances – viz the level of oxygen and nitrogen, the extent of desiccation,
temperature, pH, and availability of nutrients (Mayer et al., 1999). This highlights
how bacteria can respond to their rapidly changing environment by adapting their
capsular polysaccharides (Ahimou et al., 2007). It also explains how bacteria can
successfully occupy a diverse range of ecological niches (Costerton et al., 1987).
The degree of colonization and the stability of the attachment to an abiotic sur-
face vary with the properties of that surface. Adhesion and settlement improve with
surface roughness due to the associated increase in surface area available for coloni-
sation. In addition, the “valleys” on the surface supply the microorganisms with a
protected habitat, with reduced shear forces (Donlan, 2002). Factors influencing the
rate and degree of attachment to the surface include the surface energy of the struc-
ture, the hydrophobicity of the bacterial cell, the presence of fimbriae and flagella,
the degree of EPS production and the type of polymeric materials being produced
by the cell (Donlan, 2002). Bacterial cells attach more favourably and rapidly to
hydrophobic, non-polar rather than hydrophilic surfaces (Flemming and Wingender,
2001). Certain polysaccharide–surface combinations result in irreversible attach-
ment. In these instances, the binding forces between the individual cell and the
abiotic surface improve the overall stability of the biofilm matrix (Romaní et al.,
2008). Charged non-carbohydrate components such as uronic acids or ketal-linked
pyruvates present in the EPS further enhance the anionic nature of the surface
polysaccharides of Gram-negative bacteria, thus allowing the association of diva-
lent cations (i.e. calcium, magnesium) to increase the binding forces within biofilm
(Sutherland, 2001). These non-carbohydrate components also strongly influence the
tertiary structure and the physical properties of EPS.
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13.5 Role of Extracellular Polymeric Substances in Adhesion
and Biofilm Formation

Capsular polysaccharides and free EPS are present in the outermost layer of a cell.
As a result, they form an additional barrier between the membrane of the bacterium
and its environment. They have a significant role in the bacterial colonization of
surfaces by facilitating cell adhesion to host cells, other surfaces, and each other
(Camesano and Logan, 2000; Cescutti et al., 2010). Mineral surfaces and other harsh
environments can be pre-conditioned for settlement by the bacterial cell using com-
ponents of free EPS that adsorb to the target surface, making it more suitable for
attachment. The nature of the polymeric substances involved in the conditioning step
will be dependent on such environmental factors as temperature, solution pH, elec-
trolyte and macromolecule concentration, and adsorbent surface chemistry (Cheng
et al., 1994; Ong et al., 1994). In cell suspensions, EPS are distributed between the
cell surface (i.e. capsular polysaccharides), the aqueous phase (i.e. free EPS), or a
hydrated matrix in biofilm (biofilm EPS) (Omoike and Chorover, 2004). The distri-
bution of the extracellular polymeric substances is also influenced to a great extent
by the nature of the cells’ ambient conditions, such as solution chemistry, abundance
of nutrients, and the growth phase of the cells.

13.5.1 Extracellular Polysaccharides of Clinically Relevant
Microorganisms

For pathogenic bacteria, cell adhesion to host tissues is strongly associated with the
presence of extracellular polysaccharides, particularly capsular polysaccharides. For
many years, capsular serotyping was the primary method used to classify strains
of many encapsulated pathogenic bacteria, since their pathogenicity is affed sig-
nificantly by the type of capsular polysaccharide. During invasive infection, the
interactions between the host and the bacteria are directly mediated by extracel-
lular polymeric substances (Tomlinson, 1993). For example, in S. pneumonia, the
capsular serotype is closely associated with its propensity to cause diseases such
as otitis media, pneumonia, bacteraemia, and meningitis, or to be carried by the
host asymptomatically (Bogaert et al., 2004; Lipsitch and O’Hagan, 2007). Capsular
polysaccharides of S. pneumonia are often a primary target of the immune system
(Janeway et al., 2001). Consequently, they are used for vaccination (Black et al.,
2000) and passive immunization. There is considerable diversity in the types of cap-
sular polysaccharides that exist, thereby assisting the pathogen to elude host immune
mechanisms (Shu et al., 2009).

Similarly, capsular polysaccharides present on the surface of N. meningitidis have
been shown to be a key virulence factor (Caugant et al., 2007), as almost all strains
that cause meningococcal disease are encapsulated (Dolan-Livengood et al., 2003;
Yazdankhah and Caugant, 2004). Along with averting detection and recognition by
immune mechanisms of the host, the capsule may help meningococcal shedding
from mucosal surfaces in the host, thus enhancing transmission of the bacteria from
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one individual to another (Dolan-Livengood et al., 2003). The presence of the highly
hydrated capsule and “slime” provides protection against desiccation, which ensures
host to host transmission and survival of encapsulated bacteria under harsh envi-
ronmental conditions. Mucoid strains of E. coli, Acinetobacter calcoaceticus, and
Erwinia stewartii have higher levels of resistance to desiccation than their corre-
sponding isogenic acapsular mutants, with survival rates decreased from 35 to 5%
in mucoid and nonmucoid cells, respectively (Ophir and Gutnick, 1994). Reduced
humidity affects the osmolarity in the cells’ immediate environment, as shown by
induction of β-galactosidase in a genetic fusion experiment (Ophir and Gutnick,
1994). The expression of capsular polysaccharides in alginate EPS of Pseudomonas
aeruginosa and Salmonella typhi also increases with increased osmolarity in the
environment (Berry et al., 1989; Pickard et al., 1994).

Streptococcus pyogenes (or GAS) is the cause of many important clinical infec-
tions, ranging from mild superficial skin infections to systemic diseases such as
acute rheumatic fever, streptococcal pharyngitis, streptococcal toxic shock syn-
drome, and necrotizing fasciitis (Hoge et al., 1993; Kaul et al., 1997). Apart from
being a vital stage in the life cycle of S. pyogenes, colonisation of the pharynx by
these cells also functions as a reservoir for strains of GAS associated with such
infections as necrotizing fasciitis and pharyngitis. Several studies have demonstrated
the importance of the hyaluronic acid capsule in the colonisation of the pharynx
keratinocytes in vivo (Cywes et al., 2000). CD44, a hyaluronic acid-binding protein
that mediates human cell-cell– and cell-extracellular matrix–binding interactions,
acts as a receptor for attachment (Ashbaugh et al., 2000). Wessels and Bronze
(1994) demonstrated that GAS capsule confers a powerful selective advantage in
this environmental niche by injecting mice with an acapsular mutant of the strain
that reverted to its encapsulated state at a low frequency (<10–4). Mice inocu-
lated with the revertible mutant yielded a high number of encapsulated revertants,
with mortality levels similar to those caused by the parental strain. The attached
GAS cells induced lamellipodia formation in keratinocytes, similar to some Gram-
negative pathogens (i.e. Shigella flexneri), with subsequent internalization of the
bacterial cell taking place by fusion of the lamellipodia. Significant cytoskeletal
rearrangements and cell signalling events triggered by the direct contact between
the pathogen and host cell allow bacteria to move in an intracellular fashion, infect-
ing the adjacent host cells and disseminating the infection across the epithelium
(Van Nhieu et al., 2003).

The internalization mechanism triggered by Klebsiella pneumoniae, however, is
notably different. The acapsular mutant of K. pneumoniae has been demonstrated
to hinder the initial attachment of the pathogen to the host cell by increasing the
surface levels of ICAM-1, causing the release of IL-8 (Regueiro et al., 2006).
The capsule-defective mutant demonstrated a greater level of adhesion to epithelial
cell lines compared to its wild-type strain counterpart, with the aggregative pattern
being maintained, indicating that the capsule was not related to the adhesion phe-
notype (Favre-Bonte et al., 1999). However, the encapsulated isolates of the same
K. pneumoniae strain attached more efficiently to a mucus-producing cell line than
an acapsular mutant, indicating that for certain pathogens, capsular polysaccharides
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may help in early colonisation of the mucus layer. Subsequent interaction with the
underlying epithelial layer is inhibited by the presence of a capsule, most proba-
bly due to the masking of bacterial functions required for specific interaction with
the epithelial surface (Moranta et al., 2009; Roberts, 1996). The level of encapsu-
lation in the wild type stain depended on the growth phase, peaking at the lag and
early log phases, with the level of adhesin modulated by the presence of the capsule
(Favre-Bonte et al., 1999).

13.5.2 Functions of Polysaccharides in Bacterial Attachment

Capsular polysaccharides mitigate the effects of the changing environment upon
the bacteria. Any spatial or temporal variations in the location of the bacteria may
directly or indirectly select for certain capsular polysaccharides.. Local variation
within the same host may favour particular genetic or phenotypic variability, as
demonstrated by Briles and co-workers (2005). To facilitate survival and adaptation
to its current or potential host environments, bacterial pathogens also take advantage
of localized hypermutation, through the polymerase slippage of simple sequence
repeats, to generate phenotypic variations that are better equipped for a given habitat
and so lead to enhanced population fitness (Moxon et al., 2006).

13.6 Commercial Applications for Extracellular Polysaccharides

As a result of their ability to adjust to varied environmental conditions, marine bac-
teria from different classes of Proteobacteria have recently gained attention due
to their potential to decontaminate polluted sites (Head et al., 2006). A number
of strategies involving marine bacteria of different species, both planktonic and
biofilm-forming, have been developed to remediate environmental effluents pro-
duced by the mining and metallurgy industries (Gadd, 2010; Rawlings and Johnson,
2007; Valenzuela et al., 2006) and to lessen the amount of toxic waste entering both
aquatic and terrestrial systems (Liu et al., 2008). Biofilm-mediated environmen-
tal restoration is thought to be more effective compared with bioremediation with
planktonic bacteria since the EPS matrix of the biofilm acts as a mediator between
cells and their ambient environment, thus increasing the chances of the bacteria to
survive by adapting to rapidly changing external pressures (Costerton et al., 2003;
Singh and Cameotra, 2004).

Bioremediation can be targeted at pollutants like heavy metals, BTEX hydro-
carbons, petroleum, polycyclic aromatic hydrocarbons, microaromatics, polychlo-
rinated biphenyls, chlorinated phenols and aliphatics (James and Andrew, 2005).
In addition to significant efficiency and associated economic advantages (Pal and
Paul, 2008), bacteria-mediated remediation offers significant environmental ben-
efits compared to traditional chemical and physical treatment methods. Capsular
polysaccharides and free EPS play a vital role in biosorption as the electro-
static interactions between the metal ligands and negatively charged EPS lead to
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formation of stable complexes. EPS also plays a significant role in determining
whether bacteria have the ability to flocculate (Pal and Paul, 2008). Marine sul-
phate reducing bacteria have been demonstrated to be highly efficient in biosorption
of Mo(VI), Ni(II) and Cr(III) and anaerobic degradation of many organic pollu-
tants (Singh and Cameotra, 2004). A number of Shewanella spp. have been shown
to be capable of dissimilatory reduction of a wide range of electron acceptors,
including metal oxides (e.g. Fe(III) and Mn(IV)) and organic pollutants. The pho-
tosynthetic bacterium Rhodovulum sp. PS88 has been found suitable for wastewater
treatment of soybean curd and sugar cane manufacturing, and for the environmental
restoration of polluted sea water discharged from the fishery industries (Watanabe
et al., 1998). Pseudoalteromonas haloplanktis TAC125 has been shown to possess
valuable degradative properties, efficiently converting several aromatic compounds
into their corresponding catechols over a wide range of temperatures, making the
strain appropriate for the bioremediation of chemically contaminated marine envi-
ronments and/or cold effluents (Papa et al., 2009). A deep-sea, mesophilic and
heterotrophic bacterium Alteromonas macleodii subsp. fijiensis binds Pb(II), Cd(II)
and Zn(II) to form stable non-toxic complexes (Rougeaux et al., 1998). Another
economically significant application of the ability of bacteria to bind metal ions
is bioleaching, a process of recovering metals from low-grade mineral ores using
microorganisms capable of oxidizing solid compounds into soluble and extractable
elements (Rohwerder et al., 2003). Hyphomonas adhaerens MHS-3 possesses the
unusual capacity to sequester gold and to concentrate it to very high levels, with
the gold-binding site being specifically located on the polysaccharide capsule of the
microorganism (Quintero et al., 2001). Marine acidophilic thiobacillus, Thiobacillus
prosperus, is a halotolerant metal-mobilizing bacterium known to use sulfidic ores,
elemental sulfur or ferrous iron as energy sources and hence can be utilized for metal
recovery from sulfide minerals (Robertson and Kuenen, 2006).

13.7 Concluding Remarks

As extracellular polysaccharides are very important in baterial adhesion and other
processes, a greater understanding of these complex structures would be very valu-
able. The carbohydrate structures are commonly elucidated using either sugar and
methylation analyses, or NMR spectroscopy. However, differentiating between cap-
sular polysaccharides, unbound EPS, and O-antigens is challenging due to the
sensitivity limitations of currently available detection and analytical techniques
(Ørskov and Ørskov, 1991; Wagner et al., 2009). Advanced microscopy and spec-
troscopy techniques, atomic force microscopy (AFM), confocal laser scanning
microscopy (CLSM), infrared spectroscopy, nuclear magnetic resonance imaging
(NMRI), Raman spectroscopy (RM) and scanning electron microscopy (SEM) can
assist in the surface and structure analysis of bacterial extracellular polysaccharide
(Denkhaus et al., 2007; Wolf et al., 2002). For instance, a combination of CLSM
and RM techniques allows for improved in-situ resolution and chemical classifi-
cation of polysaccharides and other EPS constituents (Haisch and Niessner, 2007;
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Pradhan et al., 2008; Schmid et al., 2008). AFM is capable of imaging the sur-
face morphology with sub-nanometer resolution under hydrated conditions and in
aqueous solutions, without the need for staining (unlike CLSM) or coating (unlike
SEM) (Mangold et al., 2008; Pradhan et al., 2008). Simultaneous application of
AFM and RM techniques facilitates high resolution dynamic visualization of the
macromolecules as they assemble as a response to different stress factors or in
the course of attachment to surfaces (Pradhan et al., 2008). Optical coherence
tomography can further enhance the resolution of the image and assist visualiza-
tion of EPS structures under a range of environmental conditions (Xi et al., 2006).
Sum-frequency-generation spectroscopy is a highly surface sensitive technique par-
ticularly applicable to situations where probing structure under a layer of live cells
is desired (Howell et al., 2008).
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Chapter 14
Carbohydrate Mediated Bacterial Adhesion

Roland J. Pieters

Abstract In the process of adhesion, bacteria often carry proteins on their sur-
face, adhesins, that bind to specific components of tissue cells or the extracellular
matrix. In many cases these components are carbohydrate structures. The carbohy-
drate binding specificities of many bacteria have been uncovered over the years. The
design and synthesis of inhibitors of bacterial adhesion has the potential to create
new therapeutics for the prevention and possibly treatment of bacterial infections.
Unfortunately, the carbohydrate structures often bind only weakly to the adhesion
proteins, although drug design approaches can improve the situation. Furthermore,
in some cases linking carbohydrates covalently together, to create so-called multiva-
lent systems, can also significantly enhance the inhibitory potency. Besides adhesion
inhibition as a potential therapeutic strategy, the adhesion proteins can also be used
for detection. Novel methods to do this are being developed. These include the
use of microarrays and glyconanoparticles. New developments in these areas are
discussed.

14.1 Introduction

In the process of adhesion, bacteria often carry proteins on their surface, adhesins,
that bind to specific components of tissue cells or the extracellular matrix. In many
cases they bind to carbohydrate structures on the cell surface that are part of the
glycoproteins or glycolipids. The specific recognition is often required for bacte-
rial infection or invasion to take place (Fig. 14.1). Recognition is also the cause of
the preference of certain pathogens for selected tissues, a phenomenon called tissue
tropism. Similarly, pathogens are often species specific because of this recognition.
The specificities of many bacteria have been uncovered over the years and the use
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Fig. 14.1 The principle of bacterial adhesion as a prelude to infection

of carbohydrate microarrays has accelerated this process. The design and synthe-
sis of inhibitors of bacterial adhesion has the potential to create new therapeutics
for the prevention and possibly treatment of infections. Unfortunately, inhibition by
simple carbohydrates requires high sugar concentrations due to the low affinity of
the sugars. In some cases linking carbohydrates covalently together, i.e. the gen-
eration of multivalent carbohydrates, significantly enhanced the inhibitory potency.
More inhibitor design at the mono and multivalent level is needed in order to create
therapeutics.

Besides the potency for interference, the adhesion proteins can also be used for
detection. Since the adhesion specificity for one or more carbohydrate sequences
is specific, the specific binding pattern of a pathogen could serve as a profiling
identification tool. In addition, as functional adhesins are often virulence factors,
a positive identification may yield important diagnostic information. Novel meth-
ods to do this are being developed. These include the use of microarrays and
glyconanoparticles. Specific binding patterns of bacteria to carbohydrate microar-
rays have been observed. The glyconanoparticles have a large surface area and
bind tightly to the bacteria, that can subsequently be detected using several meth-
ods. In this chapter several important binding specificities of relevant pathogens
are shown. Furthermore, I describe selected examples of adhesion inhibitors and
the latest developments in adhesion-based detection. Finally, some examples are
shown where the bacterial binding does not involve adhesin proteins, but carbohy-
drates, on the bacteria. Such cases may involve protein carbohydrate interactions,
but carbohydrate–carbohydrate interactions have also been observed.

14.2 Adhesins

Several adhesins of E. coli are well-studied, especially those associated with urinary
tract infections. These are typically displayed on pili or fimbriae, which are hair-like
appendages on the surface of the bacterial cells and include the type 1, P, S, and
F1C fimbriae. They contain adhesion proteins (Fig. 14.2) that exhibit affinity for α-
linked mannosides (1), Galα1-4Gal (galabiose) (2) (Fig. 14.3), sialylated galactose
ligands such as 3 and GalNAcβ1-4Gal (4) epitopes, respectively (Korhonen et al.,
1984; Moch et al., 1987; Khan et al., 2000ab, Khan and Hacker, 2000). The type
I mannose-specific fimbriae are the most studied and contain the FimH adhesin
(Fig. 14.2a) (Krogfelt et al., 1990; Choudhury et al., 1999). This adhesin contains
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Fig. 14.2 X-ray structures of
carbohydrate binding
adhesins. (a) structure of the
E. coli adhesin FimH bound
to butyl α-D mannoside (pdb
1TR7); (b) structure of the
PapGII adhesin of E. coli in
complex with GalNAcβ1-
4Galα1-4Galβ1-4Glc (pdb
1J8R)
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Fig. 14.3 Bacterial adhesins bind to these structures: D-mannose (1), galabiose (2), 2-3 sialyllac-
tose (3), GalNAcβ1-4Gal (4), D-galactose (5), L-fucose (6), Lewis b antigen (7)

a single binding site for α-linked mannose derivatives, is present and functional at
the fimbrial tip and seemingly also along the fimbrial shaft at roughly 100–150 nm
intervals, based on visualization with gold nanoparticles by transmission electron
microscopy (Lin et al., 2002). The P fimbriae contain the galabiose specific-PapG
adhesin, which is linked to pyelonephritis, a serious urinary tract disease involving
kidney infection. The three types of the adhesin, PapGI, PapGII and PapGIII, all
bind to glycolipids of the Globo series sharing affinity for the galabiose epitope (2),
with subtle differences. There is an X-ray structure (Dodson et al., 2001) of the
PapGII adhesin bound to a galabiose-containing ligand (Fig. 14.2b) as well as an
NMR structure (Sung et al., 2001). Less is known of the adhesins of the other two
E. coli fimbriae.
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Pulmonary pathogens such as those typically infecting cystic fibrosis
(CF) patients, Pseudomonas aeruginosa (but also Haemophilus influenzae,
Staphylococcus aureus, Streptococcus pneumoniae and Klebsiella pneumoniae)
bind to GalNAcβ1-4Gal (4) as their minimal adhesion sequence (Krivan et al.,
1988). Interestingly, the GalNAcβ1-4Gal sequence is present in lung tissue as
part of the ganglioside asialo-GM-1, i.e. the glycosphingolipid with a sugar part
of Galβ1-3GalNAcβ1-4Galβ1-4Glc. Asialo-GM-1 is present in higher abundance
on CF-affected lung epithelia, which may enhance the degree of colonization of
the lungs by these respiratory pathogens (Imundo et al., 1995). More recently,
Legionella pneumophila, which causes Legionnaires’ disease, and Yersinia pestis
were shown to be inhibited by this disaccharide (Thomas and Brooks, 2004a,b).
The binding of Pseudomonas aeruginosa to GalNAcβ1-4Gal was studied in more
detail (Sheth et al., 1994) and the structure of the adhesin, part of the type IV pilin,
was solved, suggesting that it interacts mostly with the oligosaccharide through the
main chain (Hazes et al., 2000). Besides the type IV pili, P. aeruginosa uses addi-
tional adhesion factors, the two related soluble lectins LecA (or PA-IL) and LecB
(or PA-IIL), with specificities for galactosides (5) and fucosides (6) respectively.
These lectins are found on the bacterial outer membrane and play a role in biofilm
formation.

The stomach bacterium Helicobacter pylori, which causes gastric ulcers and can-
cer, is well-studied with respect to its adhesion profile. Details of the fine specificity
of H. pylori for the various gangliosides continue to emerge (Miller-Podraza et al.,
2004, 2005; Roche et al., 2004; Walz et al., 2005). Carbohydrates recognized by
the pathogen include the Lewis b antigen (7), neolacto structures, ganglio structures
and some sulphated structures (Miller-Podraza et al., 2009). Three adhesins have
been characterized: the Lewis-b binding BabA and two sialic-acid binding proteins
SabA (Mahdavi et al., 2002) and HP0721 (Bennett and Roberts, 2005). A recent
study showed that if the glycosyl transferase (a fucosyl transferase) responsible for
building up the BabA target structures was not present in a mouse model, H. pylori
adhesion was greatly reduced (Magalhães et al., 2009).

The Gram-positive bacteria Streptococcus suis can cause meningitis, septicemia,
and pneumonia in pigs and meningitis in humans (Arends and Zanen, 1988; Staats
et al., 1997). The pathogen recognizes the galabiose epitope (2) (Haataja et al.,
1993). Two galabiose-binding subtypes of S. suis designated as PN and PO exist
that showed subtle differences in their binding specificities (Haataja et al., 1994,
1999).

14.3 Inhibition

Inhibition of bacterial adhesion has therapeutic potential, since the adhesion step
is often crucial for the subsequent steps towards disease. For this reason, adhe-
sion inhibitors have been designed and synthesized. Early on, high concentrations
of mannose were shown to prevent the adhesion of type I fimbriated E. coli to
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tissue (Firon et al., 1987). More recently it was found that a lipophilic aglycone
part such as a heptyl group can enhance binding by a factor of 440-fold com-
pared to methyl α-D-mannoside. A hydrophobic ridge outside the mannose binding
pocket was deemed responsible for the enhanced binding based on an X-ray struc-
ture of the protein (Bouckaert et al., 2005.). Further optimization efforts resulted
in compound 8 (Fig. 14.4), which is almost 7000-fold more potent than methyl
α-D-mannoside (Sperling et al., 2006). Recently, more insights into the binding
specificity were obtained from bacterial binding studies to mannose derivatives con-
jugated to a polylysin matrix attached to a surface (Barth et al., 2008). Interestingly,
of all the derivatives tested, ranging from the monosaccharide mannose up to the
full branched high mannose core structure Man9, the monosaccharide linked to a
propyl spacer 12 and the trisaccharide 13 bound the most bacteria (Fig. 14.5). Also,
the adhesion profile changed as a function of shear stress, as determined using flow
conditions.
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In order to find inhibitors for LecB, the Reymond group screened a solid-phase
peptide dendrimer library in which each of the arms terminated in a fucose moi-
ety, hoping to find inhibitors with significantly enhanced potency when compared
to the corresponding monosaccharides. The search and also some further optimiza-
tion yielded multivalent inhibitors that were up to 30-fold more potent (compound
9, Fig. 14.4) per sugar than a monovalent glycopeptide reference compound in an
enzyme-linked lectin assay. Interestingly, the inhibitors were also able to inhibit
the formation of a biofilm of the bacteria (Johansson et al., 2008; Kolomiets et al.,
2009). Related to this, LecA and LecB have recently been shown to cause signifi-
cant injury by themselves, because they are cytotoxic and increase the permeability
of the alveolar barrier. In animal studies, blocking the lectins with monosaccha-
rides (Me-α-Fuc, Me-α-Gal and GalNAc) or by mutation reduced both the effects
and the bacterial load in the lungs, and thus the subsequent bacterial dissemination.
The results clearly indicate the therapeutic potential of potent adhesion inhibitors. A
microarray screening of over 200 carbohydrate sequences with LecA revealed that
the sequence Galα1,4Gal bound most strongly. Surprisingly the Galα1,3Gal iso-
mer bound as strongly in a microcalorimetry experiment (Blanchard et al., 2008).
The binding data were rationalized with docking data in conjunction with an X-ray
structure of the lectin bound to Galα1,3Galβ1,4Glc. The opportunistic pathogen
Burkholderia cenocepacia produces lectins related to LecB (Lameignere et al.,
2010). One of these, BC2L-A, bound mannose derivatives with a preference for the
divalent compound 10 (Fig. 14.4), which probably leads to the formation of a linear
array of the dimeric lectin. Finally, the pig pathogen and emerging human pathogen
Streptococcus suis can be blocked by the disaccharide galabiose (Galα1,4Gal).
However, the binding of the bacterium can more effectively be blocked by the use
of multivalent versions of the galabiose moiety, as was shown for compound 11
(Fig. 14.4) with an IC50 in a haemagglutination assay as low as 2.3 nM, compared
to 400 nM for a monovalent galabiose derivative (Joosten et al., 2004; Branderhorst
et al., 2008). Inhibitors of bacterial adhesion are also being sought among natu-
ral carbohydrate sources (Wittschier et al., 2007). High molecular weight fractions
of carbohydrates mostly from plants were screened for their ability to block the
adhesion of H. pylori, Campylobacter jejeuni, the oral pathogen Porphyromonas



14 Carbohydrate Mediated Bacterial Adhesion 233

gingivalis and Candida albicans to relevant tissue samples. Glucuronic acid rich
fractions from okra fruits had a strong effect on the adhesion of H. pylori, C. jeje-
uni and P. gingivalis. No potent inhibitors against C. albicans adhesion were found.
Pectic oligosaccharides were also tested for their ability to block the adhesion and
invasion of Caco-2 cells by C. jejeuni. In this case, bacterial adhesion was not
affected but the oligosaccharides significantly inhibited bacterial invasion (Ganan
et al., 2010).

14.4 Detection

The binding specificity of bacteria can be used as a sensitive and specific detec-
tion and characterization handle for bacterial pathogens and as a way to remove
unwanted industrial bacterial contaminants. Rapid and accurate detection assays
could become a practical alternative to time-consuming bacterial cell culture, which
would greatly speed up the development of a treatment plan in the case of a seri-
ous infection. For this purpose glycopolymers and carbohydrate arrays have been
explored, but currently the focus is mostly on the use of glyconanoparticles, and
ideally magnetic ones. Most studies have focused on the detection of type 1 fimbri-
ated uropathogenic E. coli since its binding to mannosides is very well established
(vide supra). A complete detection system has not yet been developed in all cases,
but the capture of the bacteria by microscopic techniques has been demonstrated.
The fluorescent polymer poly(p-phenylene ethynylene) linked to mannose units 14
(Fig. 14.6) was able to bind to bacteria which could be detected after removing
the excess polymer by centrifugation and resuspending the (now fluorescent) bac-
teria (Fig. 14.6). The degree of binding was detected by fluorescence microscopy.
Using this method it was possible to detect 104 bacteria per mL (Disney et al.,
2004). In another approach, a microarray displaying various monosaccharides was
used (Disney and Seeberger, 2004). The bacteria were made fluorescent with a
cell-permeable fluorescent dye that stains nucleic acids. Incubation resulted in fluo-
rescent mannose displaying spots, leaving the others dark. The detection limit in this
case was around 105 bacteria per mL. Silica coated magnetic glyconanoparticles 15
(Fig. 14.6) were also used for bacterial detection. These particles have an average
diameter of 10 nm and contained about 300 mannosides, which allows numerous
particles to bind to a single bacterium. The advantage of using magnetic particles
is that, after incubation of the particles with the E. coli bacteria, the bound bacte-
ria can be separated from the unbound ones simply by a magnet. In this study the
bacteria were fluorescently stained. 104 bacteria per mL were detectable by fluo-
rescent microscopy (El-Boubbou et al., 2007). Interestingly, most of the bacteria
were captured from the fluids (up to 88%) indicating the potential of the magnetic
nanoparticles to remove unwanted bacteria from fluids, i.e. decontamination. In a
related study, much larger (2.8 μm diameter) magnetic particles 16 conjugated via
a streptavidin monolayer were incubated with a mannose derivative linked to biotin
(Hatch et al., 2008). The resulting particles were also used to detect E. coli. After
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Fig. 14.6 Selected conjugated ligands for detection of type 1 fimbriated uropathogenic E. coli

magnetic capture and washing, the attached bacteria were quantified by a lumines-
cence assay that determines the amount of ATP in the bacterial cells. The overall
method is simple and convenient and has a detection limit of 105 bacteria per mL.
The method was shown to be more sensitive than when the same particles were used
displaying specific antibodies.
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E. coli was also recognized with the aid of a Quartz Crystal Microbalance (QCM)
(Shen et al., 2007). A gold surface was decorated with a monolayer displaying
mannose moieties. However, only a small signal was observed due to the flexi-
ble nature of the pili-based bacterial binding. Interestingly, when a small amount
of the mannose and glucose specific lectin Concanavalin A was added, the signal
was much stronger. This enhancement was attributed to the bridging function of
the lectin, which has four binding sites. On the one side it binds to suitable car-
bohydrate moieties of the bacterial LPS and on the other side to the mannosides
of the monolayer. This bridging increases the contact area to the sensor surface,
resulting in a strong signal. With this method 7.5 × 102 bacterial cells/mL could be
detected.

Recently non-magnetic particles such as quantum dots (Mukhopadhyay et al.,
2009) and gold nanoparticles (Huang et al., 2009), were also used to detect type 1
fimbriated E. coli. Quantum dots 17 (Fig. 14.6) with an average diameter of 15 nm
were prepared and incubated with the bacterial cells. Detection by fluorescence
microscopy was possible down to 104 cells/mL after removing unbound particles
by centrifugation. The gold nanodots 18 worked in a similar manner. Their diam-
eter was just 1.8 nm and they were strongly fluorescent. As for the quantum dots,
the labelled bacteria were purified by centrifugation, but in this case excess soluble
mannose was added afterwards to liberate the particles from the bacterial aggregate
and quantify them by conventional fluorescence spectroscopy.

In my laboratory we explored the detection of the zoonotic Streptococcus suis,
which has a specificity for the galabiose disaccharide (Galα1-4Gal). For this pur-
pose, we used magnetic particles with a diameter of 250 nm that were decorated
with streptavidin units. The particles were first incubated with the galabiose-linked
biotin 19, washed and then incubated with the bacteria (Fig. 14.7). After capturing
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the particles containing the bound bacteria with a magnet; we quantified the bac-
terial ATP by luminescence. This simple method gave a detection limit of 104

bacteria/mL.

14.5 Cases Where Other Molecules Are Involved in the Adhesion

Bacterial adhesion does not only involve the bacterium binding to the tissue car-
bohydrate structures. There are numerous other ways. For example, an industrially
relevant bacterium, Deinococcus geothermalis, which produces biofilms in paper
machines, uses type IV pili (Saarimaa et al., 2006). Interestingly these pili were
shown to be glycosylated with structures such as Galβ1,3GalNAc that are involved
in the adhesion process. Another case is the adhesion mechanism of Entereococcus
faecalis, which is of great interest because it causes bloodstream infections. The
interactions of Entereococcus faecalis with Caco2 cells were studied (Sava et al.,
2009). Interestingly, two sugar components, one on the bacterium and one on the
tissue surface, are responsible for the adhesion. There is polysulfated heparin or
heparan sulphate (20, Fig. 14.8) on the tissue cell surface and the glycolipid DGlc-
DAG 21 on the bacterium. Surface plasmon resonance experiments showed that
these components interact directly. This is unusual and, considering the location of
the glycolipids on the cell membrane of the Gram-positive bacterium, the interaction
mechanism is not fully understood.

The carbohydrates on the bacterial surface are also of importance in the infec-
tion process and/or the subsequent immune response. Such sugars are part of LPS
(lipopolysaccharide) or part of capsular polysaccharides (CPS), and their struc-
tural variation results in many different pathogen serotypes (Sahly et al., 2008).
Furthermore, using a lectin microarray (Hsu and Mahal, 2006a, b) the sugars can be
used for characterization of the pathogens as mentioned before for the reverse case
involving adhesin specificities. This was done with an array of 21 lectins. Bacteria
were fluorescently labelled and their specific binding pattern was uncovered by the
microarray. Specific recognition was validated by adding competing soluble sugars
such as lactose or GlcNAc and the appropriate spots were observed to disappear.
The method also provided an insight into the dynamic changes in the display of the
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Fig. 14.8 Components of the Caco cell surface (20) and Entereococcus faecalis (21) involved in
bacterial adhesion



14 Carbohydrate Mediated Bacterial Adhesion 237

carbohydrate structures due to phase variation. An E. coli strain showed significant
changes in binding profile as a function of its growth density.

Carbohydrates on bacteria can also be involved in binding to surfaces as was
shown in a study of the adhesion and subsequent biofilm formation of the oral bac-
terium Streptococcus mutans, which causes dental caries. In a recent study, the role
of various plant lectins from edible sources on initial bacterial adhesion was tested
(Islam et al., 2009). The lectins chosen had binding specificities for mannose, glu-
cose, GlcNAc and GalNAc. In all cases a sizeable reduction of both adhesion and
biofim formation was observed. The adhesion inhibition ranged from 20 to 60% in
the presence of 0.2–500 μg/mL sugar, i.e. full inhibition was not reached, indicating
the presence of additional adhesion mechanisms.
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Chapter 15
The Application of NMR Techniques
to Bacterial Adhesins

Frank Shewmaker

Abstract Abstract Extracellular adhesins frequently compose large, highly-
ordered structural assemblies that project away from the bacterial surface. These
assemblies, known as pili or fimbriae, are rod-like polymeric structures that in
some cases can extend up to several micrometers from the cell surface. Because
these adhesin structures are critical to bacterial colonization of host cell surfaces,
there is an incentive to understand their structure, assembly and mechanism of host
cell attachment. Various methods in Nuclear Magnetic Resonance (NMR) spec-
troscopy have been used to address these topics, yielding structural information at
the atomic level. Also, new methods in solid-state NMR spectroscopy have thus
far been under-utilized in the study of large adhesin structures and offer a power-
ful approach to overcoming problems with crystallization to better understand the
structures of these complexes. The following is a brief overview of the contributions
of NMR to the study of bacterial adhesins with an emphasis on the future potential
of solid-state NMR.

15.1 Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is an important method for the
determination of molecular structures at the atomic level. In the study of protein
adhesins, multi-dimensional NMR can provide structural and functional informa-
tion that can both complement and sometimes exceed the information derived from
x-ray crystallography. NMR is an obvious alternative when proteins fail to crys-
tallize, but NMR is also especially suited for studying natively unfolded domains
and domains that fold upon interaction with other components. Such domains when
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incorporated into a crystal may be in conformations imposed by the crystal lattice
or remain invisible to diffraction methods due to their disorder. Methods in NMR
also enable the study of dynamic protein–protein and protein–ligand interactions.
As adhesins are surface exposed and potentially interact with many proteins in the
extracellular milieu, techniques in NMR offer the opportunity to study an array of
binding interactions with other adhesins and various host receptors in solution.

One traditional drawback of NMR spectroscopy, relative to x-ray crystallogra-
phy, is that larger proteins and protein complexes can exceed the resolution limits
of the technique. In general, it can be challenging to assign structure to proteins
that are several hundred amino acids in length. Also, large macromolecular com-
plexes that tumble slowly in solution diminish the resolution of NMR spectroscopy.
In the case of adhesin structures that are composed of thousands of subunits, such as
surface pili, this would seem especially true. However, developments in solid-state
NMR have proved successful in the study of high molecular weight amyloid fibres
and many of the same methods could also be adapted to the study of large filamen-
tous adhesin structures. As pili/fimbriae are not easily amenable to crystallization
(Craig et al., 2003; Forest, 2005), solid-state NMR offers a potential alternative to
determining high-resolution structural information.

15.1.1 Structure Determination by NMR

A primary objective of using multi-dimensional NMR techniques for adhesins, or
any protein, is the elucidation of a high-resolution structure. An advantage of using
NMR over x-ray crystallography is the sample does not require crystallization and
can be maintained in an aqueous, native-like environment. The preparation of pro-
tein samples for NMR is generally no different than preparing protein from bacteria
for other biophysical techniques, with the exception that protein samples must be
enriched for 13C and 15N, nuclei that are visible by NMR spectroscopy. This is eas-
ily performed by growing the bacteria in defined media that contain either carbon
or nitrogen sources enriched for these isotopes. In the case of solid-state NMR, pro-
tein samples are frequently harvested by high-speed centrifugation and loaded into
sample rotors as either hydrated or lyophilized solids.

The specifics of structural determination of proteins by multi-dimensional NMR
spectroscopy are well beyond the scope of this review. However, in principle there
are two basic requirements for determining an NMR protein structure: the ability to
assign cross-peaks in the NMR spectra and the collection of sufficient distance and
angle restraints for structure building. Assignment of cross-peaks in NMR spec-
troscopy is essentially the matching of specific amino acids within a protein with
their corresponding chemical shifts in the NMR spectra. A reason larger proteins
can be challenging for structure determination is simply because there are more
nuclei and thus more cross-peaks in the spectrum, so it becomes much harder to
make individual assignments due to signal overlap. Distance restraints are specific
inter-atomic distances that can be estimated by various NMR techniques. With
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enough known distances between the identified nuclei in the protein sample, a
high-resolution model can be built that satisfies the restrictions imposed by these
restraints. Several examples of adhesin solution structures solved by NMR are listed
in Table 15.1.

15.1.2 Solid-State NMR

Solid-state NMR offers an alternative for structural elucidation when there are
sample problems with solubility, crystallization or size. In the case of adhesins,
solid-state NMR offers the possibility of studying fimbrial structures in their native
state without artificially manipulating the proteins to remain as soluble monomers.
Solid-state NMR does not require that the samples have any long-range order like
in crystal assemblies, nor are particular sample orientations with respect to the
magnetic field required (although some techniques employ this). Also, as “solids”,
samples can be nearly all protein, only depending on the level of hydration. As a
result, sample volumes are small and only a few milligrams of labeled protein can
be sufficient for experimentation.

In principle structure assignment by solid-state NMR is the same as solution
NMR; however signal line widths are much broader for samples in the solid state
and can render chemical shift assignment nearly impossible. The broadening of
nuclear chemical shifts is a consequence of limited sample motion. In solution
NMR, the rapid isotropic tumbling of molecules averages out dipole–dipole cou-
plings and chemical shift anisotropy, which results in very narrow chemical shift
line widths. In solid-state NMR the problem of broad line widths is overcome by
Magic Angle Spinning (MAS) (reviewed in Tycko, 2006). MAS is the rapid rota-
tion of the sample around an axis that lies at an angle of ∼55◦ (cos–1(1/

√
3)) with

the external magnetic field of the NMR spectrometer. As a result, dipole–dipole
couplings and chemical shift anisotropy are averaged out and the signal line widths
are dramatically narrower.

A drawback to solid-state NMR is that 1H sensitivity is relatively low due to
signal broadening that results from strong 1H–1H dipolar couplings. As a conse-
quence, most methods rely on 13C and 15N signals. Also, sample size limits are still
a major concern. Existing solid-state NMR protein structures are mostly restricted
to small proteins and polypeptides. However, the technology is rapidly advancing
to the point that the typical size of fimbrial adhesins should fall within the limits of
solid-state NMR (see below).

15.1.3 Chemical Shift Perturbation and Mapping

The assignment of multi-dimensional spectra mentioned above can be especially
important for downstream applications for studies of adhesin binding. Beyond
structure elucidation, there are several examples of the use of NMR to study
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adhesion–protein and adhesion–ligand interactions. The amino acid assignment of
protein NMR spectra matches specific cross-peaks in the spectra with specific amino
acids of the protein. This facilitates the method of chemical shift mapping, which is
the interpretation of binding sites based on chemical shift perturbations. Frequently,
[1H, 15N]-HSQC (Heteronuclear Single Quantum Coherence) NMR spectra will be
generated, which yield one cross-peak for each backbone amide and are thus easily
interpreted. When the local environment of an amino acid changes, such as occurs
during the direct interaction with another protein, there can be a corresponding per-
turbation in the chemical shifts of the nuclei of that amino acid. Thus through the
displacement of various cross-peaks the perturbed amino can be identified, yielding
information about ligand-binding sites or protein-binding interfaces. Some exam-
ples of chemical shift mapping applied to bacterial adhesins are listed in Table 15.1.
Observing perturbations can also yield information about binding stoichiometry,
affinity and conformational switching.

15.2 Application of NMR to Adhesins

Considering the breadth of the bacterial adhesin field, NMR spectroscopic studies of
adhesins are relatively underrepresented, especially solid-state NMR. Nonetheless,
there are several excellent examples of the application of NMR in the study of
adhesins. Most NMR studies have focused on adhesins of Gram-negative bacteria
and many representative examples are listed in Table 15.1. The table is not intended
to be all-inclusive, but does include many of the important contributions made to
the study of bacterial adhesins by NMR spectroscopy over approximately the past
decade. A few of the studies and their significance are discussed in greater detail
below with emphasis on the information that was gained specifically through NMR
techniques.

15.2.1 NMR Studies of Type I Pili

Several interesting NMR studies have looked at components of Type I pili of
E. coli. These pili are primarily composed of the structural subunit FimA. Secretion
of FimA, and the adhesin tip proteins (FimF, FimG and FimH), occurs via a
chaperone-usher pathway that employs FimC to deliver adhesin subunits to the
membrane usher protein FimD for the final secretion and assembly step (reviewed
in Waksman and Hultgren, 2009).

Periplasmic adhesin chaperones like FimC differ from the standard chaperone
paradigm in that their adhesin substrates are not bound in unfolded conforma-
tions. Instead, the substrates are essentially in their functionally folded state, but
with an incomplete β sheet. The adhesin chaperone supplies a β strand (G1) to
complete the sheet in a process known as donor-strand complementation (DSC)
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(Barnhart et al., 2000; Choudhury et al., 1999; Sauer et al., 1999; Zavialov et al.,
2003). A conceptually identical process known as donor-strand exchange (DSE) is
the basis for polymerization of fimbrial adhesins. The fimbrial subunits each sup-
ply an N-terminal strand to the next subunit, thus forming a chain of molecules.
The first high-resolution structure of FimC was determined by NMR spectroscopy
(Pellecchia et al., 1998). Interestingly, the sequence at the beginning of the G1
strand was observed to be intrinsically disordered; this is consistent with the fact
that the G1 peptide strand has to reversibly interact with several different substrates.
The FimC NMR assignments were also used for chemical shift mapping, which
confirmed that the N-terminal domain of FimC is the substrate-recognition domain
(Pellecchia et al., 1999).

In order to isolate soluble and stable Type I pili subunits for biophysical studies,
donor strands can be added in cis. FimF is a component of the tip fibrillum of Type 1
pili. A self-donating form (FimFF) was created for study by solution NMR (Gossert
et al., 2008). FimFF has a C-terminal extension that consists of a short linker fol-
lowed by a peptide identical to the first 15 residues of its N-terminus. This extension
can self-complement, resulting in a stable and monomeric protein suitable for solu-
tion NMR techniques. Characterization of FimFF by NMR showed it to have an
archetypal immunoglobulin-like pilin fold, with the donor strand forming a “molec-
ular zipper” by intercalating into an acceptor cleft. Alternatively, the N-terminus,
lacking an acceptor cleft of another adhesin, was stuck in a natively disordered state.
FimFF binary complexes were formed with FimGT and FimFT (the T indicates that
the proteins are truncated of their N-termini). Intermolecular restraints indicated that
the binary complexes have a linear head-to-tail mode of binding while maintaining
inter-domain flexibility, supporting the hypothesis that the tip fibrillum is extended
and articulated.

The outer membrane usher FimD has a periplasmic domain that facilitates recog-
nition of the chaperone-adhesin complex (Nishiyama et al., 2003). Nishiyama and
coworkers solved solution structures for this domain (FimD25–125 and FimD25–139)
by NMR spectroscopy, revealing a novel protein fold (Nishiyama et al., 2005).
Interestingly, the NMR data indicated that the amino-terminal domain (residues
1–24) is natively disordered in solution (negative ([15N,1H] Nuclear Overhauser
Effects; NOEs), but it undergoes a structural transition into an ordered conforma-
tion concomitant with recognition of the chaperone-adhesin complex (Nishiyama
et al., 2005). These amino-terminal residues are essential for FimD to recognize the
chaperone-substrate complex; X-ray crystallography alone would not have revealed
the plasticity in this substrate-recognition domain. Chemical shift mapping, compar-
ing FimD1–139 alone or with the adhesion-chaperone complex FimC-FimH158–279,
indicated a potential mechanism for discrimination and secretion of substrate by
FimD. The residues affected by formation of the ternary complex indicated that
the FimD periplasmic domain could be cycling between open and closed states in
a manner that depends on the delivery of the properly-loaded chaperone-adhesin
complex.
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15.2.2 NMR Studies of Afa/Dr Adhesins

AfaE and AfaD are members of the E. coli Afa/Dr adhesin family, which is asso-
ciated with diarrhea and urinary tract infections. Members of this family target
the host cell receptor Decay-Accelerating Factor (DAF). Anderson and coworkers
(2004) created a self-donating variant of AfaE (AfaE-dsc) that is functional, solu-
ble and does not form heterogeneous oligomers. They solved a solution structure
showing that AfaE assumes an archetypal pilin fold. NMR titration data suggested
donor strand complementation between AfaE and AfaD. The authors concluded that
AfaE, like other adhesins, polymerizes into fine, flexible fibres through DSE. They
further used chemical shift perturbation assays to map the DAF binding surface of
AfaE-dsc.

AfaD is an invasin that lacks an N-terminal extension, and is thus reasoned to
be the tip subunit of AfaE fimbriae. This idea was further advanced with the solv-
ing of the NMR solution structure of AfaD-dsc and an AfaDE fusion that mimics
the Dr/Afa invasive tip complex (Cota et al., 2006). The solution structures of
both constructs confirmed DSE for these adhesins, and that AfaD has a typical
immunoglobulin-like topology.

Some members of the Dr family bind Carcinoembryonic Antigen (CEA)-related
host receptor molecules. The CEA family, which can serve as binding targets for
pathogenic bacteria, includes highly glycosylated proteins that are expressed on
the surface of epithelial, endothelial and other cells. Korotkova and coworkers
(2006) used chemical shift mapping to identify the binding surface of AfaE that
recognizes the N-terminal domain of CEA. Strikingly, it is distinct from the DAF-
binding surface, suggesting that both receptors could be bound simultaneously. In
continuation of this work, the same group used a combination of crystallographic,
NMR structure and chemical shift mapping data to build a structural model for the
AfaE-CEA complex (Korotkova et al., 2008). This was an elegant application of
NMR for model building because all previous attempts at Dr adhesin-CEA receptor
co-crystallization had failed.

15.2.3 NMR Studies of Type IV Adhesins

Multi-dimensional solution NMR has been used to solve several Type IV major pilin
structures. Pseudomonas aeruginosa Type IV pilus is composed of a single pilin
subunit, PilA. A solution NMR structure was determined for an amino-terminal
truncation variant that remains soluble while retaining its biologically relevant
structure (Keizer et al., 2001). The pilin has an αβ-fold composed of four curved
anti-parallel β-strands that form a sheet surrounding an amino-terminal α-helix, a
fold similar to other Type IV pilin subunits (Audette et al., 2004; Craig et al., 2003;
Hazes et al., 2000; Parge et al., 1995). The highly conserved first 22 amino acids
likely form an α-helix and were used to build a model for pilin assembly that is
based on helical bundles of the amino-terminal α-helices, forming a left-handed
helix. Complementary electrostatic interactions stabilize the pilin fibre.
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Two Type IVb pilin proteins, PilS of Salmonella Typhi and BFP of E. coli, have
also been solved by NMR spectroscopy (Ramboarina et al., 2005; Xu et al., 2004).
Interestingly, the Type IVb pilin solution structures have a different topology and
larger head domain than Type IVa structures, yet still produce morphologically and
functionally similar pili.

15.3 The Possibilities of Solid-State NMR for Studying
Fimbrial Adhesins

The impetus for using solid-state NMR for studying fimbrial adhesins is that it
offers a way to elucidate high-resolution structural information while the adhesin
is in its native, high-molecular weight assembly. As mentioned above, polypep-
tide size is still a major obstacle for structure elucidation with solid-state NMR.
However, this is a technology in transition and the upper size limits are nearing
the sizes of typical fimbrial subunits. Some recent examples of structure deter-
mination using solid-state NMR include: the 62-residue α-spectrin Src-homology
3 (SH3) domain (Castellani et al., 2002, 2003), the 76-residue human ubiquitin
(Zech et al., 2005), the 56-residue α1 immunoglobulin binding domain of protein
G (GB1) (Franks et al., 2005), a 38-residue scorpion toxin (kaliotoxin) (Korukottu
et al., 2008) and an 85-residue catabolite-repression protein (Crh) (Loquet et al.,
2008). Most recently complete assignments were made for the 189-residue disul-
fide bond-forming enzyme DsbA (Sperling et al., 2010); this puts a huge number of
biologically-relevant proteins within the potential size limit of this method.

15.3.1 Solid-State NMR and Pathological Amyloids

Determining atomic-level structures of amyloid has been a driving force in the
development of solid-state NMR techniques. Amyloid is a highly-ordered filamen-
tous protein aggregate that is rich in cross-β secondary structure and relatively
resistant to proteases and denaturant. Cross β means that the protein monomers of
the amyloid are arranged such that their β strands lie perpendicular to the fibre axis.
Amyloid fibres are generally on the order of 2–20 nm in diameter and can be up
to many micrometers in length (dimensions similar to many extracellular adhesin
structures). The accumulation of amyloid in various tissues is associated with many
human diseases that frequently have late age onset and poor prognoses, such as
Alzheimer’s and Parkinson’s diseases. Because amyloid aggregates are intrinsically
non-crystalline they are not amenable to x-ray crystallography, so solid-state NMR
has been the most powerful method for gaining structural information.

Much work has focused on amyloid-beta (Aβ) peptide associated with
Alzheimer’s disease. Solid-state NMR studies of high molecular-weight amyloid
fibres composed of either the 40 or 42-residue Aβ peptide reveal that individual
peptides form β arches that stack and hydrogen bond in parallel and in register,
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forming long β sheets that run the length of the fibre (Luhrs et al., 2005; Petkova
et al., 2002, 2006). The benefit of working with a 40-residue peptide is that sam-
ples can be synthesized with very specific isotope labelling that facilitates NMR
experimentation. Full-length proteins are usually produced as recombinant pro-
teins from bacteria and thus they are more limited in the isotope labelling options.
Solid-state NMR experiments with longer amyloid-forming polypeptides have gen-
erally been successful in determining structural characteristics of the amyloid, but
do not necessarily yield atomic-level resolution. Solid-state NMR experiments with
fibres of α-synuclein (residues 30–110), an amyloid-forming protein associated with
Parkinson’s disease, indicated that the amyloid is also based on in-register, parallel
β-sheet stacking of polypeptides, but there were too few assignments and distance
restraints to determine a high-resolution structure (Vilar et al., 2008).

Lastly, a typical problem with amyloid is that there is a high degree of structural
heterogeneity within samples, resulting in spectra that are difficult to interpret. This
is believed to be at least partly a consequence of the amyloid being composed of
many different structural variants. Solid-state NMR techniques have been applied to
several different yeast prion amyloids (Baxa et al., 2007; Shewmaker et al., 2009a,
2006; Wickner et al., 2008), but the resolution is thus far not sufficient for atomic-
level model building. However, since filamentous adhesin structures are not the
consequence of misfolding, they may not have the structural heterogeneity typical
of many amyloid samples.

15.3.2 Application of Solid-State NMR to Curli

Curli of Enterobacteriaceae are a type of adhesin that assembles into long curly
fibres that share the characteristics of amyloid. Since many human diseases are
associated with amyloid accumulation in tissue, it has traditionally been consid-
ered an aberrant phenomenon. Curli however belong to a small but growing class
of functional amyloids (for a review see Epstein and Chapman, 2008; Fowler et al.,
2007), which are proteins that are amyloid in their native state. Curli of E. coli are
essentially homopolymers of the secreted protein CsgA. (Another protein, CsgB, is
necessary for initial fibre seeding and cell attachment (Hammer et al., 2007), but is
a minor component of the mature fibre).

The structural basis of CsgA polymerization into fibres is largely unknown. It is
not obviously through a mechanism of donor strand exchange because deletion of
any region of the protein does not abolish fibre formation in vitro (Wang et al.,
2008); even individual repeats can polymerize into amyloid fibres. Because the
CsgA protein is so prone to amyloid formation, it is not clear that any small change
or truncation could trap the protein in a folded monomeric and soluble state that
resembles the individual monomer structure in the functional amyloid. As a result,
the protein is not amenable to x-ray crystallography nor to solution NMR methods.

Solid-state NMR was recently used to characterize the structure of CsgA in
the amyloid state (Shewmaker et al., 2009b). It was hypothesized that functional
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amyloids would yield higher quality NMR data because they would lack the
structural variation observed in pathological amyloids (see HET-s below). However,
uniformly 15N, 13C-lableled CsgA amyloid did not yield sufficiently sharp line
widths in the NMR spectra for structure assignment. This could be an artefact
from using spontaneously-formed amyloid after removing CsgA from denaturant.
It is possible that natively-assembled CsgA, purified from curliated E. coli, would
maintain a more homogeneous structure. Nevertheless, the solid-state NMR data
provided distance information between specific amino acid groups, leading the
authors to conclude that individual CsgA monomers are likely to fold as β solenoids
within the larger fibre structure.

Like CsgA, TasA of the Gram-positive bacterium Bacillus subtilis was recently
shown to form an extracellular, functional amyloid (Romero et al., 2010). These
fibres are 10–15 nm in diameter and are a core component of the bacterial biofilm.
TasA and other functional amyloids of biofilms are likely interesting candidates for
applying the current techniques of solid-state NMR.

15.3.3 HET-s Prion Amyloid Structure

Structural studies of the prion protein HET-s offer perhaps the best example of the
possibilities of using solid-state NMR on bacterial adhesins. The HET-s protein
of the fungus Podospora anserina is a naturally-occurring prion (Coustou et al.,
1997) that adopts a self-propagating amyloid conformation when in the prion state
(Balguerie et al., 2003). The conformational state of HET-s influences heterokaryon
compatibility, a natural cell-fusion process in filamentous fungi. HET-s is 289 amino
acids in length, but only a segment in the C-terminus is necessary for its prion capa-
bility. The HET-s218–289 truncation fragment is sufficient to propagate the prion in
vivo, and incubation of recombinant HET-s218–289 in vitro results in the forma-
tion of infectious filamentous structures (Fig. 15.1, left panel). These structures
are morphologically similar to fimbrial adhesins; they are both non-covalent linear
assemblies with comparable dimensions.

Solid-state NMR has been used effectively to elucidate the basis of the HET-s
prion amyloid. Ritter et al. were the first to show by solid-state NMR that each
HET-s polypeptide is arranged as a two-turn β solenoid in the fibril structure (Ritter
et al., 2005). Further work from the same group developed a high-resolution struc-
ture for the amyloid core, including inter-subunit interactions that revealed how
the monomers pack to form a filamentous structure (Wasmer et al., 2008). Each
monomer has a triangular-shaped hydrophobic core formed by the wrapping of three
β strands (Fig. 15.1, middle panel). The β strands stack in parallel, forming a left-
handed solenoid structure and each monomer stacks linearly with the next monomer,
creating a filament with parallel β sheets running the length of the fibre (Fig. 15.1,
right panel).

The elucidation of HET-s subunit structure in the context of large insoluble amy-
loid fibres is a huge step forward for the application of solid-state NMR. Moreover,
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Fig. 15.1 The prion HET-s forms fibrils composed of repeating β-solenoid subunits. The panel
on the left is an electron micrograph of the infectious fibrils (indicated with arrow) formed by
the prion domain of HET-s (residues 218–289). The middle panel shows a ribbon cartoon of the
structure of the HET-s prion domain that was solved using solid-state NMR (Wasmer et al., 2008).
Each monomer forms a β solenoid composed of two helical turns of the polypeptide, with strands
aligning in parallel β sheets. (PDB: 2RNM). The right panel shows how the amyloid is formed by
the stacking of the individual β solenoids

the structural basis for fibre assembly was discerned based on inter-subunit distance
restraints. A possible reason that solving the HET-s structure preceded the elucida-
tion of some other amyloid structures may be because HET-s is a functional amyloid
and does not appear to have the structural heterogeneity that is observed in aberrant
amyloids. This would result in narrower line widths and more easily interpreted
NMR spectra. In the case of bacterial fimbrial structures, they are composed of reg-
ularly folded subunits and likely will not display the structural heterogeneity that is
problematic with some amyloid structures. HET-s monomers are nearly half the size
of major fimbrial subunits like FimA and PapA. However, complete chemical shift
assignments were recently achieved for the 189-residue periplasmic DsbA protein
using solid-state NMR (Sperling et al., 2010), thus putting many fimbrial proteins
within the applicable range of solid-state NMR.

15.4 Concluding Remarks

As listed above, there are many examples of NMR techniques applied to the study
of bacterial adhesins. NMR offers an obvious alternative for structure determina-
tion when there are problems with crystallization, but also offers a straightforward
method for studying binding interfaces with ligands and receptors in solution. There
is also the added benefit of avoiding crystallization artefacts. For example, in an
attempt to form crystals of a short, trimeric AfaE-III complex, a non-linear cyclic
arrangement was observed (Pettigrew et al., 2004), which possessed non-native
intra- and inter-domain contacts.
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There are several good examples of pilus/fimbria models in the literature (Craig
et al., 2003). For example, the major pilin subunit CfaB of enterotoxigenic E. coli
(ETEC) polymerizes into fimbriae used for attachment to epithelial cells. Elegant
CfaB fibre models have been constructed by using electron microscopy and image
reconstruction (Mu et al., 2008), and models can be further supplemented with x-ray
diffraction data (Li et al., 2009). Similarly, electron microscopy and image recon-
struction have created models for the P pilus formed by PapA (Mu and Bullitt, 2006;
Mu et al., 2005). These models are very informative, but can still lack important
atomic-level information of the subunits in their native environments. While x-ray
crystal data may not lack in atomic-level information, in many cases the data are
collected on artificially truncated or fused proteins. Likewise, solution NMR has
similar disadvantages of requiring many adhesin proteins to be truncated in order
that they stay soluble. Solid-state NMR will offer an approach to obtain atomic-
level information of protein subunits in the context of their native fibres. Due to the
latest technical advances, polymeric adhesins that form fimbrial structures should
be within the reach of solid-state NMR techniques, which are poised to play an
important role in the study of bacterial adhesins.
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Chapter 16
Electron Microscopy Techniques to Study
Bacterial Adhesion

Iwan Grin, Heinz Schwarz, and Dirk Linke

Abstract Since its introduction 70 years ago electron microscopy has become
an invaluable tool for microbiology and the study of bacterial interaction.
Technological development over the past decades has enabled researchers to resolve
smaller and smaller details in bacterial samples, while new preparation techniques
like cryo preparation now allow to investigate bacteria even closer to their natural
state. In this chapter we give a brief overview of electron microscopy techniques
suitable for the investigation of bacterial adhesion at molecular as well as cellular
level and a short outlook on future technologies relevant to the field.

16.1 Introduction

Since the days of natural philosophy, new technologies have revolutionized our view
of biology by enabling researchers to gain new insights into the inner workings
of nature. Nowhere is this more apparent than in the field of microscopy. When
the first light microscopes were developed in the 16th century, the discovery of
bacteria opened a vast new field of research – microbiology. Centuries later, the
light microscope was instrumental in the discoveries of Koch and coworkers, who
found bacteria to be the causative agent of many diseases and ailments.

Still there were some cases where the infectious principle was not visible under
even the best light microscopes. After the transmission electron microscope (TEM)
was introduced in 1931 by Ernst Ruska, the first images of bacteria (von Borries
et al. 1938) and of bacterial flagella (Piekarski and Ruska, 1939) were published.
In parallel, scanning electron microscopy (SEM) was pioneered by von Ardenne
(1940); however, commercial SEM systems were only introduced in the 1960s. This
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new and detailed structural information again changed the view of biology, and
specifically of cell biology and microbiology, dramatically.

Further development of electron microscopy technology and also of sample
preparation techniques over the past 70 years allowed researchers to push the res-
olution limit further and further. Today, the resolution of electron microscopes
has reached sub-nanometer scale. Still, some physical limitations of the method
that is based on the use of electrons for imaging cannot be overcome. The low
mass of the electrons leads to scattering and absorption in air, and therefore the
electron beam can only be propagated in a vacuum. Moreover, for transmission elec-
tron microscopy the samples must be sufficiently thin, while for scanning electron
microscopy, imaging is restricted to the surface of the sample.

For the study of bacterial adhesion, a broad spectrum of preparation methods
is available (Knutton, 1995; Pilhofer et al., 2010). In this chapter, we describe the
imaging of isolated adhesion molecules, of bacterial appendages on the surface of
bacterial cells, and of the interaction of bacteria with their eukaryotic host cells. We
show which preparation methods are suitable for use with the different EM imaging
techniques.

16.2 Overview of Imaging Methods

SEM is very well suited to provide a quick overview of the sample, as well as cap-
turing surface details of the specimens. While the electrons are not able to penetrate
deep into the sample by themselves, fracturing and etching techniques have been
developed to expose the interior of cells as a surface, which can then be imaged by
SEM. SEM is also compatible with immunolabelling techniques to label specific
features on the surface of cells.

TEM excels at resolving structural details in a two-dimensional plane, but gives
only very limited depth information. If the specimens are thin enough, as is the
case with many bacteria, it is possible to image them as whole-mount. Naturally,
the interior of the cell is too dense to resolve details, but surface appendages, fil-
aments and extracellular material can be visualized around the cells. Information
on the interior structure of the cells can be gained by sectioning cells and examin-
ing the sections. As a section contains a very thin slice of the bacterial surface, it
may be difficult to visualize membrane-bound or extracellular objects, e.g. flagella,
especially if these are not aligned in the plane of the section. Both whole-mount and
sectioning techniques are compatible with immunolabelling.

16.3 Scanning Electron Microscopy

As SEM visualizes surfaces directly, it is very well suited to observe the struc-
tures and interactions relevant in bacterial adhesion. The resulting images can
be interpreted intuitively as they contain three-dimensional information just as a
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Fig. 16.1 Aggregation of Bartonella henselae on the surface of a human umbilical vein endothe-
lial cell in SEM (left panel) and as seen in a thin section in TEM (right panel). Cells provided by
Christoph Dehio, micrographs by Jürgen Berger and Heinz Schwarz. Bars: 2 μm. See also Dehio
et al. (1997)

conventional photograph. In contrast to TEM, large objects can be imaged as a
whole, limited only by the size of the sample chamber of the microscope. In the
context of bacterial adhesion SEM can be used to investigate bacterial cells attached
to artificial surfaces like medical implants and devices or to host cells. Furthermore,
interactions of bacteria e.g. in biofilms or even appendages of single cells can be
studied (Fig. 16.1).

In routine SEM samples are fixed, dehydrated and sputter-coated with a thin
metal layer to create a conductive surface and to increase the signal. This signal is
provided by the amount of secondary electrons released from the outer shell of the
atoms hit by the primary beam of electrons. It correlates with their atomic number.
Moreover, electrons of the illuminating beam can also be reflected by the nuclei of
the atoms and are then detected separately as back-scattered electrons.

Fig. 16.2 Biofilms of E. coli 5K strain in SEM. Wild-type bacteria (left) and a mutant (right)
producing more extracellular matrix (Picture by D. Röhrich). Bar 2 μm
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It should be noted that the metal film is the major factor limiting the achievable
resolution of SEM. In addition, the surface of interest can be obscured e.g. by cell
debris from the culture medium or by particles precipitated onto the surface dur-
ing fixation and preparation steps. While the first can be remedied by washing the
sample under physiological conditions prior to fixation, the latter can be avoided by
briefly centrifuging all solutions before use (Fig. 16.2).

For cryo-SEM, the best approach is actually to image freeze-fractured samples or
freshly prepared surfaces of cryosectioned samples (block faces) with backscattered
electrons at temperatures below 140 K after coating with a thin metal layer and a
backing carbon layer (Walther et al., 1995). The use of block faces avoids the major
drawbacks of inspecting cryosections, such as compression or crevasses. In addition
the specimen is less radiation sensitive (Walther and Müller, 1999).

16.4 Transmission Electron Microscopy

The power of TEM, as became apparent soon after its discovery, is the ability to
visualize details of objects down to the level of molecules. Here, viruses (pox virus,
tobacco mosaic virus (TMV), bacteriophages) and bacterial appendages like flagella
were visualized for the first time. These objects were very well suited for observa-
tion due to their thickness, which was thin enough to “see through” yet electron
dense enough to give sufficient contrast. Nevertheless, the generally low contrast of
biological samples has driven the development of staining techniques to improve
contrast as described below. Thick objects, starting from bacteria, are too dense to
image internal details directly. Therefore they must be embedded and sectioned for
subsequent imaging of their interior.

Historically, the first contrasting methods developed were OsO4 vapor fixation
and much more importantly metal shadowing using platinum (Fig. 16.3).

This enhanced the visualization of thin structures such as flagella or other surface
appendages of bacteria. However, internal details are obscured by the metal covering
the surface. Moreover the underlying biological material reduces the achievable

Fig. 16.3 Proteus mirabilis
after filtration on collodium
film on top of agar plate and
subsequent shadowing with
platinum. TEM image (taken
1966) provided by Hermann
Frank, formerly Max Planck
Institute for Virus Research,
Tübingen
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Fig. 16.4 TEM image of
fimbriae on the surface of a
freeze-fractured and
freeze-etched E. coli
bacterium. Bar 200 nm

resolution due to a high total thickness of the sample. Removal of the biological
material by acid or detergent treatment produces a metal replica of the sample sur-
face which results in improved resolution and contrast. This effect is particularly
prominent in the case of freeze-fracture replicas. As cells fracture preferentially
in the lipid layer of the membranes, a subsequent etching or freeze-drying step is
required to expose the molecules on the cell surface (Fig. 16.4).

Internal details of thin objects such as viruses, but also molecular complexes
(flagella, antibodies, proteasome), can be visualized using the negative staining
method (Brenner and Horne, 1959). This method is particularly powerful with uni-
form (purified) material, where image processing and single particle analysis can be
applied (See Chapter 17). Potential drawbacks are the superimposition of structural
information which may complicate image interpretation. Furthermore structures
binding heavy metal in similar amounts as the surrounding negative stain cannot
be distinguished (Fig. 16.5).

Fig. 16.5 E. coli cells negatively stained with phosphor tungstic acid. Bacteria before (left) and
after labelling with a fimbriae-specific antibody and colloidal gold complexes (right). Micrographs
provided by Hans Gelderblom. Bar 100 nm. For details see Beutin et al. (2005)
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Fig. 16.6 Thin sections of Bartonella henselae embedded in EPON showing the 240 nm long
BadA adhesion molecules (left). On methacrylate Lowicryl HM20 sections (right), the head region
of BadA is labelled with an antibody raised against the C-terminal head fragment in combination
with colloidal gold complexes. Bar 200 nm. See also Szczesny et al. (2008)

The inspection of thin sections of embedded material allows in situ imaging of
biological molecules. In the case of standard resin embedding, the structures of
interest have to be selectively stained with heavy metals to provide contrast against
the resin. If this is not possible because the target molecules do not bind the metal,
visualization can only be achieved by indirect methods like immunolabelling or
histochemical staining (Fig. 16.6).

The requirement of ultra-thin sections for TEM makes the technique unsuit-
able for direct investigation of thick samples. As a consequence, the sectioning
hinders the observation of flexible appendages (flagella etc.) or surface features
of cells, because the observed space is inherently limited to two-dimensional
sections. Unlike SEM, the visualization of three-dimensional structure in TEM
requires additional procedures. For molecules, single particle analysis methods have
been successfully established (Frank, 2006). For bulk material either images of
serial sections or of tilt series of thick sections must be used for computer-aided
3D-reconstruction (Koster et al., 1997; Geerts et al., 2008). Cryo TEM allows the
visualisation of biological structures in a life-like frozen state without any chem-
ical treatment, just by phase contrast imaging. Striking results were obtained with
this approach for molecular complexes and complete viruses (Dubochet et al., 1988;
Yamaguchi et al., 2008). Finally, electron crystallography can produce outstanding
high resolution data. In cases where high quality two-dimensional crystals are avail-
able, it is possible to reach atomic resolution, as demonstrated e.g. for aquaporins,
where a 1.9 Å structure is available (Gonen et al., 2005). Details of this technology
are reviewed in Schenk et al. (2010).



16 Electron Microscopy Techniques to Study Bacterial Adhesion 263

16.5 Overview of Preparation Methods

For obvious reasons, the inspection of samples in vacuum does not allow imag-
ing of living samples. The major component of all biological samples, water, must
either be removed or frozen. In practice, samples are either fixed and dehydrated for
inspection at ambient temperatures, or inspected in a frozen state in the microscope.
Moreover, the light elements prevalent in biological systems do not scatter elec-
trons sufficiently, requiring contrast enhancing measures like heavy metal staining
or phase contrast imaging.

There is no one-size-fits-all electron microscopy method that can be applied to all
questions and systems. This is partly due to the inherent differences in the informa-
tion that can be gained by between SEM and TEM, but more importantly due to the
characteristics of the underlying biological systems and the specifics of the question
asked. Therefore the sample preparation protocol has to be adapted and optimized
for every new experiment. It cannot be stressed enough, however, that the quality
of the images critically depends on the quality of the biological sample itself (i.e.
its “freshness” and purity), even more than on the quality of the sample preparation
described in this chapter.

Generally, the choice between room temperature and cryogenic methods depends
on the compatibility of the biological material with the preparation steps (desicca-
tion, resin embedding) and may be limited by availability of the instrumentation.
Figure 16.7 shows a representative selection of possible preparation methods for the

Native biological specimen

Cryofixation

Cryoprotection

Preembedding labeling

DehydrationFreezing

Resin embeddingCryosectioning

Resin sectionsThawed sections

Freeze-substitution Freeze-drying Cryosectioning

Critical point drying Freeze-fracture

Whole mount or replica Frozen hydrated sample

TEM Cryo-TEMSEMTEMSEM

Chemical fixation

Fig. 16.7 Flow chart of possible preparation methods for the different microscopy techniques
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different microscopy techniques. The choice of the right technique for an experiment
is crucial for the desired outcome.

The first preparation step in biological electron microscopy is always the fixa-
tion of the object. This serves two main purposes: to arrest the samples in a distinct
physiological state and to protect the biological structures from damage during sub-
sequent preparation and imaging steps. It is of utmost importance to perform the
fixation as close to the desired physiological conditions as possible. Particularly, the
time between sample collection and fixation should be minimized.

The two fundamentally different ways of fixing samples are either chemical fix-
ation or cryofixation. Chemical fixation is a routine method due to the low technical
requirements in equipment and handling. Moreover, it is the only reliable way to
inactivate infectious material for imaging. An intrinsic drawback is that the method
is dependent on the diffusion of the fixative into the sample. Therefore the fixation
process is not homogenous, particularly in larger samples.

In contrast, cryofixation allows immediate and simultaneous arrest of all biolog-
ical processes – but it requires sophisticated equipment and is drastically limited
by the thickness of the sample. While chemical fixation is intrinsically selective
based on the chemistry of the fixative, cryofixation allows for a complete and
indiscriminate (non-selective) arrest of all components in the sample.

16.6 Ambient Temperature Preparation Methods

Imaging rather stable structures such as molecular complexes, viruses and cell
appendages (flagella or fimbriae) in TEM is straightforward as often demanding fix-
ation and dehydration can be omitted. In the simplest case the sample is adsorbed as
a rather diluted solution (e.g. 10–100 ng/ml) to hydrophilic support films mounted
on grids, which are prepared freshly by glow-discharge. The sample is then air-
dried. For efficient processing of bacterial cell suspensions, either embedding in
agarose or gelatine, or filling into cellulose capillary tubes (Hohenberg et al., 1994)
is useful.

SEM samples which already have a solid support, such as cells grown in a culture
dish or bacteria attached to a medical device can be processed directly. In the case
of bacterial cell suspensions, the cells must be immobilized on a surface e.g. on
poly-L-lysine coated coverslips.

16.7 Chemical Fixation

There is a wealth of different protocols for chemical fixation in the literature, e.g.
(Griffiths, 1993; Hayat, 1981, 2000). As any protocol needs to be adapted to the
specific biological question, this chapter can only provide some general rules and
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guidelines. The concept behind chemical fixation is the arrest of biological pro-
cesses and the stabilization of structures via cross-linking of chemical groups in the
sample. Typically, aldehydes are used to crosslink primary amines, mostly arginine
and lysine moieties in proteins. In addition, OsO4 reacts with C=C bonds and cross-
links proteins and unsaturated fatty acids; however, OsO4 shows proteolytic activity,
particular at room or higher temperatures. Uranyl salts mainly cross-link phosphate
groups in lipids and nucleic acids.

Suitable fixatives must react under the pH and temperature conditions given by
the sample. As an example, the reaction of aldehydes with primary amino groups is
strongly pH dependent and will not work under acidic conditions where the amines
are protonated. The fixative of choice should specifically react with the sample
and not with the buffer. Classical mistakes are the use of primary amino group-
containing buffers such as Tris which completely and rapidly inactivates aldehyde
fixatives, or phosphate based buffers which form insoluble precipitates with many
heavy metal salts. Note also that sufficient time must be allowed for the fixative to
penetrate the entire sample. This is primarily dependent on the sample thickness, but
also on the permeability of the biological material for the fixative and the sample
temperature.

16.8 Dehydration, Embedding and Sectioning for TEM

Typically, the water of bulk material is removed in a graded series of solvents like
ethanol or acetone for the further processing steps such as embedding in resin
for TEM or critical-point drying for SEM. However, proteins may be denatured
and lipids are dissolved by the solvent. This effect can be reduced by dehydra-
tion of the samples at progressively lower temperatures (PLT method), e.g. by
starting with 30% ethanol at 273 K, and later switching to 70–100% steps at
243 K and by the use of DMF (dimethylformamide) as solvent (Bayer et al., 1985)
(Fig. 16.8).

For embedding, epoxy resins which are heat polymerized are routinely used.
They show perfect sectioning properties as the resin monomers cross-link the bio-
logical material, which unfortunately often coincides with the loss of antigenicity
for subsequent on-section labelling. In such cases, the use of methacrylates may be
indicated as they react poorly with the biological material. Moreover, methacrylates
can be polymerized by increased temperature or by UV even at low temperature
(e.g. Lowicryl HM20 or K11M at 223 K).

In this context, the method of Tokuyasu (1973) should be mentioned. He infil-
trated chemically fixed samples with 2.3 M sucrose, omitting the detrimental step of
dehydration with solvents. Such samples are then frozen in liquid nitrogen. Sucrose
acts as a cryoprotectant, preventing ice crystal growth, and as an embedding medium
for subsequent cryosectioning at about 170 K. Thawed sections are mounted on
grids for possible immunolabelling, always followed by a final embedding in a thin
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Fig. 16.8 The capsule of gelatine-embedded Rhodococcus bacteria can be visualized by using
DMF (dimethylformamide) as a solvent during dehydration at progressively lower temperatures
followed by low temperature embedding in Lowicryl K4M. On-section immunolabelling was
performed using a monoclonal antibody against capsular polysaccharides in combination with col-
loidal gold complexes. Cells provided by Thomas Neu and Karl Poralla. Bar 500 nm. See also Neu
and Poralla (1988)

layer of methyl cellulose containing uranyl acetate to stabilize structures and to
create negative contrast (Tokuyasu, 1997).

16.9 Dehydration and Critical Point Drying for SEM

In addition to the general processing steps described above, samples for SEM
inspection at ambient temperature must be critical point dried to remove organic
solvents: fixed samples are dehydrated and the organic solvent is exchanged by
liquid carbon dioxide in a pressure chamber above the critical point of carbon diox-
ide. Using this method, drying artifacts occurring at the transition of the liquid-gas
phase boundary are avoided. As a final step a thin metal film is sputter-coated onto
the sample to create a conductive surface and increase secondary electron emission.
For structural studies, platinum or gold alloys are used. For the detection of gold
particles in SEM by backscattered electrons immuno-labelled samples are coated
with chromium.

16.10 Affinity Labelling

Molecules can be detected by affinity labelled antibodies, lectins or other probes
which are typically visualized indirectly with the help of secondary antibodies
bound to colloidal gold complexes. If the epitopes are accessible at the sample
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surface, pre-embedding labelling is a valuable tool, especially when the embedding
procedure abolishes the epitopes for antibody recognition. Epitopes within struc-
tures may be visualized by pre-embedding labelling of permeabilized samples or by
post-embedding labelling of thawed cryosections (Tokuyasu, 1997) or thin plastic
(in particular methacrylate) sections (Schwarz and Humbel, 2008). In all cases, the
sections can be finally stained with uranium and lead salt solutions to enhance the
structural contrast.

16.11 Cryopreparation Methods

Ice crystal growth during freezing and all subsequent preparation steps and even dur-
ing imaging is a major problem in cryo-electron microscopy. Thin layers of material
with a maximal thickness of 10 μm can be vitrified by plunge freezing in liquid
ethane or propane at about 90 K. Thicker layers up to 200 μm must be frozen under
high pressure (2100 bar) to avoid ice crystal formation. Special attention must be
paid to adequate freezing at the exterior of bacterial cells: here, segregation patterns
due to ice crystal growth can easily occur and alter the native structure of surface
layers. In the worst cases, the use of non-osmotic cryoprotectants such as dextran or
bovine serum albumin may be indicated.

Thin biological samples can be directly imaged in frozen-hydrated state in a
cryo electron microscope at temperatures below 140 K, whereas thicker material
has to be sectioned. Cryosectioning of native material is prone to cutting artifacts
like compression, ruptures and crevices due to the rigid structure of frozen water.
Nevertheless it is the only method available to visualize biological structures in their
native state.

A useful compromise is the combination of cryofixation with subsequent freeze-
substitution and resin embedding: here, the vitrified water is substituted by an
organic solvent at low temperatures, where the biological structure is preserved
and less organic material is extracted compared to room temperature dehydration.
Fixatives can be added to the organic solvent, and will react and stabilize the sam-
ple, while still at subzero temperatures. The polymerization of the resins is the
final step, and is done either with UV or heat activation as described above. The
resin-embedded samples can then be sectioned and imaged at ambient temperature.

16.12 Recent Developments and Future Perspectives

Even today, electron microscopy technology improves, and will probably allow us to
observe biological phenomena at even higher resolution very soon. Electron crystal-
lography has already been mentioned in this context. Alternatively, the use of better
phase contrast imaging conditions in TEM with the introduction of phase plates
(Danev and Nagayama, 2010; Hosogi et al., 2011) and Cs-corrected lenses (Haider
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et al., 2008) will certainly improve the achievable resolution for biological specimen
and subsequent tomographic reconstructions.

Another encouraging development is X-ray microscopy using synchrotron
radiation, mainly pioneered by the group of Schmahl (in Berlin) and of Larabell (in
Berkeley) (Larabell and Nugent, 2010). In soft X-ray tomography, cells are imaged
using photons from a region of the spectrum known as the “water window”. This
results in quantitative, high-contrast images of intact, fully hydrated frozen cells
without the need to use contrast-enhancing agents. Using soft X-ray microscopy,
projection images can be collected in less than 20 min. The actual achieved resolu-
tion of the tomograms is in the range of 20–50 nm. The object can be mounted in a
capillary and therefore rotated freely without angular limitation. This is a big advan-
tage over tilt series of thick sections in TEM tomography where the variable path
length for the electrons under different tilt angles limits the maximum tilt to +/– 70
degrees and so reduces the practical resolution of the EM tomograms (McDermott
et al., 2009).
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Chapter 17
EM Reconstruction of Adhesins: Future
Prospects

Ferlenghi Ilaria and Fabiola Giusti

Abstract Both Gram-negative and Gram-positive pathogenic bacteria present a
remarkable number of surface-exposed organelles and secreted toxins that allow
them to control the primary stages of infection, bacterial attachment to host cell
receptors and colonization. The mediators of these processes, called adhesins, form
a heterogeneous group that varies in architecture, domain content and mecha-
nism of binding. A full understanding of how adhesins mediate cellular adhesion
and colonization requires quantitative functional assays to evaluate the strength
of the binding interactions, as well as determination of the high-resolution three-
dimensional structures of the molecules to provide the atomic details of the
interactions. The combination of classical imaging techniques like X-ray crystal-
lography and Nuclear Magnetic Resonance (NMR) with the emerging technique of
single-particle electron cryomicroscopy has become a tremendously helpful tool to
understand the three-dimensional structure at near atomic-level resolution of newly
discovered adhesins and their complexes. A detailed study of the structure of these
molecules, both isolated and expressed on bacterial surface is a fundamental require-
ment for understanding the adhesion mechanism to host cells. This chapter will
focus on the structure determination of such surface-exposed protein structures in
both Gram-negative and Gram-positive bacterial adhesins.

17.1 Introduction

17.1.1 Adhesins

Bacteria are among the most diverse living organisms and have adapted to a great
variety of ecological environments, including the human body. Pathogenic bac-
teria, both Gram-negative and Gram-positive, present a remarkable number of
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surface-exposed adhesins and secreted toxins that allow them to control many dif-
ferent niches throughout the course of infection. Adherence to the host is a key
event in bacterial pathogenesis. The mediators of this process, called adhesins, form
a heterogeneous group that varies in architecture, domain content and mechanism
of binding. The complexity of the bacterial tools used for cell adhesion and invasion
ranges from single monomeric proteins to intricate multimeric macromolecules that
perform highly sophisticated functions.

A full understanding of how adhesins mediate cellular adhesion requires quanti-
tative functional assays to evaluate the strength of the binding interactions, as well
as high-resolution three-dimensional structures to provide the atomic details of the
interactions. High-resolution structures of adhesins, by using the currently advanced
procedures from the observation of biological structure and for image process-
ing combined with 3D reconstruction, help elucidate their role in pathogenicity. A
detailed study of the structure of these molecules, both isolated and expressed on the
bacterial surface is a fundamental requirement for understanding the adhesion mech-
anism to host cells. This chapter will focus on structure determination using electron
microscopy of such surface-exposed protein structures in both Gram-negative and
Gram-positive bacteria.

17.2 Pili and Fimbriae

Non-flagellar appendages were first observed in bacteria in the early 1950s, when
the outer–membrane surface of Gram-negative pathogens was scanned with the
electron microscope (Houwink and Iterson, 1950; Duguid et al., 1955). Pili are 1
to 3 μm-long hair-like bacterial appendages with diameters ranging from 2 to 8 nm
and are built by protein subunits called fimbrins or pilins. Pili can be classified on the
basis of physical properties, antigenic determinants, adhesion characteristics, char-
acteristics of the major protein subunits, or assembly pathways. In the post-genomic
era, it has now become clear that Gram-negative bacteria have four major classes
of pili, based on their biosynthetic pathways: a) pili assembled by the chaperone-
usher pathway (CU pili); c) Type III secretion needle; b) Type IV pili; and d) Type
IV secretion pili (not discussed below). Historically the best characterised of these
cell-surface organelles are CU pili (Duguid and Campbell, 1969; Martinez et al.,
2000) expressed by E. coli, Pseudomonas and Neisseria species (Olsen et al., 1989;
Kikuchi et al., 2005).

Under the electron microscope, CU pili appear as rigid, rod-like structures
extending in all directions from the bacterium. They are 1–2 μm in length with a
visibly flexible tip that is involved in bacterial interaction with receptors on the host
cell surface (Hahn et al., 2002; Kuehn et al., 1994; Saulino et al., 2000). Type IV pili
are similar in length but differ from CU pili in that they appear to be more flexible
and often form bundles at the pole (Craig et al., 2004; Strom and Lory, 1993). Type
III secretion-system pili were first observed in Salmonella Typhimurium as needle-
like surface appendages responsible for bacterial entry into epithelial cells (Schraidt
et al., 2010). Curli are, as their name suggests, coiled structures synthesized by the
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CU pathway as linear multi subunit pili. They are mainly found in Pseudomonas,
Haemophilus, Bordetella and Acinetobacter species (Sauer et al., 2004). All four
types are formed by non-covalent association of pilin subunits into regular poly-
meric structures. Pilus assembly in Gram-negative bacteria has been well studied
and involves the Sec-dependent secretion system (Wu and Fives-Taylor, 2001). A
common feature of Gram-negative pili is their role in adhesion to eukaryotic cells:
bacteria use these structures to form an initial association with host cells, which is
then followed by a more intimate attachment that brings the bacterium close to the
host-cell surface. Pili are known to adhere to components of the extracellular matrix
(ECM) (Amano, 2003), as well as to carbohydrate moieties present on glycoprotein
or glycolipid receptors (Sung et al., 2001; Schweizer et al., 1998). Receptor speci-
ficity might be important in determining the specificity and tropism of bacteria for
particular host cells (Telford et al., 2006).

So far only a few adhesin structures have been determined by three-dimensional
electron microscopy (3DEM). They are prototypes for various types of assembly:
P-pili, type I pilus and Saf pilus (CU pili), S. Typhimurium “pilus” (type III secretion
system pili), and Neisseria gonorrhoeae pilus (type IV pilus).

17.3 Structures Exported by Chaperone/Usher Pathway:
P-Pili, Type I Pili

The chaperone/usher pathway is used by a wide range of Gram-negative bac-
teria to expose pili on their outer surface (Hung et al., 1996). Pilus biogenesis
involves a periplasmic chaperone and an outer membrane protein called the usher
(Thanassi et al., 1998). The periplasmic chaperone aids pilus subunit folding in the
periplasm and maintains subunits in polymerization-competent folding state (Bann
and Frieden, 2004). The usher recruits chaperone-subunit complexes to the outer
membrane, facilitates their ordered polymerization by proximal addition of pilin
subunits and is responsible for pilus translocation to the outer surface.

CU pili, including P-pili, type I pili, and Hib pili are all helical structures
7–8 nm in diameter, with an axial hole of 2.0–2.5 nm in diameter, and compris-
ing 3.0–3.5 subunits per turn of the helix. Clear depictions of the assembly and
the architecture of macromolecular complexes have been achieved by the inte-
gration of the three-dimensional (3D) reconstructions derived from cryo-electron
microscopy (cryo-EM) with atomic resolution subunit models derived from X-ray
crystallography and NMR.

FGS-chaperone assembled pili, exemplified by the type I and P-pili found in
uropathogenic Escherichia coli (UPEC), are typically rigid, rod-shaped pili with
a complex quaternary organisation made up of multiple subunit types. Type I and
P-pili are composed of two distinct subassemblies: a rigid helically wound rod of
6.8-nm diameter composed of over 1000 copies of the FimA or PapA subunits,
respectively, and a distal tip fibrillum measuring 2 nm in diameter. The tip fibrillum
is composed of a distally located adhesin (FimH in type I and PapG in P-pili, respec-
tively) and the FimG and FimF subunits or the PapF, PapE (∼5–10 copies) and PapK
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subunits in type I and P-pili, respectively. These pili, also referred to as “typical CU
pili”, are readily observable as individual fibres, radiating out of the bacterial surface
in all directions (Hahn et al., 2002; Jones et al., 1995).

17.3.1 P-Pili

One of the first and best-characterised fimbria is the pyelonephritis-associated (P)
pilus, expressed by UPEC strains that colonise the urinary tract and infect the kid-
ney. At the outer membrane the pilins are translocated through a pore-forming usher
and assembled into the pilus by proximal addition to the growing helical filament.
The pore is large enough to accommodate a single pilin subunit in its native con-
formation. P-pili are the appendages that pyelonephritic E. coli uses to colonise
and infect host tissues. Clear depictions of the assembly and architecture of macro-
molecular complexes have been achieved by the integration of 3D reconstructions
(Fig. 17.1A) from cryo-electron microscopy (cryoEM) with atomic resolution sub-
unit models from X-ray crystallography. The three-dimensional structure of P-pili
obtained at 9.8 Å resolution from material preserved in vitreous ice and using iter-
ative helical real space reconstruction method (IHRSR) (Egelman, 2000; Mu and
Bullit, 2006) show the P-pilus to be an elongated filament with an external diameter
of 82 Å. It has an axial channel of 25 Å in diameter running straight up the center of
the helix axis with openings that extend to the pilus surface. The P-pilus shell con-
tains 3.28 subunits per turn of the helix turn and a 7.54 Å rise per subunit. Surface
protrusions that extend 7 Å from the filament surface with a height of 17 Å have been
also observed A homology-based model of PapA was constructed using the known
structure of the minor P-pilin, PapK (protein Data Bank ID code 1PDK) (Sauer
et al., 1999) as a template based on its 26% sequence identity with PapA. Fitting
of the modelled PapA subunit into the cryo-electron microscopy data provided a
detailed view of these pilins within the supramolecular architecture of the pilus fila-
ment. A structural hinge in the N-terminal region of the subunit is located at the site
of electron density that protrudes from the pilus surface. The structural flexibility
provided by this hinge is necessary for assembly of P-pili, illustrating one solution
to the construction of large macromolecular complexes from small repeating units.
These data support the hypothesis that domain-swapped pilin subunits transit the
outer cell membrane vertically and rotate about the hinge for final positioning into
the pilus filament.

17.3.2 Type I Pili

The structure of Type I pilus was determined in 1969 by Brinton, who used electron
microscopy, crystallography and X-ray diffraction. More recent electron microscopy
and three dimensional reconstruction studies by Hahn et al. (2002) showed that the
adhesive organelle has a composite structure based on a 6.9 nm thick and 1–2 μm
long helical rod. Briefly, an integrated approach combining information gained by
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Fig. 17.1 (a) Cryo-EM density map (Mu and Bullit, 2006) of P-pili. The helical reconstruction
(left hand figure) shows a filament structure 82 Å in diameter, with surface protrusions that extend
7 Å from the filament surface, for 17 Å along the helical axis (white arrow). PapA subunits fitting
into the 3D P-pilus electron density map are visualized in different colours (right hand figure).
The subunits are inclined by an angle of 13◦ from horizontal (black arrow). (b) Three-dimensional
reconstruction of the type A Saf pilus (Salih et al., 2008). Each reconstruction is contoured at the
molecular mass expected for two SafA subunits (28.8 kDa). Structures are viewed from two orthog-
onal directions and show two subunits connected by a narrower stretch of density. (c) Docking of
the atomic model of MxiH into the EM density of the Shigella T3SS needle (Deane et al., 2006). (1)
Molecule A of MxiH (ribbon). (2) End-on view of a 40-Å-thick section of the assembled needle.
(3) Stereo diagram of the side view of the assembled needle

Fourier transformation, linear Markham superposition (real space) and mass-per-
length measurement by scanning transmission electron microscopy was used to
analyze the helical structure of the rod-like type I pili expressed by UPEC. The
three-dimensional reconstruction showed the pili to be 6.9 nm wide, right-handed
helical tubes with a 19.31(±0.34) nm long helical repeat comprising 27 FimA
monomers associated head-to-tail in eight turns of the one-start helix. Adjacent turns
of the helix are connected via three binding sites making the pilus rod rather stiff.
In situ immuno-electron microscopy experiments showed that the minor subunit
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(FimH) mediating pilus adhesion to bladder epithelial cells was the distal protein
of the pilus tip, which had a spring-like appearance at higher magnification. The
subunits FimG and FimF connect FimH to the FimA rod, the sequential orientation
being FimA–FimF–FimG–FimH. The electron density map calculated at 18 Å res-
olution from an atomic model of the pilus rod built using the pilin domain FimH
together with the G1 strand of FimC as a template for FimA and applying the
optimal helical parameters described above was practically identical to the actual
three-dimensional reconstruction (Hahn et al., 2002; Choudhury et al., 1999).

17.3.3 Saf Pilus

In contrast to the well-established quaternary structure of typical chaperone/usher
pili, little was known about the supramolecular organisation in atypical/FGL-
chaperone assembled fimbriae. Salih and co-workers (2008) used negative stain
electron microscopy and single-particle image analysis to determine the three-
dimensional structure of the Salmonella Typhimurium Saf pilus (Fig. 17.1B). Their
results show atypical/FGL-chaperone assembled fimbriae are composed of highly
flexible linear multi-subunit fibres that are formed by globular subunits connected to
each other by short links giving a “beads on a string”-like appearance. Quantitative
fitting of the atomic structure of the SafA pilus subunit into the electron density
maps (Salih et al., 2008), in combination with linker modelling and energy min-
imisation, has enabled analysis of subunit arrangement and intersubunit interactions
in the Saf pilus. Short intersubunit linker regions provide the molecular basis for
flexibility of the Saf pilus by acting as molecular hinges allowing a large range of
movement between consecutive subunits in the fibre.

17.4 Type III Secretion-System Pili

Besides pili, enteropathogenic E. coli (EPEC) and enterohaemorrhagic E. coli
(EHEC) have another bacterial adhesion system (Type III secretion-related pili)
in which the bacteria provide both the ligand and the receptor with a mecha-
nism known as “attaching and effacing”. Type III secretion-related appendages
were first observed in S. Typhimurium as needle-like surface structures respon-
sible for bacterial entry into cultured epithelial cells (Roine et al., 1997; Kubori
et al., 1998). The assembly of these structures depends on systems now known to
form a flagellum-like secretion nanomachine known as the type III secretion system
(T3SS). T3SS assembles a complex injectisome designed to secrete effector proteins
across the bacterial and host cell envelopes. Injectisome assembly involves over
20 proteins (Cornelis, 2006). The injectisome basal structure is a large cylindrical
heterocomplex with two double rings spanning the inner and outer membranes that
are linked by a hollow structure that crosses the intermediate periplasmic space
(Kubori et al., 1998). On the cytoplasmic side, the basal body interacts with ATPases
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and accessory proteins responsible for driving and ordering protein secretion and
filament assembly (Woestyn et al., 1994; Akeda and Galan, 2005; Müller et al.,
2006). On the outer surface, the basal body forms a hollow filamentous structure.
The basic extracellular structure, as first identified in the Salmonella SPI-1 T3SS
(Kubori et al., 1998) and later observed in detail from purified Shigella injectisomes
(Tamano et al., 2000; Blocker et al., 2001), is a short rigid hollow “needle” about
60 nm in length with an inner diameter of 2–3 nm. The basic needle is composed
of a homopolymer of 100 subunits with a RMM of 9 kDa each (PrgJ, MxiH, YscF
and Escf in Salmonella, Shigella, Yersinia and EPEC, respectively). These subunits
reveal a helix-loop-helix structure similar to the D0 portion of flagellin (Deane et al.,
2006).

Similar to flagellin, needle subunits polymerise into a hollow superhelical struc-
ture (Fig. 17.1C). The distal end of the needle carries a distinct tip complex. In
Yersinia, it is composed of the protein LcrV, one of the three translocators involved
in pore formation in the target cytoplasmic membrane (Mueller et al., 2005). LcrV
forms a dumbbell-shaped structure that has been modelled as a pentameric complex
at the tip of the needle and is thought to provide the scaffold for the additional two
translocator proteins, assembled upon contact with the target membrane (YopB and
YopD) (Derewenda et al., 2004; Deane et al., 2006). In EPEC, this needle base is
extended by a longer flexible “filament” up to 600 nm in length (Knutton et al., 1998;
Sekiya et al., 2001) and composed of an EspA homopolymer. In plant pathogens, the
needles are replaced altogether by a long flexible “pilus”, the Hrp pilus (Roine et al.,
1997; Li et al., 2002). In the Salmonella SPI-1 T3SS, a different mechanism for nee-
dle length control has been suggested based on the 3DEM reconstruction at 17 Å
resolution. Purified Salmonella injectisomes indicate the presence of an inner rod
structure, possibly composed of a specialised subunit, PrgJ, inside the basal body
of the secretion system. In the model, secretion of rod and needle subunits (PrgJ
and PrgI, respectively) occurs simultaneously. Completion of the inner rod assem-
bly signals a halt in secretion of rod and needle subunits, thereby controlling needle
length (Marlovits et al., 2006).

17.5 Type IV Pili

Much current interest is focused in the study of type IV pili, another category of
polymeric adhesive surface structures expressed by many Gram-negative bacteria
including pathogens such as EPEC, EHEC, Neisseria gonorrhoeae and Neisseria
meningitidis. These helical arrays of thousands of copies of a single pilin subunit
such as PilA (Parge et al., 1995) and PilE (Craig et al., 2003) are extremely thin
and flexible but remarkably strong, and they have several different physiological
functions. Type IV pili are essential for host colonization and virulence for many
Gram-negative bacteria, and may also play a role in pathogenesis for some Gram-
positive bacteria. High resolution structures of pilin subunits have been determined
by X-ray crystallography and nuclear magnetic resonance spectroscopy both as full
length proteins and as soluble fragments (Parge et al., 1995; Craig et al., 2003).
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Fig. 17.2 Cryo-EM and 3D
Reconstruction of the GC
Pilus at 12.5 Å (Craig et al.,
2006) (a) Filament density
map for GC-T4P (b) Pilin
subunit match to cryo-EM
density map

These structures have been used to generate computational models of pilus filament
assemblies, guided by biophysical parameters extracted from fibre diffraction data
and electron microscopy image analysis, and by the extensive biological data. Most
recently, cryo-electron microscopy has provided an intermediate resolution (12.5 Å)
structure of a pilus filament (Fig. 17.2) showing its helical organization (Craig et al.,
2006). The pilin structures and filament models have been instrumental in advancing
our understanding of the molecular mechanisms driving pilus assembly and the role
of Type IV pili in key bacterial functions such as immune evasion, microcolony for-
mation and DNA uptake. In very general terms the structural data point to a shared
subunit structure and filament architecture for all Type IV pili, but a comprehen-
sive, atomic-level understanding of these filaments and their biological processes
will require additional higher resolution filament structures as well as new struc-
tural, genetic and biochemical data on the many components of the pilus assembly
apparatus.

17.6 Pili in Gram-Positive Bacteria

While many Gram-negative pili have been studied in detail over the last decades
(Fronzes et al., 2008), the majority of Gram-positive pili have been discov-
ered only recently and their study, initiated by Schneewind and co-workers on
Corynebacterium diphteriae (Ton-That and Schneewind, 2003; Ton-That et al.,
2004), it is still at its infancy. Pilus-like structures on the surface of Gram-positive
bacteria were first detected in Corynebacterium renale by electron microscopy
(Yanagawa et al., 1968; Yanagawa and Otsuki, 1970). In the recent past pili have
also been characterized in all three of the principal streptococcal pathogens that
cause invasive disease in humans: Group A Streptococcus (GAS) (Mora et al.,
2005), Group B Streptococcus (GBS) (Lauer et al., 2005; Rosini et al., 2006)
and Streptococcus pneumoniae, a very important human pathogen (Barocchi et al.,
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2006). In all cases, the pili have been shown to play a key role in adhesion and
invasion and in pathogenesis. Until a few years ago, only two types of pilus-like
structures had been identified by electron microscopy in Gram-positive bacte-
ria. Certain Gram-positive bacteria, like Streptococcus gordonii and Streptococcus
oralis, appear to be decorated with short, thin rods or fibrils that extend between
70 and 500 nm from the bacterial surface (McNab et al., 1999; Willcox and
Drucker, 1989). Much longer (up to 3 μm) pilus-like structures that appear as flex-
ible rods have been described in the oral pathogenic Corynebacterium species and
in pathogenic streptococci (Yanagawa et al., 1968; Yanagawa and Otsuki, 1970;
Ton-That and Schneewind, 2003; Mora et al., 2005; Thanassi et al., 2005; Rosini
et al., 2006; Barocchi et al., 2006; Jameson et al., 1995). Ton-That and Schneewind
were the first to characterize the long rod-like pili in C. diptheriae (Ton-That and
Schneewind, 2003). The general feature of these rod-like pili, as well as the rod-like
pili that have been identified in GAS (Mora et al., 2005), GBS (Lauer et al., 2005)
and S. pneumoniae (Barocchi et al., 2006), is that they have three covalently linked
protein subunits, each of which contains an LPXTG amino-acid motif or a variant of
it, which is the target of specific sortase enzymes. During pilus formation, specific
sortases catalyse the covalent attachment of the pilin subunits to each other and to
the peptidoglycan cell wall (Ton-That and Schneewind, 2003).

The molecular architecture of pilus-1 of S. pneumoniae is the only structure of a
Gram-positive pilus known so far (Hilleringmann et al., 2009). One major (RrgB)
and two minor components (RrgA and RrgC) assemble into the pilus. TEM and
scanning transmission electron microscopy (STEM) show that the native pili are
approximately 6 nm wide, flexible filaments that can be over 1 μm long. They are
formed by a single string of RrgB monomers, which give a polarity to the pilus
defined by a nose-like protrusion (Fig. 17.3). These protrusions correlate to the

Fig. 17.3 STEM analysis of
isolated TIGR4 pili
(Hilleringmann et al., 2009).
(a, b) Contrast-reversed
STEM dark-field images from
negatively stained TIGR4. A
nose-like protrusion is present
at irregular intervals. Subunit
boundaries are indicated by
white lines in panel a.
(c) Highly contoured TEM
images of RrgB–His
monomers; (d) Pilus outer
contours. Scale bar: panel A,
10 nm
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shape of monomeric RrgB-His, which, like RrgA-His and RrgC-His, has an elon-
gated, multidomain structure. RrgA and RrgC are present at opposite ends of the
pilus shaft, compatible with their putative roles as adhesin and anchor to the cell
wall surface, respectively. This is the first experimental evidence that the native S.
pneumoniae pilus shaft is composed exclusively of covalently linked monomeric
RrgB subunits oriented head-to-tail.

17.7 Perspectives

The past few years have witnessed an incredible number of new discoveries. They
have not only enhanced our understanding of how adhesin structures are assembled
at the atomic and molecular level, but have also dramatically widened the number
of species known to possess adhesive structures. Thus adhesins have been found on
Gram-positive pathogens such as Streptococcus pneumoniae, the Group A and B
streptococci, and Staphylococcus aureus, complementing the wide range of Gram-
negative organisms that have long been known to express adhesins. Much has also
been learned about adhesin structure and assembly: the donor-strand complemen-
tation mechanism used in the chaperone-usher assembly pathway; the assembly
of Type IV pilin subunits into complete pilus fibres; and most recently the first
structure for a Gram-positive major pilin and the structural architecture of a whole
Gram-positive pilus.

Whereas much is known about the structure and assembly of many of the adhe-
sion machines, many questions still surround their modes of adhesion to host cells.
It is generally assumed that adhesion capability resides at the most exposed domains
of these macromolecular assembly, but this is not necessarily true for all adhesins;
there is much evidence that the pilus shaft also plays some role in adhesion in some
Gram-negative bacteria. For Gram-positive pili, for example, so-called minor pilin
subunits are necessary for binding to host cells, but it is not known how or where
these are attached to the shaft. Likewise, whereas some adhesion domains, such as
the FimH domain of Type I pili, are known to bind host-cell glycans, the molec-
ular targets for other pili and pili-like structures are not known, and may involve
extracellular matrix components such as collagen or fibronectin.

Determination of all protein structures and their macromolecular assemblies at
high resolution is a key modern target for biological electron microscopy, repre-
senting one of the most important goals in biology and medicine. In the past two
decades, significant methodological advances have occurred in ultrastructural anal-
ysis by electron microscopy: the high resolution analysis of biological material
has been taken to a new level by the development of cryo-EM and of new effi-
cient strategies for image processing and 3D rendering of biological structures.
After being overshadowed by the rapid advances in biochemistry, genetics, and light
microscopy, in the 1970s and 1980s, TEM has now re-attracted attention as a crucial
tool to bridge the data gained by the aforementioned techniques.

The three-dimensional methods developed to solve the different biological
problems and the different adhesion structures are based on two main groups
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of strategies: electron tomography and single particle analysis. Cryo-electron
microscopy is a powerful tool in the study of macromolecular assemblies, espe-
cially in single particle form. Technical improvements including computer con-
trolled microscopes equipped with field emission guns, improved specimen stages,
CCD cameras, as well as energy filters, combined with increased computational
power and improvements of image processing software, are making cryo-electron
microscopy almost routine. The popularity of this technique stems from the ability
to record the structure of radiation sensitive specimens in their native state thereby
eliminating the deleterious effects of negative stains and fixatives that mask the high
resolution components of the structure. Finally emerging methods combining cryo-
electron microscopy with X-ray crystallography and NMR allow the determination
of three-dimensional structures at the atomic level for entire adhesin complexes.
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Chapter 18
Atomic Force Microscopy to Study
Intermolecular Forces and Bonds Associated
with Bacteria

Steven K. Lower

Abstract Atomic force microscopy (AFM) operates on a very different principle
than other forms of microscopy, such as optical microscopy or electron microscopy.
The key component of an AFM is a cantilever that bends in response to forces that
it experiences as it touches another surface. Forces as small as a few picoNewtons
can be detected and probed with AFM. AFM has become very useful in biological
sciences because it can be used on living cells that are immersed in water. AFM is
particularly useful when the cantilever is modified with chemical groups (e.g. amine
or carboxylic groups), small beads (e.g. glass or latex), or even a bacterium. This
chapter describes how AFM can be used to measure forces and bonds between a
bacterium and another surface. This paper also provides an example of the use of
AFM on Staphylococcus aureus, a Gram-positive bacterium that is often associated
with biofilms in humans.

18.1 Introduction to AFM

In most microbiology laboratories, students are taught how to culture bacteria in
enclosed vessels that contain nutrient broth. The growth cycle of a bacteria popula-
tion is determined by measuring the optical density of cell suspensions. However,
most bacteria do not naturally live as suspended entities within a solution. In nature,
most bacteria live attached to or in contact with a solid surface (Parsek and Fuqua,
2004; Watnick and Kolter, 2000; Whitman et al., 1998). The planktonic mode of life
is simply a means to move from one surface to another.

What forces allow a bacterium to make contact with an inorganic surface? How
does a bacterium form a bond with a protein-coated material? It wasn’t until very
recently that we were able to directly probe the interface between a mineral or
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Fig. 18.1 (Left) Image of living Staphylococcus aureus on a glass slide immersed in a saline
buffer. This image was collected with an AFM. The image size is 25 μm × 25 μm. (Right) Optical
micrograph that shows the positions of the AFM cantilever and tip (square pyramid near end of
cantilever) as well as cocci-shaped S. aureus cells on the glass slide. The bacteria are blurred
because the plane of focus is on the AFM tip. Scale bar is approximately 10 μm

material and a living bacterium. The invention of the atomic force microscope
(AFM) (Binnig et al., 1986) opened the door to investigations into the fundamental
forces and bonds that control how a bacterium interacts with a solid surface.

Figure 18.1 shows the Gram-positive bacteria Staphylococcus aureus on a silica
surface, that is, a glass slide. This image was collected by scanning a relatively sharp
AFM tip over the S. aureus cells (see right image in Fig. 18.1). Images like this
AFM micrograph provide a visual depiction of a bacterium in contact with another
surface. However, the actual interface is hidden from view. One would need to probe
under the bacterium to reveal the true region of interest.

Intermolecular forces, such as van der Waals, electrostatic, solvation, and steric
interactions (Leckband and Israelachvili, 2001), control how a bacterium’s cell wall
physically interacts with another surface. The small magnitude of these forces and
the small length scale over which they operate make it a challenge to probe these
forces. AFM has the force- and space-sensitivity to accomplish this task. The first
papers describing the use of AFM to study adhesion forces of bacteria began to
appear in the literature about a decade ago (Camesano and Logan, 2000; Lower
et al., 1999, 2000; Razatos et al., 1998). Since then, AFM has been used countless
times to study the fundamental forces that direct adhesion and biofilm formation.

This chapter provides readers with a brief overview of AFM. For a more exten-
sive review of AFM the reader is referred to the following publications: (Cappella
and Dietler, 1999; Kendall and Lower, 2004; Yongsunthon and Lower, 2006). This
chapter also provides examples to illustrate how AFM can be used to study (i)
forces as a bacterium approaches a surface, and (ii) bonds that may rupture as a
bacterium is pulled away from the surface. These examples will draw primarily
upon my knowledge and experience with S. aureus.
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18.2 The Main Components of AFM

AFM is a scanning probe microscopy instrument that consists of a force-sensing
cantilever, a piezoelectric scanner, and a photodiode detector (Fig. 18.2). The can-
tilever bends upwards due to repulsive forces, or downwards due to attractive
forces, between a sample (e.g. a bacterium) and a small tip that is an integrated
part of the end of the cantilever. The deflection of the cantilever is monitored
by reflecting a laser off the top of the free-end of the cantilever and into the
photodetector.

The cantilever behaves like a spring such that the force (F in Newtons) acting on
the cantilever tip is given by Hooke’s Law F = – (Ksp) (x), where Ksp is the cantilever
spring constant (N m–1) and x is the deflection of the free-end of the lever (in m). The
piezoelectric scanner moves the fixed-end of the cantilever towards and away from
the sample (see Fig. 18.2), or in some systems the sample moves towards or away
from the cantilever. In essence, the piezoelectric scanner allows one to precisely
control the formation and subsequent destruction of a contact event between two
surfaces. Simultaneously, the optical lever detection system of the AFM allows the
quantitative measure of forces between the two surfaces.

This chapter will focus primarily on the one-dimension “force curves” that are
generated as a cantilever tip is brought into contact with a bacterium and then pulled
away from the bacterium. It is important to note that AFM can also be used to
create a three-dimensional topographic image like the one shown in Fig. 18.1. This

Fig. 18.2 Schematic diagram showing the key components of an AFM. A piezoelectric scanner
(not shown) moves the “fixed end” of the cantilever relative to the sample (cell or substrate). Forces
between the sample and tip cause the “free end” of the cantilever to deflect or bend. The behaviour
of the cantilever is monitored by tracking a laser beam reflected off the top side of the cantilever
and onto a photodetector. One can use this setup to measure forces as the tip approaches, makes
contact with, and is subsequently retracted from the sample. A topographic image of the sample
can also be collected by laterally scanning the tip across the sample while measuring the deflection
of the cantilever
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is accomplished by monitoring the vertical deflection of the cantilever as the tip is
scanned laterally across the sample.

18.2.1 Modification of AFM Cantilever and Tip
for Biological Experiments

Commercially available force-transducing cantilevers may be V-shaped silicon
nitride levers or single beam silicon levers (Albrecht et al., 1990; Tortonese, 1997).
However, these materials may not be the most interesting substrates for microbi-
ological investigations. Therefore, the cantilever (or tip) is often modified prior to
use. For example, the tip may be functionalised with various chemical groups (Noy
et al., 1997). Small (2–10 μm radius) beads may be glued to the end of an AFM
cantilever (Ducker et al., 1991, 1992). Living cells can even be linked to the end of
an AFM cantilever (Lower et al., 2000, 2001b).

Figure 18.3 shows a glass bead, approximately 10 μm in diameter, on the end of
the AFM cantilever. The tip is still visible in this image, although its size (∼4 μm)
means that a sample will interact with the bead rather than the tip. Figure 18.3 also
shows a bacteria-coated bead on the end of an AFM cantilever. These cells on the
end of the cantilever are living (Lower et al., 2000). A single bacterium can also be
attached to an AFM tip (Jericho et al., 2004; Lower et al., 2001b).

It is important to note that a cantilever’s nominal spring constant (N m–1), as
quoted by the manufacturer, can vary significantly from the actual value (Senden
and Ducker, 1994). Therefore, one should always calibrate the spring constant
of a cantilever. There are a number of methods including the Cleveland method
(Cleveland et al., 1993), the hydrodynamic drag method (Craig and Neto, 2001),
and the resonant frequency method (Hutter and Bechhoefer, 1993).

Fig. 18.3 (Left) Scanning electron microscopy image of a glass bead that is attached to the free end
of the cantilever. (Right) Optical micrograph of a bacteria-coated bead on the end of the cantilever.
The cells are expressing an intracellular green fluorescent protein so that they can be visualised on
the cantilever
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18.2.2 Collection and Analysis of Force Data

Each force curve consists of two parts: approach of the tip toward the sample and the
subsequent retraction of the tip from the sample. The rate of the approach-retraction
cycle may be controlled by the operator. A typical approach-retraction curve takes
about 1 s.

In raw form, AFM force data are measured as (i) the output voltage from a pho-
todiode detector in response to the deflection of the cantilever deflection, and (ii)
the displacement (or movement) of the cantilever relative to the sample. To convert
the raw measurements into meaningful physical quantities, the photodiode output
voltage must be converted to force values and the displacement must be converted
to distance or separation between the tip and sample.

18.2.2.1 Converting Photodetector Voltage into Force Values

The photodiode output signal, which is related to the position of the reflected laser
spot (see Fig. 18.2), is measured in volts. These voltages correspond to the upwards
or downwards movement of the free end of the cantilever in response to repulsive or
attractive forces between the tip and sample. Detector voltage measurements must
be converted into force values using the spring constant of the cantilever (N m–1;
see above) and a “volts to nm” conversion factor called the optical lever sensitivity
(in nm V–1).

The optical lever sensitivity allows the signal from the photodiode detector (in
volts) to be converted into deflection (in nm) values for the cantilever. When the
cantilever is pressed into contact with a hard surface, each unit of piezo movement
ideally corresponds to an equivalent deflection of the cantilever. The inverse slope
of the region of contact (also referred to as the region of constant compliance) is
the optical lever sensitivity (Fig. 18.4). For the data shown in Fig. 18.4, the optical
lever sensitivity is ∼120 nm V–1. Each voltage value is multiplied by the optical
lever sensitivity to determine the upwards or downwards deflection of the cantilever
in response to repulsive or attractive forces, respectively.

One important point to consider is that this conversion is accurate only if the
cantilever itself is the most compliant or flexible component of the system. This
includes not only the cantilever but also the sample and any cells or biological poly-
mers that may be attached to the cantilever. This criterion may not be met for many
soft materials such as biological cells. Therefore, it is best to calibrate the optical
lever sensitivity on bare glass prior to measuring forces on bacteria that are deposited
on the same piece of bare glass.

Once the photodiode signal (V) is converted into the deflection of the can-
tilever (m), the spring constant (N m–1) is used to convert the deflection values into
force data (N). The region of no contact is defined as zero force (see Fig. 18.4).
Any value above this line (i.e. positive) indicates repulsion whereas any value
below this line (i.e. negative) indicates attractive forces between the tip and
sample.
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Fig. 18.4 (Top) The approach (dotted) and retraction (solid) curves for an AFM tip on a hard
substrate. The y-axis shows the raw voltage output of the photodetector in response to the deflection
of the free-end of the cantilever. The x-axis shows the vertical movement of the piezoelectric
scanner, which translates the fixed-end of the cantilever. In the region of contact, each unit of piezo
movement results in equivalent cantilever deflection (e.g. the cantilever deflects 1 nm if the piezo
moves 1 nm). The inverse slope in this region yields the optical lever sensitivity, ∼120 nm V–1,
which is a measure of how the photodetector responds to the flexure of the cantilever. (Bottom) The
photodetector output (top plot) was converted to cantilever deflection (in nm) which in turn was
converted to force, assuming a spring constant of 0.01 nN/nm. The piezo movement was corrected
to account for deflection of the cantilever and yields the separation between tip and sample. By
convention, repulsive forces are positive and attractive forces negative. The “jump-from” or “jump-
to” contact features result from the mechanical instability of the cantilever relative to the forces it
is probing. Jump-from contact features can be seen in retraction curves when the cantilever spring
constant exceeds the actual force gradient at the tip-glass interface (Ksp label on bottom figure).
Jump-to contact features may be present in approach data when the actual force gradient exceeds
the spring constant of the cantilever (see distance from 0 to 10 nm in approach curve in the bottom
figure)

18.2.2.2 Converting Piezoelectric Scanner Movement into Separation values

The movement of the piezoelectric scanner must be corrected by the deflection of
the free end of the cantilever to obtain an absolute separation distance between
a sample (e.g. a cell attached to a substrate) and the tip on the cantilever. The
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separation between the tip and sample can be determined once the photodiode signal
is converted into deflection values for the cantilever. Absolute separation is deter-
mined by correcting the movement of the piezoelectric scanner by the cantilever
deflection. For example, if the piezoelectric scanner moves the cantilever 10 nm
towards the sample, but the free end of the cantilever deflects upwards by 2 nm, the
actual separation has changed by only 8 nm (Fig. 18.4).

The origin of the separation axis (i.e. distance of zero) is defined by using “jump-
to-contact” and “jump-from-contact” events for approach and retraction curves,
respectively (see Fig. 18.4). In instances where only repulsive forces are measured
(i.e. no jump to/from contact) it is more difficult to define a separation distance of
zero. This is typically accomplished by defining the initial point on the region of
contact as the origin of the separation axis.

18.3 Examples of AFM Force Measurements on Living Bacteria

In the late 1990s, a few groups of researchers began to use AFM to study forces
associated with bacterial adhesion (Camesano and Logan, 2000; Lower et al., 1999,
2000; Razatos et al., 1998). Since then there have been countless publications in
which AFM has been used to probe forces and bonds associated with bacteria. Over
the years, a number of researchers have led this effort, including Terrance Beveridge,
Terri Camesano, Yves Dufrene, and the current author. Below I will provide two
examples to illustrate how AFM can be used to gain a unique perspective of the
forces, bonds, and macromolecules that operate at the interface between a bacterium
and another surface.

18.3.1 Intermolecular Forces as Staphylococcus aureus Comes
into Contact with Silica (SiO2)

Quartz (SiO2), or its amorphous form silica, is probably the most common surface
that bacteria encounter in nature. This is mainly due to the fact that the two ele-
ments silicon and oxygen make up 74 wt% (95 vol%) of the Earth’s crust (Klein
and Hurlbut, 1985). On an atomic scale, the Earth’s crust consists of a packing of
oxygen atoms with interstitial metal ion, mainly Si. Quartz and silica are also found
within humans in the form of implanted medical devices, like catheters for example.
Bacteria are known to form infectious biofilms on such surfaces. Finally, silica glass
slides are the substrate of choice for viewing bacteria with an optical microscope.

AFM can be used to measure the attractive or repulsive intermolecular forces that
a bacterium experiences as it approaches a surface of quartz or silica. The follow-
ing discussion will show force-distance curves that were collected between a glass
bead attached to the end of a cantilever (Fig. 18.3, left panel), and living cells of
S. aureus, which were sitting on a glass slide (Fig. 18.1, right panel). The observed
force-distance relationship will be compared to theoretical models of two important
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Fig. 18.5 Intermolecular forces (dots) measured as a 10 μm silica (SiO2) bead approaches a S.
aureus bacterium in 0.1 M NaCl solution at about pH 7. The electrostatic force was calculated
using Eq. (1) with surface potentials of –35 and –6 mV for the silica and bacterium, respectively.
The steric force was calculated using Eq. (2) with values of 90 nm and 3.4 × 1014 molecules per
m2 for the polymer thickness and density, respectively

intermolecular forces: the electrostatic force and the steric force. By comparing the
measured and theoretical forces, one can determine which force type controls the
initial adhesion of S. aureus to SiO2 surfaces in an aqueous solution.

Figure 18.5 shows forces detected as a glass bead is brought into contact with
a single cell or binary fission pair of S. aureus. Shown are 10–15 approach curves
chosen at random from a total of ∼500 curves collected for three different glass
beads and three different cultures of the same strain of S. aureus. This figure reveals
that the bead’s surface must approach to within 30 nm of the bacterium before a
measurable force is detected. As the distance between the cell and glass decreases,
the bacterium experiences a repulsive force (positive sign) that appears to increase
exponentially until the cell and glass make contact (i.e. a distance of zero).

Theoretical force-distance expressions can be used to interpret the observed force
data. As mentioned in the Introduction, there are a few fundamental forces that may
exist between surfaces in aqueous solution. The electrostatic force is one of these
force types. A common mathematical expression for the electrostatic force is given
as (Elimelech et al., 1995):

F(D) = 2π r1 r2 ε ε0 κ

r1 + r2

(
kB T

z ec

)2 φ2
1 + φ2

2 + (
2eDκφ1φ2

)
(
eDκ − 1

) (
eDκ + 1

) (1)

where F = force (in Newtons); D = distance between the two surfaces of inter-
est (m); r = radius of the cell or bead (m), ε is the dielectric constant of water
(78.54 at 298 K), ε0 is the permittivity of free space (8.854 × 10–12 C2 J–1m–1),
kB is Boltzmann’s constant (1.381 × 10–23 J K–1), T is temperature (298 K), z is
the valence of electrolyte ions (1 for NaCl), and ec is the charge of an electron
(1.602 × 10–19 C). The inverse Debye length (κ , in m–1) describes the thickness of
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the electrostatic double layer of counter-ions that surrounds charged particles (glass
bead or bacterium) in solution. For monovalent electrolytes (e.g. NaCl) at 298 K, the
Debye length (κ–1, in nm) is given by 0.304/(c) –1/2, where c is the concentration of
the electrolyte (mol L–1). The final parameter is the surface potential (φ) described
as [(zeψ)/(kT)], where ψ is the surface potential of the cell or glass bead (in V) and
all other parameters are as described above.

For an aqueous solution at around pH 7 and ionic strength ∼0.1 M, the surface
potentials of a glass bead and S. aureus are, respectively, –35 mV (Ducker et al.,
1992) and –6 mV (Prince and Dickinson, 2003). By using these values in Eq. (1),
one may calculate the theoretical electrostatic force between an S. aureus bacterium
and a glass bead. This theoretical force-distance relationship is shown in Fig. 18.5.

The electrostatic force is expected to be repulsive and short range (<5 nm) in
a 0.1 M saline solution. While the observed interaction is repulsive, the measured
forces are clearly longer range than expected based solely on electrostatic interac-
tions. Therefore, another intermolecular force must also be involved in how this
particular bacterium interacts with the surface of glass.

Staphylococcus cells, like all bacteria, have a surface that is studded with
biological polymers. One of the most common biopolymers on S. aureus is β-1,6-
linked glucosaminoglycan, also know as the polysaccharide intercellular adhesin
(PIA) (Heilmann et al., 1996; Ziebuhr et al., 1997). Polymers such as these cause
steric repulsion when they are confined to a narrow space (Israelachvili, 1992;
Israelachvili and McGuiggan, 1988; Taylor and Lower, 2008). This repulsion is
driven by a decrease in entropy that occurs when a polymer is no longer free to move
at random. Polymers that are free to move and rotate in random orientations within
a solution are in a higher state of disorder relative to the same polymer that has been
confined to a smaller volume of space. This is precisely what occurs when a poly-
mer on a bacterium is confined to a narrowing interface created by an approaching
surface (e.g. a glass bead).

Like the electrostatic force (see Eq. (1)), the steric force (F) has been described
as a function of the distance (D) between two surfaces. This expression, known as
the modified Alexander-de Gennes equation, is given by (Butt et al., 1999; Taylor
and Lower, 2008):

F(D) = 50 r kB T L0 �
3/2e−2πD/L0 (2)

where r = radius of the cell (m), kB is Boltzmann’s constant (1.381 × 10–23 J K–1),
T is temperature (298 K), L0 is the equilibrium thickness of a polymer (in m) on the
cell surface, Γ is the surface density of that same polymer on the cell surface (in
m–2).

One can determine the theoretical steric force between S. aureus and glass by
using the thickness and surface density of PIA. Staphylococcus have PIA molecules
composed of at least 130 sugar residues (Mack et al., 1996), which corresponds
to a value for L0 of ∼90 nm assuming 0.7 nm per glucose residue (Yongsunthon
and Lower, 2006). While not measured directly, the surface density (Γ ) of PIA
on a staphylococci cell can be estimated from previous studies (Mack et al.,
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1996; Madigan et al., 2003). Using these references, there are about 4300 PIA
polysaccharides per bacterium. For a 2 μm bacterium (i.e. proxy for a fission pair
of Staphylococci cells) this is equivalent to approximately 3.4 × 1014 PIA per m2.
Using these values for L0 and Γ in Eq. (2) results in a theoretical expression of the
steric force between a Staphylococcus cell and a glass bead (see Fig. 18.5).

Comparing the measured forces to the theoretical models reveals that the steric
force and to a lesser extent the electrostatic force dominate the interactions between
S. aureus and a glass surface in saline solution. The glass substrate must be within
30 nm of the bacterium surface before the forces between the two are measurable
(above noise). Steric forces then cause the bacterium to be repelled until the cell
is within ∼5 nm of the glass. At this close distance, repulsive, electrostatic forces
begin to impact the final approach.

18.3.2 Bonds that Form Between Staphylococcus aureus
and a Silica Surface That Is Coated with a Protein Layer

The above example focuses only on the forces that occur as a cell approaches
another surface. However, adhesion may occur and bonds may form once a cell
comes into contact with another surface. AFM can be used to probe the force
required to rupture a bond that forms between a biomolecule on a bacterium
and a reactive site on a material surface. AFM can also be used the probe the
biomechanical properties of cell wall macromolecules.

The following discussion will show force-distance curves that were collected as a
protein coated probe was pulled from contact with living cells of S. aureus. For these
measurements, the AFM tip was coated with fibronectin (Fn), a human protein that
commonly coats implanted medical devices. The measured force-distance curves
will be compared to a worm-like chain model, which predicts the force-distance tra-
jectory for a protein that is mechanically perturbed into an unfolded conformation.
By comparing the measured and theoretical forces, one can identify an adhesin and
understand the intrinsic biomechanical properties of that adhesin.

Figure 18.6 shows the force-extension curves for Fn on a glass slide versus Fn
in contact with a strain of S. aureus that overexpresses fibronectin-binding protein
(FnBP) on its cell wall. Many of these curves exhibit a distinct, non-linear, sawtooth-
shaped, force-distance relationship. For example, the Fn molecules (X-symbols in
Fig. 18.6) unravel to approximately 200 nm where they rupture at a force of ∼0.4
nN. This non-linear, sawtooth-shaped feature becomes more pronounced for Fn that
has formed a bond with putative FnBPs on S. aureus.

Such signatures have been attributed to specific binding events mediated by pro-
teins (Carrion-Vazquez et al., 1999; Lower et al., 2001a, 2005; Mueller et al., 1999;
Müller et al., 1999; Oberdorfer et al., 2000; Oberhauser et al., 1999; Rief et al.,
1997). The shape profile of the binding event can be explained by the unfolding
mechanics of the bound protein. The worm-like chain (WLC) model approximates
the biomechanical force-extension relationship of folded-polymers (e.g. proteins)
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Fig. 18.6 Forces measured as a protein, which forms a bridging bond between two surfaces, is
stretched or unfolded in a buffer solution. These retraction curves begin at the origin and proceed
to the right on the distance axis. The “x” symbols correspond to a fibronectin (Fn) coated tip
that is being pulled away from a glass slide. The square symbols correspond to an Fn-tip that has
bonded to fibronectin-binding proteins (FnBP) on S. aureus. Equation (3) was used to calculate
the theoretical force-extension relationship for a Fn molecule (solid curve) versus an Fn molecule
that has formed parallel bonds with FnBP on the cell wall of a bacterium. For this calculation the
contour length was 210 nm and the persistence length was 0.4 nm (solid curve) or 0.04 nm (dotted
curve)

that are mechanically extended (or unfolded) into their linear form (Flory, 1989).
The WLC equation is given as:

F(D) = [kB T/p] × [0.25 (1 − D/L)−2 + D/L − 0.25], (3)

where F (in Newtons) is the entropic restoring force generated when a protein is
mechanically unfolded to distance D (in meters), kB is Boltzmann’s constant, and T
is temperature (in Kelvins). The adjustable parameters of the WLC model are the
persistence length (p) and the contour length (L).

The persistence length is a measure of the bending rigidity or stiffness of a
polypeptide chain. For a single protein molecule, the persistence length is typically
less than 2.0 nm (Carrion-Vazquez et al., 1999; Kellermayer et al., 1997; Müller
et al., 1999; Oberhauser et al., 1999; Tskhovrebova et al., 1997), which is similar
to the physical length of 0.4 nm between Cα atoms in the backbone of a protein
(Mueller et al., 1999). The contour length is the extended length of either an entire
protein molecule or a structural domain within a protein. A number of groups have
studied the force-structure relationship of ligand-receptor pairs by comparing AFM
force spectra to WLC models (Carrion-Vazquez et al., 1999; Lower et al., 2001a,
2005, 2007; Mueller et al., 1999; Oberdorfer et al., 2000; Rief et al., 1997).

For example, if Fn on the tip forms a bond with a receptor on the outer cell wall
of a bacterium, an increasingly nonlinear force will be exerted on the tip as the tip is
pulled away from the surface of the bacterium (i.e. the separation distance increases
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from left to right in a force-distance profile). This process causes the mechanical
unfolding of the protein(s) bridging the bacterium to the AFM tip. At some distance
from the surface, the force exerted by the tip’s spring constant will exceed the toler-
ance of the ligand/receptor interaction, and the bond will break or the load-bearing
domain will unravel. At this point, the tip will “snap” back to its index position,
producing a sawtooth-shaped profile or waveform.

Figure 18.6 (solid black curve) shows the WLC force-extension relationship for
525 amino acids (L = 210 nm) at the N-terminal domain of Fn. This is the region
of Fn that binds to FnBP on S. aureus (Foster and Höök, 1998; Greene et al., 1995;
Schwarz-Linek et al., 2004). The WLC prediction compares well with the force
spectra corresponding to an Fn-coated tip on a glass substrate (Fig. 18.6). There is
a nonlinear force-distance (or force-extension) relationship until the Fn breaks free
of the glass slide at an extension distance of ∼200 nm, which corresponds to the
extended length of the N-terminal domains on Fn.

The WLC model can also be used to explain what happens when FnBP on S.
aureus forms a bond with Fn molecules on the AFM tip. Parallel bonds that form
along the length of Fn and FnBP would cause a stiffening (i.e. decreasing persistence
length, p, in Eq. (3)) of the protein–protein bond. Figure 18.6 (dotted black curve)
shows the hypothetical sawtooth-shaped binding profile for FnBP that forms parallel
bonds with the N-terminal region of Fn. For this curve the persistence length was
set at 0.04 nm, which is smaller than the physical dimension of an amino acid.

Others have attributed such small values for persistence length to a response
caused by multiple protein chains acting in parallel (Bemis et al., 1999; Dugdale
et al., 2005, 2006; Higgins et al., 2002; Kellermayer et al., 1997; Lee et al., 2006).
For example, ten protein chains in parallel, each with the same contour length, would
exert a force ten times that of a single chain. Fitting this response by a single chain
model, such as the WLC, would result in one-tenth the true persistence length value.
This may be the situation for S. aureus FnBP as other studies suggest that one FnBP
has the capacity to bind to multiple copies (2–9) of Fn (Fröman et al., 1987; Huff
et al., 1994).

18.3.3 Other Uses of AFM: Loading Rate and Affinity Maps

The two examples above provide only small glimpses into the possibilities that AFM
offers to investigators who wish to explore the interface between a living bacterium
and another surface. Recently, it was demonstrated that individual proteins on the
surface of a living bacterium could be mapped across the cell wall (Lower et al.,
2009). This was accomplished by tuning into a specific force-signature, like the
one shown in Fig. 18.6. Other researchers have begun to use AFM to study the
fundamental binding properties (e.g. dissociation rate constant) of protein bonds.
These investigations rely upon the fact that the rupture force of a ligand–receptor
pair should depend upon the loading rate (N s–1) of the bond (Bell, 1978; Evans,
2001). The loading rate of a bond can be easily manipulated with the AFM by simply
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varying the retraction velocity (m s–1) and spring constant (N m–1) of the cantilever.
Benoit et al. (2000) and Hanley et al. (2003) provide an excellent description of this
work on large eukaryotic cells. This type of research could also be applied to study
fundamental aspects of bacterial adhesion.
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Chapter 19
Assessing Bacterial Adhesion on an Individual
Adhesin and Single Pili Level Using Optical
Tweezers

Ove Axner, Magnus Andersson, Oscar Björnham, Mickaël Castelain,
Jeanna Klinth, Efstratios Koutris, and Staffan Schedin

Abstract Optical tweezers (OT) are a technique that, by focused laser light, can
both manipulate micrometer sized objects and measure minute forces (in the pN
range) in biological systems. The technique is therefore suitable for assessment of
bacterial adhesion on an individual adhesin-receptor and single attachment organelle
(pili) level. This chapter summarizes the use of OT for assessment of adhesion
mechanisms of both non-piliated and piliated bacteria. The latter include the impor-
tant helix-like pili expressed by uropathogenic Escherichia coli (UPEC), which
have shown to have unique and intricate biomechanical properties. It is conjec-
tured that the large flexibility of this type of pili allows for a redistribution of
an external shear force among several pili, thereby extending the adhesion life-
time of bacteria. Systems with helix-like adhesion organelles may therefore act as
dynamic biomechanical machineries, enhancing the ability of bacteria to withstand
high shear forces originating from rinsing flows such as in the urinary tract. This
implies that pili constitute an important virulence factor and a possible target for
future anti-microbial drugs.

19.1 Introduction

Infections remain a major cause of morbidity and mortality in the world. In par-
ticular, the widespread bacterial resistance to antibiotics is a ubiquitous and rapidly
growing problem that needs to be addressed with no further delay. There is therefore
an urgent need for new anti-microbial drugs. However, it is a general consensus that
the development of new drugs requires the identification of new targets in bacteria
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(Rasko and Sperandio, 2010), which, in turn, calls for detailed knowledge of micro-
bial pathogenic mechanisms. Since adhesion of bacterial pathogens to host tissue
is a prerequisite for infections, the adhesion mechanism is one possible target. It is
therefore of importance to characterize the adhesion process in bacterial systems in
detail.

The adhesion mechanism of bacteria has been found to be more complex than
first anticipated (An and Friedman, 2000). For example, many types of bacteria
have adhesins that bind to specific receptors on the host cell. Whereas some bacteria
express their adhesins directly on the cell wall, others produce extended attachment
organelles, often referred to as pili or fimbriae, on which their adhesins are expressed
(Proft and Baker, 2009). It has been hypothesized that the biomechanical properties
of these pili, in particular their unique elongation properties, play an important role
for the adhesion of piliated bacteria, specifically in the presence of external rinsing
forces.

The human body has a number of responses which remove bacteria that lack
the appropriate adhesion capabilities. Since a bacterium detaches from its host only
when all its adhesin-receptor interactions have ruptured, and bacteria use a vari-
ety of adhesins, it is in general non-trivial to fully characterize a given adhesion
mechanism from bulk measurements; instead, the adhesion mechanisms should
preferably be addressed on the single cell level. In addition, since bacteria often
are exposed to shear flows that will expose different adhesins to dissimilar forces,
a number of non-linear processes can arise, e.g. successive breakage of interactions
and bacterial rolling (Thomas et al., 2004). Hence, in order to understand microbial
adhesion from a basic point of view, one needs a technique that can assess indi-
vidual adhesin-receptor interactions at the single-molecule level and characterize
individual organelles. From such knowledge it is possible to comprehend the adhe-
sion behaviour of individual bacteria adhering by several adhesins under various
conditions.

Although a number of techniques for investigation of bacterial adhesion have
been developed over the years, most address bacteria by population-based mea-
surements, and so they are not applicable to the assessment of individual adhesion
mechanisms. Static pictures of the structure of pili can be obtained from techniques
such as atomic force microscopy (AFM) (Balsalobre et al., 2003), scanning elec-
tron microscopy (SEM) (de Breij et al., 2009), and X-ray diffraction (Knight et al.,
2002). However, to obtain information about the dynamic properties as well as the
force dependence of the adhesion mechanism, which has turned out to be of highest
importance for the adhesion of piliated bacteria exposed to external forces, individ-
ual interactions need to be studied in real time. The techniques that predominantly
are used for such studies are force measuring techniques such as AFM and optical
tweezers (OT).

AFM utilizes a mechanical cantilever to assess the force to which a given object
is exposed. Due to the mechanical properties of the cantilever, the technique is
applicable to forces ranging from some tens of picoNewton (pN) to a few nanoNew-
ton (nN). OT manipulates objects and measure forces solely by light, the latter by
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assessing the movement of a trapped bead in the focus of a laser beam. This is then
sometimes referred to as force measuring optical tweezers (FMOT), and is more sen-
sitive than AFM; it can address forces from sub-pN to hundreds of pN, often with a
sub-pN resolution. In addition, whereas AFM measures forces in the vertical direc-
tion, FMOT measures them predominantly horizontally. It also has a larger degree of
freedom since the trapped object is not fixed to the surface; it can easily be moved
in all three dimensions (3D). Moreover, in case of contamination, the AFM tech-
nique requires a change of the cantilever, while it suffices for FMOT to trap another
bead. All this has made FMOT the most appropriate technique for quantitative stud-
ies of bacterial adhesion processes. Due to all its capabilities, a significant amount
of knowledge has been gained during the last years about adhesion mechanisms
in general, and the biomechanical properties of individual attachment organelles
in particular, thus helping us comprehend the complex features of bacterial
adhesion.

19.2 Optical Tweezers

OT is a tool by which micrometer-sized transparent objects, inorganic as well as bio-
logical, can be trapped in the focus of a laser beam by transfer of light momentum
(Neuman and Block, 2004). A trapped object will be confined in the focal volume,
which acts as a harmonic potential for small displacements, and allows for precise
movement and manipulation in 3D. Since the first single gradient optical trap, which
was built by Arthur Ashkin in the eighties (Ashkin and Dziedzic, 1987), numer-
ous groups worldwide have constructed and used sensitive and user-friendly optical
tweezers systems for optical micro-manipulation of a variety of objects, e.g. cell
sorting (Grover et al., 2001), signal regulation in NK-cells (Ericsson et al., 2000),
investigations of the spatial confinement and organization of cells (Haruff et al.,
2003), manipulation of bacterial positions (Horner et al., 2010), and investigations
of the bending stiffness of E. coli adhering to a surface (Wang et al., 2010).

OT can also be used for force measurement in biological systems. When a
trapped bead is exposed to an external force, its position in the trap will shift,
and so it can serve as a force transducer (Neuman and Block, 2004). By mon-
itoring the position of the bead, the force to which the bead is exposed can be
assessed. By coating the bead with a specific receptor it is possible to study indi-
vidual adhesin-receptor interactions directly. Moreover, by attaching the bead to
bacteria that express pili, the biomechanical properties of the pili can be character-
ized. Calibration of the optical trap can swiftly be made, for example, by monitoring
the Brownian motion (Capitanio et al., 2002).

A typical characterization of the biomechanical properties of an attachment
organelle is made by measuring its force (stress) response as it is exposed to a given
elongation (strain). A schematic of a set-up is given in Fig. 19.1. Similar set-ups are
used to assess the binding strength and lifetime of adhesin-receptor interactions.
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Fig. 19.1 Schematic of FMOT for assessment of the biomechanical properties of pili. (a) A single
bacterium is mounted on a 9 μm large bead that is firmly attached to the microscope slide. A free
floating single bacterium is trapped by the optical tweezers at low laser power and mounted onto
the bead. A trapped bead, whose position is probed by a separate probe laser, and to which one or
several pili are attached, is used as a force transducer. (b) Strain is applied by slowly translating
the microscope slide. The force is assessed by detecting the deflection of the probe light by a
position sensitive detector (PSD) whose output is converted to a force by a calibration process.
Pilus dimensions not to scale

19.3 Bacterial Adhesion Systems Investigated
by Optical Tweezers

Bacteria adhere to host cells initially by adhesins that bind specifically to recep-
tors expressed on the surface of host cells. This implies that each type of bacteria
adheres preferentially at particular locations. Each adhesin-receptor interaction has
also a given strength, presumably optimized for its environment. It is weak enough
for the bacterium not to be immobilized forever at a single position, which allows
the bacterium to detach regularly so it can migrate to other locations, but it is
simultaneously strong enough so that the bacterium avoids being removed by an
external force, e.g. from a rinsing flow. An adhesin-receptor interaction can also
have a specific susceptibility to various environmental conditions, e.g., to acidity
or mechanical force. Hence, the properties of an adhesin-receptor interaction are of
crucial importance for the ability bacteria to cause infections.

Interactions are often modelled in terms of a bond and an energy landscape,
where the transition between the different states of the bond, i.e. open and closed,
is a stochastic process that is strongly affected by the properties of the landscape,
such as activation energy and bond length. The average time after which it opens
is termed the lifetime and serves as a measure of its strength. The lifetime of a
bond depends on the activation energy in an exponential manner. When a bond is
exposed to an external force, the activation energy is lowered by an amount given
by the product of the force and the bond length (Bell, 1978). Application of force to
a bond thus provides a way to map out its energy landscape.

A common way to assess the properties of an individual bond is to probe its force
dependence with a constant loading rate (i.e. with a force that increases linearly
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with time), often referred to as Dynamic Force Spectroscopy (DFS) (Evans, 2001).
Since the rupture event of a bond is stochastic, a given bond needs to be probed
a large number of times. The bond strength is commonly defined as the force at
which it most frequently ruptures (Björnham and Schedin, 2009). If measurements
are performed at several loading rates, specific bond parameters, e.g. bond length
and thermal off-rate, can be assessed.

The adhesion properties of piliated bacteria are determined by the properties of
both the adhesin-receptor interaction and the pili. In order to simplify the assess-
ment, pili are often characterized separately from the adhesin-receptor interaction
on a single pilus level, by attaching the pilus non-specifically to the probe bead
and probing its force-vs.-elongation behaviour. It has been found that the response
from a pilus differs markedly from that of a single adhesin-receptor interaction; it
depends strongly on the quaternary structure of the pilus. “Linear” or “coil-like”
pili, predominantly found on Gram-positive bacteria, display a monotonically and
progressively increasing force-vs.-elongation response. Conversely, helix-like pili,
which predominantly are expressed by Gram-negative bacteria (Proft and Baker,
2009), show a more intricate response consisting of a combination of a constant
elongation force, originating from an uncoiling of the helix-like structure, and a
wave-like pseudo-elastic response, caused by a conformational change of the head-
to-tail interaction that takes place in a random order. When the biomechanical
properties of a pilus have been assessed, the properties of the adhesin-receptor inter-
action can be deduced from the combined pilus-adhesin response. With knowledge
of both the biomechanical and the adhesion properties of a single pilus, and by the
use of a model of the distribution of force among a multitude of pili on a bacterial
cell binding with multiple pili, henceforth referred to as multipili-attaching bacteria,
the adhesion behaviour of multipili binding bacteria can be estimated.

19.3.1 Non-piliated Bacteria

Bacteria that lack attachment organelles mediate binding to host cells by adhesins
expressed directly on the cell wall. Adherence by non-piliated bacteria allows the
colonizing bacteria to take up nutrients efficiently from host tissue and to escape
clearance from peristaltic and rinsing actions more effectively (since the shear forces
are smaller close to the surface). On the other hand, tight adherence makes the bac-
terium vulnerable to various host responses, e.g. toxins that directly can be delivered
into the bacterium and thus knock it out (Rad et al., 2002).

One example of an adhesin-receptor interaction that has been studied with FMOT
is that between the Helicobacter pylori blood group antigen binding adhesin (BabA)
and its receptor on gastric epithelial cells (the Lewis b antigen). It was found
that this interaction is dominated by a single energy barrier with a bond length
and a thermal off-rate of 0.86 nm and 0.015 Hz, respectively (Björnham et al.,
2005, 2009a). Other examples of individual bacterial adhesion interactions studied
are Staphylococcus epidermidis binding to fibronectin (Simpson et al., 2002), and
Staphylococcus aureus to fibrinogen and fibronectin (Simpson et al., 2003, 2004).
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19.3.2 Piliated Bacteria

The adhesion properties of piliated bacteria depend both on the biomechanical
properties of the pili and the adhesion properties of the adhesin-receptor interac-
tion. When bacteria lacking pili, or bacteria expressing pili with little flexibility,
are exposed to a shear force from the surrounding medium, the various adhesin-
receptor interactions will, in general, experience significantly dissimilar forces. In
contrast, for bacteria expressing extendable pili, any such force can be distributed
more evenly among the various pili, so that the bacteria can maintain attachment
despite being exposed to considerable rinsing forces. This implies that the lifetime
of multipili-attaching bacteria strongly depends on the biomechanical properties of
the pili. It is therefore of highest importance to characterize the structure, the biome-
chanical properties, and the role of various pili in the adhesion process in some
detail.

Since the ability to distribute an external force among various pili, referred to
as pili cooperativity (Björnham and Axner, 2009), is assumed to be significant for
bacteria expressing helix-like pili, most work has up to now been done regarding the
assessment of the biomechanical properties of such pili expressed by Escherichia
coli (Andersson et al., 2008). The first type of non-helical like pili expressed by
Gram-positive bacteria was scrutinized only recently (Castelain et al., 2009a).

19.3.2.1 Helical Like Pili

Uropathogenic E. coli (UPEC) is a type of bacterium commonly associated with
community–acquired urinary tract infection. It expresses different kinds of helix-
like pili, of which P pili and type 1 pili, which colonize the kidneys (Källenius et al.,
1981) and the bladder (Jones et al., 1995), respectively, are the two best studied.
They consist of a ∼1 μm long and 6–7 nm diameter rod that is composed of ∼103

subunits, PapA and FimA, respectively, assembled via the chaperone-usher pathway
(Sauer et al., 2000, 2004) by a donor-strand-exchange mechanism, and arranged in
a right-handed helix-like quaternary structure with 3.28 and 3.36 subunits per turn,
respectively (Bullitt and Makowski, 1995; Hahn et al., 2002). At the end of the
helix-like rod, a short thin thread (a tip fibrillum) is expressed. It anchors the adhesin
(PapG for P pili and FimH for type 1) that binds to receptor molecules on the host
cells (Båga et al., 1987; Jacob-Dubuisson et al., 1993).

A few types of helix-like pili have been characterized with respect to their biome-
chanical properties by FMOT. Some typical force-vs.-elongation curves of F1C pili
expressed by UPEC bacteria are shown in Fig. 19.2a, where the different curves
represent dissimilar elongation velocities. The figure shows that a pilus has a force-
vs.-elongation response that can be seen as composed of three regions; Region I,
in which the response is basically linear; Region II, in which the force response is
constant; and Region III, in which the response has a monotonically increasing but
non-linear (wave-like) response.

Whereas the first region stems from a general elastic stretching of the pilus, the
second originates from a sequential opening of the layer-to-layer (LL) interactions
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Fig. 19.2 (a) Force-vs.-elongation response of a single F1C pilus. Black curve: elongation under
steady-state conditions: Grey curve: the corresponding retraction response; Coloured curves: parts
of the uncoiling force under dynamic conditions. (b) Schematic illustration of the three elongation
regions (I, II, and III) of helix-like pili

of the quaternary structure, often referred to as uncoiling of the pilus rod. The rea-
son the opening of the LL interactions is sequential in this region is that each layer
of the quaternary structure consists of several (∼3) LL interactions, each of which
experiences a fraction of the force to which the pilus is exposed. The interaction
connecting the outermost unit in the folded part of the rod, on the other hand, expe-
riences the entire force. This implies that the opening of the LL interactions takes
place in a sequential manner, which gives rise to the force plateau. Because each
bond can open and close a number of times, the uncoiling of the helix-like struc-
ture is fully reversible. Since region II allows for a significant elongation of the pili
length (5–7 times), it has been considered of special importance for the ability of a
bacterium to redistribute an external shear force among a multitude of pili.

The third region, with its specific wave-like shape, arises from a combination of
a stochastic conformational change of the interactions between consecutive subunits
of the pilus in the linearized part of the rod and entropy (since this change can take
place in a random manner). A schematic representation of the elongation of a pilus
in the three regions is given in Fig. 19.2b.

The first demonstration that FMOT could be used to assess the forces that are
involved in adhesion of UPEC bacteria was done by Liang et al. (2000) address-
ing type 1 pili adhering to mannose-presenting surfaces. Since then, a number of
more quantitative assessments of the biophysical properties of a number of pili (all
expressed by UPEC) have been made: P pili (Jass et al., 2004); type 1 (Andersson
et al., 2007); S (Castelain et al., 2009b); and F1C (Castelain et al., 2011). It has been
found that they have a similar general shape, although they differ quantitatively.

As was shown in Fig. 19.2a, the uncoiling force in region II depends on the
elongation velocity. For velocities below a certain corner velocity, the uncoiling
takes place at a force that is independent of the elongation velocity, referred to
as the steady-state uncoiling force (the black curve in Fig. 19.2). The steady-state
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Fig. 19.3 (a) The uncoiling force versus elongation velocity for type 1, P and F1C pili, represented
by open circles, filled triangles, and filled squares, respectively. The intersection of the two linear
fits gives the corner velocity, representing the boundary between the steady-state and the dynamic
regimes. (b) Relaxation curves for the same types of pili

uncoiling force for the various types of pili so far investigated ranges from 21 pN
(for SI) to 30 pN (for type 1). For larger elongation velocities, the uncoiling force
increases logarithmically with the velocity. Figure 19.3a shows this dependence for
three types of pili: type 1, P, and F1C. The corner velocity has been found to vary
widely among various pili, ranging from 6 nm/s (for type 1) to 1.4 μm/s (for F1C).

The temporal response of pili can be assessed by relaxation measurements in
which the pilus first is uncoiled at a speed that provides a dynamic response before
the elongation is suddenly halted. The temporal response of three types of pili is
given in Fig. 19.3b. It has been found that the relaxation rates vary extensively
among various pili, ranging from 45 ms (for F1C) to 6.7 s (for type 1).

So far, only one specific adhesin-receptor interaction of helix-like pili has
been assessed by FMOT, the specific PapG–galabiose binding mediated by P pili
(Björnham et al., 2009b). However, the FimH-mannose interaction has recently been
characterized by other techniques (Le Trong et al., 2010). The others remain to be
characterized.

The biophysical properties of the pili assessed so far have been compared
(Andersson et al., 2008; Castelain et al., 2011). It has been concluded that the
biomechanical properties of UPEC pili reflect the host environment (Andersson
et al., 2007). It has been hypothesized that as long as the pili uncoil in region
II, an external force is evenly distributed among the various pili (Björnham and
Axner, 2009). However, once one pilus reaches region III, elongation halts, so the
force on the pili still in region II is lowered to their steady-state value, whereas the
force on the one in region III increases considerably. For an interaction of ordinary
slip bond type, this implies that it will rapidly rupture. Since the force thereafter is
redistributed among the other pili, this can give rise to a runaway detachment pro-
cess. The corner velocity for type 1 is significantly lower than that of F1C (6 nm/s
and 1.4 μm/s, respectively), which implies that a type 1 pilus exposed to a force
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slightly above the steady-state uncoiling force will elongate to its maximum length
(a few micrometers) over a time-period of ∼102 s, whereas a F1C pilus will fully
uncoil within only a few seconds. This suggests that type 1 pili can maintain a force
substantially longer than F1C (as well as P and S), which in turn agrees qualita-
tively with the in vivo conditions in which these bacteria are predominantly found
(the lower and upper urinary tract, respectively). Moreover, the temporal response
suggests that the pili that are mostly found in upper urinary tract (P, S, and F1C)
have fast kinetics, presumably allowing them to accommodate for rapid changes of
urine flow.

Modelling of the biomechanical properties of helix-like pili under stress has been
made by both a sticky chain model (Andersson et al., 2006), as well as Monte Carlo
simulations (Björnham et al., 2008). Both techniques provide excellent agreement
with experimental data, thus verifying the underlying model as well as the model
parameters assessed. A succinct presentation of the biomechanical modelling of
helix-like pili has recently been given (Axner et al., 2009). By access to veri-
fied models of the biomechanical properties of pili, the complex phenomenon of
multipili adhesion (illustrating the importance of pili-cooperativity) can be investi-
gated by Monte Carlo simulations (Björnham and Axner, 2009). It has even been
shown that bacterial catch bond behaviour can appear from piliated bacteria adher-
ing solely by slip bonds (Björnham and Axner, 2010). These types of simulations
indicate the importance of the biophysical properties of pili for the adhesion of bac-
teria and provide an important insight into the complex field of multipili-adhering
bacteria.

19.3.2.2 Non-helical Like Pili

Bacteria mediate adhesion not only by expressing helical-like pili, but also by other
complex machinery (Proft and Baker, 2009). For example, Neisseria spp. produce
bundled pili through the type IV secretion pathway whereby the bacteria can both
adhere and move using a polymerization processes (Maier, 2005). Gram-positive
bacteria often produce pili with a simpler architecture than helix-like. So far, FMOT
has only been used to assess the biomechanical properties of one type of pili, T4,
expressed by Streptococcus pneumoniae (Castelain et al., 2009a), a class of bacteria
colonizing the lower respiratory tract (Barocchi et al., 2006). The open coil-like
backbone of the pilus is assembled by covalent-linked protein monomers while
a single protein, RrgA, is the putative adhesin (Hilleringmann et al., 2009). The
elongation properties of this type of pili agree with that of semi-flexible biopoly-
mers chain, well-described by the interpolated worm-like chain (WLC) model
(Bustamante et al., 1994). Figure 19.4 displays the force-vs.-elongation response
from a bacterium adhering by a few pili, showing the elongation and subsequent
rupture of pili. It was found that the persistence length of this type of pili was
2.1 ±1.7 nm. Because of their monotonically increasing force-vs.-elongation
response, this type of pilus is expected to express a lower degree of pili-cooperativity
than helix-like pili. However, no quantitative analysis of pili-cooperativity in this
type of pili has yet been performed.
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Fig. 19.4 Typical
force-vs.-elongation of T4 pili
fitted with the WLC model.
Copyright Wiley-VCH Verlag
GmbH & Co. KGaA.
Reproduced with permission
from Castelain et al. (2009a)

19.4 Conclusions

While traditional biological research has relied on population-based assessments
and indirect techniques to assess the properties of bacterial adhesion, optical tweez-
ers have provided the means to assess bacterial adhesion not only on the single cell
level, but also at the single adhesion organelle and single adhesin-receptor interac-
tion level. Using this technique, it is not only possible to assess interaction forces
between single cells and various surfaces of interest; it can even be used to character-
ize the interactions of a given adhesin-receptor interaction or to assess the properties
of individual macromolecules. The technique has so far been used to assess the
biomechanical properties of a few types of pili, predominantly with a helix-like
structure, expressed by UPEC bacteria.

These studies have revealed the importance of the biomechanical properties of
pili for the adhesion properties of piliated bacteria. It has been conjectured that
the large flexibility of helix-like pili could allow the redistribution of an exter-
nal shear force among a large number of pili so each pilus is exposed to a force
that can be sustained by the adhesin for an extended period of time, making the
attachment organelles of crucial importance for the ability of bacteria to withstand
rinsing actions. Systems with helix-like adhesion organelles may therefore act as
dynamic biomechanical machines, enhancing the ability of bacteria to withstand
high shear forces originating from rinsing flows, e.g. in urine. Pili thereby constitute
an important virulence factor and a possible target for future anti-microbial drugs.
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Chapter 20
Short Time-Scale Bacterial Adhesion Dynamics

Jing Geng and Nelly Henry

Abstract In natural conditions many bacterial populations are found as
surface-attached communities exhibiting features distinct from those of planktonic
cells. We focus here on the question of initial adhesion, the mechanisms of which are
still far from being fully understood. Recently, the frontier between microbiologists
and physicists has become increasingly permeable, boosting implementation of new
methodological approaches for better elucidating the intricate aspects of initial bac-
terial adhesion. After discussing briefly the main sources of complexity that confuse
the understanding of the early steps of cell-surface attachment, we present a selec-
tion of physical methods enabling real-time measurement of early adhesion kinetics
in live cells. We also discuss the limitations and pitfalls that might appear when
applying such methodologies – initially designed for studying physically ideal sys-
tems – to analysis of these, more complex, living systems. We address mainly on the
use of dispersed-surfaces flow cytometry (DS-FCM), quartz microbalance (QCM)
and surface plasmon resonance (SPR) approaches, and give a brief survey of new
perspectives in optical microscopy. We conclude that the use of combined and mul-
tiparametric technical approaches will lead to significant advances in providing a
comprehensive understanding of the early events in bacterial adhesion.

20.1 Introduction

Historically, significant knowledge of bacteria has been obtained using cells living in
suspension in liquid growth medium. However, with the increasing spread of molec-
ular genetics, microbiologists have become aware that adherent cell populations
exhibit features distinct from those of planktonic cells. This has stimulated research
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to understand better the phenotypic shift associated with bacterial anchorage and
growth on surfaces (Ghigo, 2003; Stewart and Costerton, 2001; Watnick and
Kolter, 2000). Much work has been dedicated to biofilm development processes,
and remarkable progress has been made in elucidating the molecular mechanisms
involved in biofilm formation. However, the initial adhesion of bacteria to surfaces
is still not understood.

Initial adhesion has been the object of a great deal of confusion in terms
of both experimental observations and theoretical interpretations (Donlan, 2002).
One explanation for this is that early bacterial adhesion is strongly multifactorial,
depending on the adhesive substrate, the conditioning films forming on the surface,
the hydrodynamics of the aqueous medium, the characteristics of the medium and
other various properties of the cell surface. Moreover, all these properties vary with
time, influencing each other by still indistinct interrelations.

Recently, the frontier between microbiologists and physicists has become
increasingly permeable, boosting implementation of new methodological
approaches for better elucidating the intricate aspects of initial bacterial adhesion.

In this chapter, we first examine the main sources of complexity in the initial
process of bacterial adhesion. Next, we describe a selection of recent methodolog-
ical approaches used for exploring the early steps in bacterial interactions with
surfaces, focussing on physical methods enabling real-time measurement of early
adhesion kinetics in live cells. We point out both the main contributions of the dif-
ferent approaches and the limitations and pitfalls that appear when applying such
methodologies – initially designed for studying physically ideal systems – to anal-
ysis of more complex living objects. Atomic force microscopy (AFM), which has
contributed much to microbiology during the last decade, will not be discussed here,
but in Chapter 18 by Lower, this volume.

20.2 Embracing Complexity to Inch Closer to Reality

Before addressing the question of the appropriate methodological approach to gain
insight into short time-scale adhesion dynamics, we begin by considering the prin-
cipal sources of complexity in this process. We have selected a few issues likely to
drive or affect initial adhesion dynamics.

20.2.1 General Heterogeneity

An initial source of complexity lies in the tremendous heterogeneity of bacteria
themselves evolving in close interrelationships with a world that is itself heteroge-
neous. Heterogeneity is found in the intrinsic diversity of bacterial cell populations
(Fraser et al., 2009) to exhibit all sorts of surface appendages (Klemm and Schembri,
2000), but also between genetically identical cells in which phenotypic variation
may emerge stochastically (Brehm-Stecher and Johnson, 2004). Heterogeneity also
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exists at the single cell level due to lateral variations in composition and phys-
ical properties, as revealed by spatially resolved atomic spectroscopy (Dufrêne,
2003), and to intrinsic shape asymmetry or pili polar location (Dufrêne, 2003;
Ebersbach and Jacobs-Wagner, 2007; Kaiser and Yu, 2005). The bacterial environ-
ment also dynamically changes with different length scales and frequencies, induc-
ing specific adaptation processes dictated by natural selection (Goller and Romeo,
2008).

20.2.2 Surface Conditioning Film

Over the past decades, numerous research groups have tried to relate artificial
surface physicochemical properties to bacterial adhesion, leading to contradictory
results. The confusion that has long prevailed in the field is well-illustrated by the
debate surrounding the impact of surface hydrophobicity on bacterial initial adhe-
sion. Eventually, using micropatterned surfaces, Bos et al. (2000) demonstrated that
bacteria do not have a strong preference for adhesion to hydrophobic or hydrophilic
surfaces.

The difficulty in finding an empirical relationship between the physico-chemical
properties of a surface and bacterial adhesion is likely to arise at least in part
from the formation of conditioning films. When a substratum is exposed to an
aqueous environment, it actually adsorbs various organic molecules present in the
medium, forming a layer called “conditioning film” (Bos et al., 1999; Chamberlain,
1992). The molecules in this layer include both small and polymeric compounds
such as lipids, proteins, polysaccharides and inorganic salts (Neu, 1996). Once the
surface has been conditioned, its physicochemical properties such as hydropho-
bicity and surface charge are quite different from the original bare surfaces. The
main difficulty in clarifying this issue lies in the extraordinary variety of condi-
tioning films, which can arise from the environment or from nutrients or adhering
microorganisms themselves. Depending on the surface-active molecules involved,
both adhesion-inhibiting and -enhancing effects can be expected (Dunne, 2002).
For instance, most uropathogenic Escherichia (Chamberlain, 1992) can produce
group II capsule, a soluble negatively charged polysaccharide, into the surrounding
media. This drastically reduces the initial adhesion of a wide range of Gram-
positive and Gram-negative bacteria (Valle et al., 2006). On the other hand, excreted
exopolymeric substances produced by Pseudomonas fragi on the surface increased
Listeria monocytogenes adherence (Sasahara et al., 1993). Shearing of bacterial
cells from a surface may also result in bacterial footprints or bacterial surface
polymer residues. When left behind on the surface, they might also play a role
in further bacterial cell attachment (Palmer et al., 2007). The time scale in which
these surface conversion processes occur is also highly varied, ranging from a few
seconds to hours or days. Thus, characterising physicochemical properties of the
surfaces actually being colonised by the cells remains a true challenge that would
require implementation of a thorough research program in basic surface analytical
physicochemistry.
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20.2.3 Cell–Cell Aggregation

In Nature, many bacteria can self-aggregate in temperature-, pH- and growth-phase-
dependent-processes. This ability has been closely related to the presence on the
bacterial surface of various outer membrane proteins that induce rapid cell–cell
aggregation and clump formation (Schembri et al., 2003). Among these structures,
curli, which are flexible filaments on the surface of Enterobacteriaceae, have been
clearly elucidated (Barnhart and Chapman, 2006), as has the family of proteins
called self-associating autotransporters (SAAT), comprising the adhesin involved
in diffuse adherence (AIDA-I), auto-aggregation factor antigen 43 (Ag43) and the
TibA adhesin/invasin in E. coli (Girard et al., 2010; Sherlock et al., 2004). The
presence of these appendages on the cell surface clearly increases strain pathogenic-
ity and promotes biofilm development. Yet the impact of cell–cell aggregation per
se on these phenomena and their influence on initial adhesion remain elusive. In
addition, self-aggregation, or co-aggregation between two or several microorgan-
isms of different species in suspension, are widespread in nature (Bos et al., 1999;
Kjaergaard et al., 2000; O’Toole et al., 2000) and might also drastically affect the
initial adhesion profile predicted from single species adhesion experiments.

The imprecision persisting concerning this issue arises from a lack of quantifi-
cation and understanding of the bacterial self-aggregation process itself. This must
be resolved before its role in initial surface colonisation dynamics can be accurately
evaluated.

20.2.4 Early Adhesion-Induced Physiological Dynamics

In 1984 at the Dahlem Workshop on Microbial Adhesion and Aggregation, it was
concluded: “Attachment to a surface can undoubtedly affect the activity of microor-
ganisms, although sometimes in ways that are not readily predictable with our
current knowledge” (Breznak, 1984). Since then, numerous investigations have
demonstrated that adherent bacteria differ profoundly from planktonic bacteria in
physiology and gene expression. This adhesion-induced physiological shift was
suggested very early on (van Loosdrecht et al., 1990; Zobell, 1943). However, the
question of the direct effect of a solid surface on bacterial activity is still open to
debate. Bacterial cells might possess surface-sensing systems that trigger intracellu-
lar signalling directed towards physiological changes enabling cells to adapt to life
on the surface (Jefferson, 2004; Prigent-Combaret et al., 1999). Alternatively, the
physiological changes may result from interfacial physical or chemical gradients on
the surface, creating ecological niches for the cells (Geesey, 2001). Finally, while a
physiological shift is generally admitted in growing biofilm (Ghigo, 2003), the time
scale of the process remains unclear and the advent of functional changes induced
by short-term adhesion remains poorly documented. In Pseudomonas aeruginosa,
expression of an alginate gene was increased after 15 min of cell surface attachment
(Davies and Geesey, 1995).
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20.2.5 Cell Motility

Cell motion is a non-trivial factor in bacterial adhesion and participates in its com-
plexity. In addition to Brownian motion, many, but not all, bacteria exhibit motility,
i.e. self-propelled motion mainly driven by flagella rotation depending on various
stimuli and environmental circumstances. Near the surface, i.e. typically within the
first few hundred nanometres above the surface, hydrodynamics and cell motion are
affected by the presence of a stationary boundary (Frymier et al., 1995; Lauga et al.,
2006). For instance, E. coli cells, which swim in solution in a random walk made
of approximately straight trajectories alternating with rapid reorientations, trace cir-
cular trajectories near the surface (Lauga et al., 2006; Vigeant and Ford, 1997) that
last for long periods of time (Vigeant et al., 2002). How these phenomena actually
impact initial attachment to the surface is far from being understood. It is usually
agreed that increasing the dwelling time near the surface increases the probability of
cell-surface contact and thus may assist adhesion. However, in some cases, coupling
between cell self-propulsion, Brownian motion and hydrodynamic interactions near
the surface increases the mean distance of the cells from the surface (Li et al., 2008).
In addition, hydrodynamic entrapment of cells close to the surface has been shown to
be highly dependent on other factors like medium ionic strength (Vigeant and Ford,
1997), surface conditioning (McClaine and Ford, 2002) and bacterial cell surface
polymers (Kogure et al., 1998; Merritt et al., 2007; Morisaki et al., 1999).

20.2.6 Cell Responses to Shear Stress

One of the main sources of confusion concerning cell responses to shear stress
arises from the intricate role played by mechanical stress in bacterial attachment.
While most of the time microbial adhesion is observed in an aqueous environment,
the actual hydrodynamic conditions in which attachment and monitoring occur are
seldom known – with their description being limited to the famous refrain, “gen-
tle shaking – slight rinsing – dipping in fresh buffer”, as pointed out elsewhere
(Andersen et al., 2010; Busscher and van der Mei, 2006). Furthermore, even when
the experiments are performed under the more controlled hydrodynamic conditions
of a flow chamber, the actual shear forces experienced by the cells in the devices are
not always evident, since not only flow value but also geometric details are needed
to calculate them. Moreover, hydrodynamics near the surface involve an interplay
of many physicochemical parameters (Lauga et al., 2007) which are, as we stated
above, poorly defined due to the release of bacterial compounds in the medium
and formation of surface conditioning films. Likewise, adhesion itself remodels
the shape of the boundary and consequently changes the local hydrodynamics. In
this context, the question of shear effects on bacterial adhesion remains unresolved.
It has long been thought that increasing shear stress reduces bacterial adhesion,
either preventing attachment or washing off already bound bacteria (Li et al., 2000;
Mohamed et al., 1999; Shive et al., 1999; Wang et al., 1995). Several papers
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nonetheless reported opposing observations where shear forces enhance bacterial
adhesion (Brooks and Trust, 1983; Thomas et al., 2002). This is mainly for bac-
terial adhesion mediated by the specific receptor FimH, the tip domain of an E.
coli type I fimbriae appendage that mediates mannose-sensitive adhesion (Thomas
et al., 2004). The enhancement of bacterial binding to the surface upon shear stress
increase was interpreted there in terms of catch-bonds, as in several eukaryotic sys-
tems previously described (Thomas et al., 2008). However, a recent communication
on P. aeruginosa adhesion showed enhanced adhesion as shear stress increased over
a wide range of shear rates independent of primary surface organelles or type of
surface, suggesting that this might be a general but poorly understood phenomenon
(Lecuyer et al., 2010).

20.3 Short Time-Scale Real-Time Methodologies

20.3.1 The Dispersed Surfaces-Flow Cytometry (DS-FCM)
Approach

Flow cytometry (FCM) is a technique for analyzing particles suspended in a fluid
stream of sizes between 1 and 100 μm. The particle suspension is injected into
a sheath fluid that hydrodynamically focuses on micrometric objects in the beam
waist of a laser one by one. Particles are then counted, analysed and possibly sorted
on the basis of their individual light scattering and fluorescence emission properties
(Fig. 20.1A). This provides large sets of multiparameter data from single object in a
high-throughput mode (Brehm-Stecher and Johnson, 2004; Radcliff and Jaroszeski,
1998).

�
Fig. 20.1 DS-FCM assay illustration (A) Flow cytometry principles. For each object flowing one
by one through the laser beam, the intensity of light forward scattered (FSC), side scattered (SSC)
and the fluorescence emitted at different wavelengths (FLn) are collected simultaneously at high
speed. For the DS-FCM assay, data were collected typically at several thousands of events per
second. (B) FCM snapshots of a cell-particle suspension using the curli producing E. coli marked
with GFP (MG1655gfpompR234 kindly provided by J.M. Ghigo and C. Beloin from the Pasteur
Institute, Paris, France) and 10 μm cationic particles (Polysciences, Eppelheim, Germany). Dot
plots of GFP (FL1) and Propidium iodide (FL3) fluorescence intensities versus forward scattering
are shown for (a) planktonic isolated cells. (b) Partially aggregated cells. (c) Bare particles in their
initial state. (d) Particles with surface converted by bacterial medium components. Histograms
are plotted from bare particles (grey) and propidium iodide-labelled particles (red) after surface
charge conversion, (e) particles colonised by bacteria. Bright field and fluorescence microscope
images are shown to illustrate the various situations. Each different population can be detected
and quantified in the same suspension at given time enabling kinetics monitoring with a time
resolution of a few seconds. (C) (a) The short time adhesion, (b) aggregation and (c) conversion
kinetics obtained simultaneously on the same sample are shown for surface colonisation of 10 μm
polyethyleneimine-coated particles by exponentially growing MG1655gfpompR234 cells
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Initially, the technique was extensively used with mammalian cells, while its use
in microbiology was limited because the bacteria were too small. Developments in
light sources and optics, together with brighter, more spectrally diverse and genet-
ically controlled dyes have, in recent years, enhanced the use of flow cytometry
in microbiological research. Flow cytometry has become a valuable tool for rapid
detection, identification and characterisation of bacteria in environmental samples,
providing a broad range of information, from total counts and size measurements
to quantification of specific molecular details, revealing the heterogeneity present
in a population (Davey and Kell, 1996; Shapiro, 2000). However, until recently, the
technique was considered unsuited for directly studying attached cells due to the
necessity of putting the sample in flow.

Lately, we have introduced a simple approach bypassing this limit to take
advantage of high-speed multiparametric acquisition and multivariate data analy-
sis offered by flow cytometry in exploring bacterial adhesion, and especially the
very first steps in the process (Beloin et al., 2008; Otto, 2008). The principle con-
sists of using dispersed surfaces as adhesive substrates, typically particles 10–30
μm in diameter. Their surface may be engineered using various methods like poly-
electrolyte deposit (Decher, 1997) or chemical functionalisation. These objects have
a clear flow cytometry signature, both in the scattering channels (forward and side
scattering) and in the fluorescence channels if surface characteristic labelling has
been used. For instance, the surface charge may be easily checked using cationic
or anionic fluorescent dyes that quickly bind to the surface by electrostatic interac-
tions. Bacteria also have their own FCM signal that can be easily distinguished from
those of particles due to their smaller size. In addition, cells tagged with fluorescent
proteins, GFP or others, display very a clear fluorescence signal originating from
single cells (Fig. 20.1B).

To monitor cell-surface attachment, bacteria and particles are brought into con-
tact in suspension and aliquots are taken from the incubation sample within seconds
and at given time points for immediate analysis in FCM. These aliquots all contain
free particles, planktonic cells and particle-associated cells, as well as free-floating
cell aggregates. Propidium iodide is added to the tube for FCM analysis just before
data acquisition to label the particle surface by surface charge density. Then, for
each time point, acquisition of individual scattering and fluorescence parameters
of individual object in the suspension reports the following: (i) the respective
abundance of each subpopulation present in the suspension, i.e. bare particles,
bacteria-colonised particles, free cells and free-floating aggregates; (ii) the surface
charge state of the particles, whether colonised or not; (iii) the number of adhering
bacteria per particle, providing an instantaneous snapshot of both the adhesion level,
with single cell precision, and surface conversion in parallel with the bulk state,
with a time resolution of a few seconds, without any separation step (Fig. 20.1C).
Moreover, due to the high throughput of FCM, data are obtained on the basis of high
statistics, thus revealing cooperative effects via deviation from standard statistical
Poisson’s law.

Using this assay, it has been possible to show in E. coli that the thin fimbriae
or so-called curli sustained early surface colonisation with an amplitude closely
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correlated with curli overexpression and cell–cell aggregation. In contrast, Ag43,
another E. coli surface appendage, which also promotes cell–cell aggregation, was
unable to support cell surface initial attachment. This suggested that cell–cell aggre-
gation acted as a surface colonisation amplification factor only in the presence of
already-bound anchors (Beloin et al., 2008).

The DS-FCM adhesion assay enabled quantitative and multiparametric analysis
of initial attachment kinetics. However, it has two main limitations: first, the sam-
ple is subjected to non-negligible shear stress. We evaluated this shear as being on
the order of 50–100 s–1 based on Amblard et al. (1992) considerations, which is
low. Moreover, the resulting forces are applied to the objects for no longer than a
fraction of a second. When flow cytometry results were checked by microscopy, no
significant difference was observed. This indicated that shear stress exerted by the
apparatus did not disrupt the cell-particle association that formed. However, it is still
possible that, in some cases, the instrument could disrupt very weak cell–surface or
cell–cell interactions. Second, the DS-FCM approach requires fluorescently labelled
cells. The tool box of genetic markers is now very large for laboratory strains
(Giepmans et al., 2006) but exogenous labelling is needed to work with strains
isolated from the natural environment, for instance dyes labelling either DNA or
cytoplasm or even membranes (Czechowska et al., 2008).

At present, DS-FCM is a long way from achieving its full potential for eluci-
dating early bacterial adhesion processes. For instance, the possibility of running
single cell adhesion investigations with high statistics – typically several hundreds
of thousands of events – has not yet been exploited. On the other hand, use of vari-
ous fluorescent labelling techniques that target specific molecules, physiological or
genetic pathways would shed new light on the complex processes occurring within
the first few minutes of bacterial adhesion. We are currently developing a new assay
to characterise possible metabolic changes occurring in the first few minutes of cell
interaction with the surface, taking advantage of the fluorescence of the redox active
dye 5-cyano-2,3-ditolyl tetrazoliumchloride (CTC). It would also be of interest to
couple the DS-FCM adhesion assay with short lifetime fluorescent reporters of gene
expression or fluorescence in situ hybridisation (FISH) techniques now available in
living cells (Golding et al., 2005).

20.3.2 Quartz Microbalance (QCM)

QCM is an acoustic sensor initially conceived as a microweighing device to detect
in real time the adhesion of a monolayer of label-free molecules to a surface
(Sauerbrey, 1959). Briefly, the technique relies on electrical excitation of a quartz
disk with a surface of about 1 cm2, sandwiched between two metal electrodes typ-
ically made of gold. Due to the piezoelectric nature of the quartz material, the
application of an alternating electric field induces acoustic waves that propagate
across the quartz crystal perpendicularly to the surface with a decay length in
the fluid of about 250 nm, depending on the applied electric field frequency.
Constructive interference is created upon reflection at each sensor surface with a
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resonance frequency f0, depending on crystal thickness and acoustic wave veloc-
ity, i.e. on the properties of the propagating materials. Consequently, a small mass
increase at the surface of the sensor induces a detectable proportional variation in
resonance frequency �f0. For a review, see Ferreira et al. (2009).

In the initial model of Sauerbrey (1959), mass increase was assumed only to
make the crystal thicker, not to lead to energy dissipation. However, more detailed
analysis shows that when the crystal is immersed in a fluid, energy is lost through
viscous coupling to the fluid near the surface, and the viscoelastic properties of the
adsorbed layer, the surface roughness or the presence of charged species near the
surface influence the variation in resonance frequency as well (Kanazawa, 1997).
As a result, mass increase cannot always be differentiated from roughness or vis-
coelastic effects by simply measuring �f0. To determine the energy dissipation of
the sensor and evaluate the viscoelastic component of the adsorbed film, one can
monitor the decay in a crystal’s oscillation after a rapid excitation close to the reso-
nance frequency. On the basis of this phenomenon, a variation in the QCM technique
called quartz crystal microbalance with dissipation monitoring (QCM-D) has been
developed (Dixon, 2008).

Recently, several groups have used QCM or QCM-D to analyse bacterial adhe-
sion, which appears to be attractive because continuous real-time measurements
can be performed in a label-free system (Olofsson et al., 2005; Shen et al., 2007).
However, an unambiguous relationship between actual bacterial attachment to the
surface and the output parameters of QCM or QCM-D experiments could not
be established. Indeed, bacterial attachment creates considerable alterations in the
surface properties, like viscosity and rigidity, which are translated into resonant fre-
quency variations in addition to those that are caused by mass deposition. Moreover,
the fluid properties near the sensor surface might well be affected by the viscoelas-
tic properties of the extracellular adhesives produced by adherent cells or by cell
surface extensions, seriously complicating signal interpretation. Since such pertur-
bations follow their own time dependence, which is different from true adhesion
kinetics, analysis of dissipation does not really help to obtain information linked
to the increase in the mass. Using the QCM-D technique to evaluate anti-adhesive
surface treatment, Olofsson et al. (2005) found that the magnitude and kinetics of
frequency and dissipation shifts were dependent on the life cycle stage of the bacte-
ria. Moreover, the bacterial surface properties themselves also affect the magnitude
of frequency and dissipation shifts. This was clearly shown by Olsson et al. (2009)
who found, using CCD camera imaging in parallel with QCM-D measurements,
that adhesion of a “bald” bacterium, completely devoid of surface appendages, is
registered as a frequency decrease. On the other hand, adhesion of bacteria pos-
sessing surface appendages yields either a much smaller decrease or an increase
in frequency despite the fact that they adhere in higher numbers. This behaviour
was probably due to the influence of the distance at which the cell body was held
from the sensor surface by its surface appendages upon the magnitude of frequency
and dissipation shifts. QCM signals are thus not suitable for interpreting attachment
kinetics and should not be used for quantitative analysis of bacterial adhesion itself.

In contrast, what constitutes a serious technical hindrance when seeking to quan-
titatively measure surface adhesion becomes a powerful tool for obtaining more
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detailed information on adhering cells and maturation of the adhering layers. For
instance, Otto et al. (1999) used the QCM-D technique to study adhesion of fim-
briated and non-fimbriated E. coli mutants. They monitored resonance shift on an
already formed cell layer after removing loosely bound cells and showed that the
signal still changed, suggesting that firmly attached cells continue to undergo time-
dependent surface interactions, possibly due to structural reorganisation of the cells,
which is different for fimbriated and non-fimbriated cells. They also examined the
influence of ompX, which does not influence cell surface attachment per se upon
cell-surface contact following attachment. Deletion of ompX weakened the cell sur-
face contact of non-fimbriated cells but reinforced that of fimbriated E. coli cells
(Otto and Hermansson, 2004).

Eventually, QCM techniques might be excellent tools for determining subtle
physical dynamics occurring in the first moments of bacterial cell adhesion, but not
adhesion per se. To achieve their full potential, these approaches should be coupled
with other techniques. Adaptation of optical systems enabling detector imaging, as
already attempted by Olsson et al. (2009), should open up an interesting pathway in
that direction.

20.3.3 Surface Plasmon Resonance (SPR)

SPR is another physical technique initially developed to characterise reversible
interactions between biological macromolecules. Surface plasmons are waves of
oscillating surface charge density travelling along a metal surface with amplitudes
that decrease exponentially with distance perpendicular to the surface over a dis-
tance of a few hundred nanometres. On the basis of this phenomenon, Kretschmann
and Raether (1968) proposed an SPR biosensor aimed at probing macromolecule
adsorption on surfaces. The device consists of a glass prism coated with a thin
gold or silver layer. The plasmons can be excited by light only at a well-defined
angle of incidence, for which the wave vector of the light matches that of the
surface plasmon. At that angle, resonance causes an energy loss in the reflected
light which appears in the angle-dependent reflectance curve measured experimen-
tally. The resonance angle strongly depends on the refractive index of the layer
close to the metal surface enabling monitoring of material deposited on the surface
with a time resolution up to ≈ 0.1 s. The shift in the resonance angle has been
shown to be approximately proportional to the mass bound to the sensor surface
up to a concentration of 50 ng mm−2, and the signal is averaged from a surface
area about 1 mm2. Like QCM, SPR is label-free and real-time; it has become a
popular tool for studying a wide range of molecular properties including antigen–
antibody interactions, characterisation of protein targets or drug screening (Garland,
1996; Hoa et al., 2007). However, even in the simple case of ligand-receptor bind-
ing involving a mobile reactant and a reactive partner immobilised on the sensor
surface, determination of kinetic rate constants is often complicated by deviation
of the results from the fitting models (Schuck, 1997). In recent years, this tech-
nique has been applied to static or flow conditions to monitor and qualify processes
involving whole bacterial cell interactions with the surface (Jenkins et al., 2005;
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Oli et al., 2006). Taking into account these limitations, mainly qualitative questions,
such as the demonstration of interactions with a specific receptor attesting its pres-
ence on the surface, can be accurately deduced from SPR experiments with whole
cells (Pourshafie et al., 2004; Salminen et al., 2007). Indeed, several side-effects will
affect the resonance of the incidence angle: adsorption of surface active molecules,
or non-homogeneous deposition of the cells on the surface. Moreover, the fitting
model obtained for extracting kinetic rate constants cannot adequately describe the
entire situation, which again is far from thermodynamic equilibrium, precluding true
competition experiments. In contrast, the technique might be further developed to
explore surface conditioning. For example, it would be of great interest to design
an experiment in which surface coating kinetics could be precisely measured in real
time upon bacterial contact, while bacterial adhesion could be measured in parallel
using another technique.

20.3.4 New Perspectives in Optical Microscopy

Previously, optical microscopy has been widely used to study the initial attachment
of bacteria. The relevance of the technique to characterize initial adhesion per se was
often questionable, with results mainly consisting of images obtained after immer-
sion and rinsing steps, which could not be compared from one laboratory to another.
Indeed, only the cells that had resisted the uncontrolled shear forces applied during
rinsing appeared in the analysis. Moreover, cell counts were obtained using tedious
and time-consuming counting of “randomly chosen” fields, which limits sample size
and the statistical validity of the results.

Now, as light microscopy is coupled to other current methodologies, specific
behaviour of cells on or near the surface can be described. For instance, several
groups have implemented total internal reflection fluorescence (TIRF). As in SPR,
the technique involves the total internal reflection at a specific critical angle obtained
when a light beam propagating through a transparent medium of high index of
refraction (e.g. a solid glass prism) encounters an interface with a medium of a lower
index of refraction (e.g. an aqueous solution). In TIRF, molecules located close to
the surface are excited by evanescent waves generated at the critical angle with
a frequency identical to that of the incident light. The intensity of the evanescent
waves exponentially decays with increasing distance z from the interface, typically
fading away a few hundred nanometres from the surface (Trache and Meininger,
2008). Using this approach, it was possible to characterise better the behaviour
of different bacterial species near the surface, and in particular, their swimming
and hydrodynamic interactions near the surface (Li et al., 2008; Vigeant and Ford,
1997; Vigeant et al., 2001). These properties, while not exactly adhesion events, are
likely to influence attachment significantly and so warrant further study to develop
a comprehensive model of the initial steps of bacterial adhesion.

Using fast Fourier transform (FFT) analysis of digitised phase contrast images,
Agladze and colleagues (Agladze et al., 2003; Agladze et al., 2005) observed that
E. coli cells settling by gravity for 2 h on a glass surface were organised in periodic
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spatial patterns suggesting a concerted adhesion mechanism based on differential
diffusion of activator and inhibitor molecules.

Coupled with the most recent advances in imaging techniques and fluorescence
labelling, light microscopy enables high-resolution single molecule detection (Gitai,
2009). It is now possible to label specific proteins of interest, while reporting cell
function and gene activation in a single cell (Locke and Elowitz, 2009) and it would
be of great interest to monitor genetic dynamics and initial adhesion dynamics in
parallel. Moreover, automated image analysis and high-throughput data collection
are now becoming possible for optical microscopy (Jones et al., 2009; Ljosa and
Carpenter, 2009). Thus, information on rare events and stochasticity is in principle
close at hand and should deliver new insights into short time bacterial adhesion
dynamics.

20.4 Concluding Remarks

In the light of the research on bacterial adhesion over the past few years, the process
of bacterial anchoring to artificial surfaces appears to occur via several types of
dynamic processes that have often been confused: cell-surface association, surface
link maturation and adhesive substrate property alterations. The overlapping of these
phenomena means that bacterial adhesion is a highly out-of-equilibrium process and
only a combination of approaches can permit its description and understanding.

The physical and physico-chemical methods discussed here will help clarify
these phenomena if they are used in parallel. Thus, while QCM techniques seem
better adapted to the analysis of maturation of initial attachment, the DS-FCM
approach is suitable for measuring initial attachment kinetics, and SPR techniques
should be very useful for analysis of conditioning film formation. We have not dis-
cussed here all the possible physical approaches, but rather, a selection of those
that could be used widely. Nevertheless, several other physical techniques of sur-
face analysis, such as X-ray photoelectron spectroscopy, ellipsometry and Fourier
transform infrared spectroscopy, could also significantly contribute to clarifying
questions related to the formation of conditioning films.

In the near future, it is to be hoped that we can significantly elucidate the
complexity of these short-term bacterial adhesion phenomena using combined and
multiparametric technical approaches. This should provide us with the means for
predicting and controlling such phenomena.
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Deciphering Biofilm Structure and Reactivity
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Abstract In natural, industrial and medical environments, microorganisms mainly
live as structured and organised matrix-encased communities known as biofilms.
In these communities, microorganisms demonstrate coordinated behaviour and are
able to perform specific functions such as dramatic resistance to antimicrobials,
which potentially lead to major public health and industrial problems. It is now
recognised that the appearance of such specific biofilm functions is intimately
related to the three-dimensional organisation of the biological edifice, and results
from multifactorial processes. During the last decade, the emergence of innova-
tive optical microscopy techniques such as confocal laser scanning microscopy in
combination with fluorescent labelling has radically transformed imaging in biofilm
research, giving the possibility to investigate non-invasively the dynamic mecha-
nisms of formation and reactivity of these biostructures. In this chapter, we discuss
the contribution of fluorescence analysis and imaging to the study at different
timescales of various processes: biofilm development (hours to days), antimicrobial
reactivity within the three-dimensional structure (minutes to hours) or molecular
diffusion/reaction phenomena (pico- to milliseconds).

21.1 Microbial Biofilms in Our Environment

Biofilms have a considerable impact on human existence and well-being because
of their involvment in various beneficial ecological phenomena (Singh et al., 2006).
Moreover, the ability of microbes to perform specific chemical reactions in surface
associated consortia can be used to produce energy (Yadvika et al., 2004; Cournet
et al., 2010). Nevertheless, bacterial communities are involved in a large number of
detrimental processes such as biofouling or biocorrosion (Beech et al., 2005), and
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in infectious diseases such as periodontitis, endocarditis, cystic fibrosis pneumonia
and most hospital-acquired infections (Costerton et al., 1999). This phenomenon
can be explained by the high resistance of biofilm-dwelling cells to antimicrobial
agents (Mah and O’Toole, 2001), which enables pathogens to persist on medical
devices or industrial equipment, leading thus to critical problems in terms of public
health. Although the precise mechanisms of resistance remain unclear, it appears to
be a multifactorial process directly or indirectly related to the architectural features
of multicellular bacterial edifices. The depletion of active antimicrobial agents in
the bulk of biofilm due to diffusion and/or reaction limitations (Huang et al., 1995;
Campanac et al., 2002) illustrates the vital role of the shape of the matrix in the
resistance of such communities. The biofilm matrix is also known to play a key role
in protection against the human innate immune system by decreasing phagocyto-
sis, for example (Vuong et al., 2004). In addition, the development of a complex
three-dimensional (3D) biofilm architecture results in the appearance of nutrient
and oxygen gradients. These lead to differential gene expression and specific phys-
iological activities throughout the biofilm in response to local microenvironmental
conditions (Stewart, 2003; Rani et al., 2007). Consequently, the emergence of phe-
notypic variants in biofilm subpopulations contributes to the expression of novel
community functions such as tolerance to antimicrobial stress, which can increase
population fitness (Lewis, 2005; Stewart and Franklin, 2008).

Until now, biofilm imaging has concentrated on identifying and understanding
the sequence of events leading to biofilm formation and its structure (Lakins et al.,
2009). Specifically, it is now appreciated that biofilm formation can be defined as a
process that consists of defined stages including: reversible and irreversible attach-
ment; surface motility and initiation of the formation of microcolonies or other
arrangements; maturation, ageing and differentiation of microcolonies; and finally,
biofilm dissolution and generation of specialised dispersal cells (Kjelleberg et al.,
2007). Numerous studies have shown that this biological process involves a coordi-
nated spatio-temporal expression of adhesion, motility, matrix or cell death genes in
response to micro-environmental conditions and signalling molecules (Rieu et al.,
2007; Vlamakis et al., 2008). The regulated death of bacterial cells in biofilms con-
stitutes an important component of multicellular development and a telling example
of temporal and spatial regulation (Bayles, 2007). In B. subtilis biofilms for exam-
ple, Lopez et al. (2009) showed that matrix-producing cells exhibit cannibalistic
behaviour by producing toxins that lyse a part of the population. The nutrients
released are preferentially consumed by the surviving matrix-producing subpopu-
lation as they are the only cells expressing resistance to toxins. This phenomenon
leads to increase of matrix production and thus favours biofilm formation. The
authors showed that this coordinated mechanism may constitute a defense mech-
anism of B. subtilis in adverse conditions. In Pseudomonas aeruginosa, some cells
in the centre of the microcolonies undergo prophage-mediated autolysis, providing
nutrients to the remaining cells that can disseminate and colonise novel ecologi-
cal niches (Webb et al., 2003; Rice et al., 2009). Moreover, most dispersed cells
exhibit specific phenotypes that are associated with increased resistance to environ-
mental stress and higher virulence (Hall-Stoodley and Stoodley, 2005). Both these
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competitive or altruistic behaviours are deleterious at the single-cell level, but ben-
efit the global community fitness, demonstrating that biofilm typically results from
a balance between these two social behaviours (Dunny et al., 2008; Nadell et al.,
2009). It is important to consider that, even if most experimental studies are per-
formed on single species models, biofilms usually contain multiple bacterial species,
fungi, viruses and protozoa. This diversity increases the complexity of the relation-
ships between dwelling organisms and can lead to the emergence of specific traits
(Hansen et al., 2007).

The functional properties of biofilms therefore result from the complex spatial
and temporal differentiation of cells in the dynamic three-dimensional structure in
response to environmental signals and cell-cell interactions. The development of
tools enabling in-situ observation of dynamic processes within biofilms is required
to improve our understanding of biofilm traits and to develop advanced control
strategies. Recent developments in confocal laser scanning microscopy (CLSM),
and new fluorescent molecules and protein reporters allowing the labelling of spe-
cific matrix components or cell states, have deepened our knowledge of biofilms.
These new tools allow researchers to explore non-invasively the dynamic archi-
tectural and physiological evolution in the three-dimensional structure of biofilms
(Palmer and Sternberg, 1999). In this chapter, we review the use of fluorescence
imaging for the study of biofilm structure and reactivity at different timescales. We
first present the contribution of the method to analyse the 3D architecture and devel-
opment of the biofilm (hours to days). We then discuss the use of fluorescence in
monitoring biocide activity in biofilms by 4D imaging (minutes to hours). Finally,
we describe the use of FRAP (Fluorescence Recovery After Photobleaching),
FCS (Fluorescence Correlation Spectroscopy) and FLIM (Fluorescence Lifetime
Imaging) in insitu molecular diffusion/reaction studies in biofilms (picoseconds to
minutes).

21.2 From Free Cells to 3D Organised Multicellular Architecture

21.2.1 Laboratory Biofilms Assays

In laboratories, different devices are used to produce biofilms: we only present here
the most commonly used systems in live-cell imaging studies. Two types of systems,
“dynamic” or “static”, can be distinguished.

In “dynamic” systems such as flow-cells, biofilms are formed under the flow of
medium, which enables continuous renewal of nutrients. This kind of device enables
the elimination of planktonic cells by the flow and is particularly well adapted to
the monitoring of biofilm development in “real time” using fluorescent strains and
CLSM (Pamp et al., 2009). Different flow-cell designs exist, varying according to
the number and the dimension of channels, as well as the nature of the base. One
major drawback of these systems is the cumbersome and expensive nature of the
growth protocol, which does not allow the screening of many samples. Furthermore,
the difficulty of standardising biofilm growth in flow-cells and the weak control of
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hydrodynamic parameters can limit the repeatability between different experiments
or laboratories.

In “static” systems, biofilms are produced without any flow and thus result from
the multiplication of attached cells on the surface and also partially from the sed-
imentation of the planktonic fraction. Static systems also suffer from a lack of
standardisation, in particular in the key step of rinsing that can severely affect the
biofilm 3D structure.

Using microtiter plates, many high-throughput static assays have been developed
to quantify biofilm formation in a large number of strains (Peeters et al., 2008).
These methods are very useful for screening mutants and identifying the genes
involved in biofilm formation and maintenance, but they do not provide structural
information. Recently, a method based on a microtiter plate compatible with high
resolution imaging by CLSM was proposed to overcome this limitation (Bridier
et al., 2010). The ability of some species to form a floating pellicle at the air-
liquid interface or complex macrocolonies on agar can also be exploited to identify
developmental steps and genes required in biofilm formation (Branda et al., 2005;
Enos-Berlage et al., 2005).

The choice of growth protocol is a critical step in biofilm study because it
greatly influences biofilm formation and architecture: this has been clearly illus-
trated by Yarwood et al. (2004), who demonstrated that mutating a gene involved
in Staphylococcus aureus biofilm formation had opposing effects depending on the
system (microtiter plate, rotating disk reactor or flow-cell).

21.2.2 CLSM for Multi-dimensional Biofilm
Fluorescence Imaging

As mentioned previously, most of what makes microbial cells in a biofilm different
from their planktonic counterparts is their multicellular spatial organization. The
analysis of such structure/function relationships has considerably evolved during
the last decade, in line with technical advances in microscopy. To gain access to
in situ observations, much effort has been directed toward photonic microscopy
associated with the fluorescent labelling of biofilm elements. Hence, in conven-
tional widefield fluorescence microscopy, the biofilm is illuminated by a cone of
light, thus obtaining almost uniform sample excitation and fast image acquisition.
The drawback is poor depth resolution due to the collection of light coming from
regions of the sample located at different depths. Practically, it means that only
very thin biofilms (close to a monolayer in structure) can be adequately observed.
Deconvolution can in some cases allow 3D imaging enhancement in such systems
(Conchello and Lichtman, 2005).

The emergence of CLSM has radically transformed biofilm optical imaging,
and in particular allows the analysis of thick biofilms. Due to the introduction of
a “pinhole” in the path of the fluorescence light emitted by the sample, only the
fluorescence coming from the focal plane reaches the detector and the contribution



21 Deciphering Biofilm Structure and Reactivity 337

of out-of-focus light is eliminated. This optical sectioning ensures a submicron res-
olution compatible with observation of a single bacterium within the biofilm. It is
also now possible to add two other dimensions to these image stacks: time (t) for
2D or 3D dynamics analysis, and wavelength (λ) for spectral imaging, for example
to unmix multi-fluorescent labels or subtract interference from a fluorescent back-
ground. Therefore, the introduction of CLSM has led to considerable progress in
studying the architecture, physiology and molecular interactions within the biofilm
without prior chemical fixation (in situ observations in aqueous medium).

The widespread use of lasers has led to the emergence of new methods, includ-
ing approaches based on nonlinear optics. Hence, the limited depth penetration
of CLSM can be overcome by employing two-photon laser scanning microscopy
(2PLSM). Experimentally, two-photon excitation of the fluorescent molecule is
obtained by the quasi-simultaneous absorption of two photons of half the energy
of the photons used in CLSM (Vroom et al., 1999), typically using near-infrared
lasers (Neu et al., 2010; Lakins et al., 2009).

These laser microscopy methods are constantly evolving to improve both image
acquisition rate (fast confocal spinning-disk microscopes, multiphoton multifo-
cal microscopy; Deniset-Besseau et al., 2007) and spatial resolution, for instance:
structured illumination, total internal reflection fluorescence microscopy (TIRF),
stimulated emission depletion microscopy (STED), photoactivation localisation
microscopy (PALM), stochastic optical reconstruction microscopy (STORM) and
4pi microscopy. Researchers involved in the study of biofilms may benefit from
these new developments in fluorescence microscopy.

The extensive use of CLSM in biofilm research is also intrinsically related to
the development of dedicated specific fluorophores. Available fluorophores allow
visualisation of different components of the biofilms, of individual cells and their
local physiology or patterns of gene expression, or of the organic matrix and the
existence of heterogeneous microdomains.

The analysed fluorescence can come either from fluorescent labels incorporated
into the biofilm or from the microorganism. The main requirement is that it is a good
fluorophore: i.e. that it has high brightness (product of fluorescence quantum yield
and molar extinction coefficient ε) and suitable photostability.

The most widespread methods of fluorescent labelling of biofilm compo-
nents are:

– Indicators of microbial membrane integrity, e.g. Live/dead stain (Pamp et al.,
2008).

– Indicators of metabolic activity markers, e.g. Calcein AM (Takenaka et al., 2008).
– Fluorescent lectins to label extracellular polysaccharides, e.g. concanavalin A

(Neu et al., 2001).
– Fluorescent in situ hybridisation (FISH) for identification of community members

within complex biofilms (Amann et al., 1990).
– Expression of fluorescent proteins from the microbial genome: green fluorescent

protein (GFP) has proven to be a powerful method to study in vivo gene expression
in a broad range of hosts (Veening et al., 2004).
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21.2.3 Time-Course Structural Analysis of Events Leading
to Biofilm Formation

Tracking of the time-course of biofilm construction was pioneered in the last
decade by the Tolken-Nielsen group on P. aeruginosa biofilms grown in flow-
cells (Tolker-Nielsen et al., 2000; Klausen et al., 2006). The ideal situation for
non-destructive time-course biofilm imaging is to grow bacterial cells expressing
fluorescent reporter protein(s) for the biofilm assay on a transparent substratum
compatible with in situ CLSM observation (i.e. flowcells or dedicated microtiter
plates). In this configuration, it is possible to record 4D image series (3D images
as a function of time) of the same microscopic field and to trace in “real time”
the multicellular assemblage as a movie. This approach was used to identify the
molecular determinants involved in biofilm construction. The experimental method
compares the sequence of events involved in the formation of a wild type biofilm

Fig. 21.1 3D reconstruction of biofilm development under flowing conditions from confocal
image series. (a) Structural development of GFP-tagged Pseudomonas aeruginosa PaO1 biofilm
using time-lapse CLSM. (b) Time-course CLSM of GFP-tagged WT Lactococcus lactis MG1363
(top) and its cell wall mutant, �acmA (inactivation of N-acetyl glucosaminidase) (bottom). The
mutation leads to the development of cell chains forming a biofilm with different architectural
properties than wild-type. Adapted from Habimana et al. (2009). (c) Sequence illustrating the
spatiotemporal regulation of agr expression during biofilm formation by Listeria monocytogenes.
Green indicates cells expressing GFP from the reporter plasmid pGID128, which contain a fusion
of the agr promoter region with gfp. The red cells are stained with the nucleic acid SYTO61 dye
(cells in red lacks agr activity). Adapted from Rieu et al. (2008)
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with the sequence of events in a series of mutants. Using this scheme, it has been
possible for example to identify the involvement of F plasmid, pilus and putative
membrane proteins in E. coli biofilms (Beloin et al., 2004; May and Okabe, 2008),
and the involvement of exopolysaccharide synthesis in Lactococcus lactis biofilms
(Habimana et al., 2009).

As the understanding of biofilm complexity increases, “simple” descriptive
architectural studies are being replaced by those in which the three-dimensional
organization of the biofilm is related to other information, such as species com-
position, relationship with substrate or physiology (Palmer and Sternberg, 1999).
Indeed, most studies of gene expression by bacteria in biofilms described levels
that reflect the average gene expression over the entire population (Lenz et al.,
2008). CLSM associated with fluorescent reporter fusions has recently been used
to trace the spatio-temporal expression of specific genes at the single cell level in
the overall biofilm structure. The approach has shown than some genes are specifi-
cally expressed on the interfacial layers of the biofilm (Lenz et al., 2008; Ito et al.,
2009; Rieu et al., 2008), while others are expressed in more specific patterns, such
as the agr system implicated in quorum sensing regulation in Staphylococcus aureus
biofilms, which is expressed in patches within cell clusters and where the expres-
sion oscillates with time (Yarwood et al., 2004). Some examples of biofilm structural
dynamics are presented in Fig. 21.1.

21.3 Real Time 3D Visualization of Biofilm Inactivation
by Antimicrobials

The latest surge of interest in biofilms was triggered by the observation of their
unprecedented microbial tolerance to antimicrobial agents e.g. antibiotics or bio-
cides. Previous studies suggested that biofilm resistance is clearly multifactorial, and
only a combination of different mechanisms could account for the observed resis-
tance levels in biofilm communities (Anderson and O’Toole, 2008). Exopolymeric
matrix can serve as a protective environment. For example, the activity of an
antibiotic on mucoid P. aeruginosa biofilms can be significantly enhanced by addi-
tion of alginate lyase and DNAase, suggesting that alginate and extracellular DNA
function as antibiotic barriers (Alipour et al., 2010; Harmsen et al., 2010). The
heterogeneity of cell physiology within the biofilm matrix due to oxygen and nutri-
ent gradients can also constitute a protective phenotype (Xu et al., 1998; Stewart
and Franklin, 2008). In addition, regulated cell differentiation, collective coordi-
nated behaviour and inter-cellular genetic exchange can contribute to the resistance
of biofilm cells to antimicrobial stress. As a result, there is particular interest in
developing biocides able to overcome such tolerance.

Conventional methods to study biofilm inactivation, such as bacterial enumer-
ation on agar plates, are time-consuming, static and incompatible with structural
observations. Therefore, the development of fast (minutes to hours), dynamic and
non-destructive methods is required. Non-invasive direct time-lapse microscopic
observation of biofilm viability was pioneered by Hope and Wilson (2004). Cells



340 A. Bridier et al.

Fig. 21.2 Dynamics of Staphylococcus aureus biofilm inactivation by (a) 0.3% Peracetic Acid;
(b) 0.05% C14-benzalkonium chloride; (c) 0.03% O-phthaldialdehyde and (d) saline solution.
Fluorescent intensity of ChemChrome V6 is integrated over the image and normalized to the max-
imal value. Each curve represents the evolution of the mean fluorescent intensity of biofilm during
biocide treatments. Dynamic profiles obtained illustrate the different modes of action of the three
biocides tested. Fluorescent spectra ChemChrome V6 during: (e) C14-benzalkonium chloride and
(f) 0.3% Peracetic acid action. Time between subsequent measurements (curves) is 5 min. Results
show the loss of fluorescence intensity of the marker in presence of PAA showing an interaction
between the two molecules. There was no interaction between ChemChrome V6 and the other
biocides tested, as shown for C14-benzalkonium chloride as example
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were visualised with the commercial BacLight Live/Dead kit (Invitrogen) composed
of DNA-intercalating dyes, which is widely used for the time-independent measure-
ments of bacterial membrane integrity. Later, the Stewart group (Takenaka et al.,
2008) further improved the method by using the esterase activity marker Calcein-
AM, which meets the basic requirements for cell viability tagging, i.e. it is stable and
it efficiently tags the intracellular space in live cells without any changes in morphol-
ogy or physiology of the cells and bacterial community structure. There is another
essential requirement for “direct time-lapse microscopic observation”: either the
marker should not interact at all with the biocide, or the biocide-marker interac-
tions should be fully understood and subtracted from the observed effect. Focusing
on chemical biocides, there is evidence that such strongly reactive molecules and
fluorescent dye or its target can interact (Phe et al., 2007). In this case, intracellular
fluorescent reporters such as metabolic activity fluorophores are the most relevant.
Their foremost advantage is that the marker is already inside cells, and is only
affected by biocide after the biocide penetrates the cell or after the marker leaks out.

As an illustration, we measured the time and spatial inactivation of
Staphylococcus aureus biofilms by three biocides used for disinfection of medical
equipment and food processing areas (Fig. 21.2). In the absence of antimicrobials,
the cell viability reporter used (esterasic marker V6 ChemChrome, AES Chemunex)
stays inside the cell without any noticeable influence on the cell. When the plasma
membrane is damaged during disinfection, the fluorophore leaks out of the cell,
which allows direct visualization of biocide action within the 3D structure. The pro-
files of inactivation dynamics obtained underlined the specific mode of action of
each biocide tested and enabled a deeper understanding of the treatment limitations.
We could determine how well the dynamics of marker fluorescence intensity and
biofilm cell inactivation correlate using model systems. For instance, using fluores-
cent spectroscopy in an in vitro system containing DNA and esterase enzyme to
mimic the intracellular environment, we detected a strong biocide-marker interac-
tion only with peracetic acid (PAA) (Fig. 21.2e–f). Consequently, the evolution of
the intracellular marker fluorescent intensity under PAA action in biofilm tells us
that the contact between marker and antimicrobial agent took place, and thus that
the antimicrobial agent at least penetrated the cell. Moreover, the classical cell enu-
meration on agar was in good agreement with the fluorescent kinetics for the three
biocides, including PAA.

CLSM 4D time-lapse experiments allow direct in situ visualization of antimicro-
bial action throughout the biofilm and the standardization of tools for the selection
of active molecules in order to achieve efficient biofilm treatments.

21.4 Understanding the Process of Diffusion-Reaction
Within Biofilms

Both the physiological properties of microorganisms and the structure of the extra-
cellular polymeric substances play a crucial role in the reactivity of biofilms towards
scattering entities. To analyse the molecular interactions within biofilms, it is
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necessary to have non-invasive efficient methods of investigation in terms of spatial
resolution, sensitivity and acquisition speed. Besides fluorescence intensity imaging
techniques, more advanced fluorescence-based approaches can be implemented for
in situ molecular diffusion/reaction studies within “live” biofilms, including FRAP
(Fluorescence Recovery After Photobleaching), FCS (Fluorescence Correlation
Spectroscopy) and FLIM (Fluorescence Lifetime IMaging).

21.4.1 Fluorescence Recovery After Photobleaching (FRAP)

As described previously, time-lapse imaging in CLSM allows following the diffu-
sion of fluorescent molecules in such spatially organised biofilms (Rani et al., 2005;
Takenaka et al., 2009). However, this method only allows estimating average and
global diffusion coefficients over the macrostructure and ignores its heterogeneity
(e.g. water channel, mushroom-like structures).

To measure local diffusion/reaction through a 3D biological structure, FRAP is a
simple method that is now routinely implemented on commercial CLSMs (Waharte
et al., 2010). FRAP is based on a brief excitation of fluorescent molecules by a very
intense light source in the volume defined by the confocal microscope objective (for
single spot FRAP) or in a user-defined region to quench their fluorescence (photo-
bleaching) irreversibly (Fig. 21.3a,b). Fluorescence redistribution is then observed
if the fluorophores are allowed to move in the sample. The analysis of the time
course of fluorescence intensity recovery with proper mathematical models thus
gives access to the quantitative mobility of the fluorescent molecules (determination
of diffusion coefficient and/or rate of molecular association) (Fig. 21.3a).

FRAP typically requires micromolar concentrations of fluorescent tracers, and
consequently gives access only to average diffusion coefficients unlike FCS (see
below), potentially masking the effects of local heterogeneity. FRAP is not sensitive
enough to detect the motion of a single molecule. Furthermore, the quantification
of FRAP measurements requires mathematical models adapted to the experimental
conditions and the geometrical/structural configuration of the sample; these diffi-
culties explain why most FRAP studies are essentially based on a qualitative and
relative analysis. Recently, an image-based FRAP protocol and its corresponding
analysis that can be readily applied by anyone familiar with a CLSM has been
published; it improves the accuracy and accessibility of FRAP measurements of
molecular diffusion inside bacterial biofilms (Fig. 21.3d,e). The method was sup-
ported by an original representation that allows checking the presence of bacterial
movement during image acquisition that would alter the measurements (Fig. 21.3c)
(Waharte et al., 2010).

21.4.2 Fluorescence Correlation Spectroscopy (FCS)

FCS, on the other hand, is the most appropriate technique to analyse
diffusion/reaction processes within biological entities with single molecule
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Fig. 21.3 Principle of molecular diffusion measurements in biofilms by FRAP (a) Example of
fluorescence recovery curve. The vertical points show the start of the recovery phase just after
photobleaching. The horizontal dashed line shows the initial level of fluorescence to estimate
the mobile fraction (100% here). (b) Image sequence taken during the FRAP experiment on a
Stenotrophomonas maltophilia biofilm loaded with FITC-dextran. The dark area in the centre of
the images is the photobleached area. (c) Kymogram representation (intensity along a vertical
centered line crossing the image for each time point) giving a graphical representation of spatial
position over time. (d) Illustration of the evolution of the intensity spatial profile overtime (dark
line is the initial profile after photobleaching and successive profiles in dashed lines with decreas-
ing amplitudes with time). (e) Evolution of the squared intensity profile width with time showing
the proportionality of the slope of the graph with the diffusion coefficient (profile analysis)
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resolution. FCS is based on monitoring the emission intensity fluctuations due
to a small number of molecules passing through the confocal excitation volume.
These fluctuations can be quantified in their amplitude and duration by temporally
autocorrelating the recorded intensity signal.

The experimental conditions required for this technique (a small number of flu-
orophores, characterization and control of the excitation volume) explain why FCS
was mainly developed after the advent of confocal and two-photon microscopy
(excitation volume < 1 fL) and of ultrasensitive new systems for detecting fluores-
cence photons (photomultipliers, avalanche photodiodes) allowing the use of low
fluorophore concentrations (Guiot et al., 2000). Fluorescence intensity fluctuations
reflect not only the diffusion of fluorescent molecules through the 3D structure of
the biofilm, but also the photophysical and photochemical reactions that quench the
fluorescence (charge transfer transition to the triplet state of the molecule), or con-
formational changes of molecules (molecular complexation, aggregate formation).
Thus the FCS signal analysis quantifies a range of reaction parameters on a large
time scale from microseconds to several seconds.

In practice, although this method is highly sensitive, has high resolution and
is and non-invasive, it remains difficult to use and imposes some constraints. In
particular, the fluorophores must have high fluorescence quantum yields and low
photo-destruction yields. Furthermore, because of the small number of molecules
involved, it is often necessary to temporally accumulate the fluorescence signal to
obtain a representative statistic of fluctuation correlations with a satisfactory signal
to noise ratio. This condition can be greatly improved by the use of two-photon
excitation (TPE). The probability of fluorophore excitation by quasi-simultaneous
(<10–16 s delay) absorption of two photons is very low, thus significant TPE only
occurs at the objective focal volume where the concentration of photons (also tem-
porally concentrated by the use of femtosecond pulsed lasers) is very high. These
properties give TPE microscopy several advantages over one photon excitation
microscopy, in particular in a classical confocal setup: (i) intrinsic localisation of
the excitation allows fluorescence detection with extremely low background noise
and thus easier detection of single molecules, (ii) use of an infrared excitation
wavelength (e.g. from a Titanium-sapphire laser) results in greater penetration of
biological samples, (iii) photodamage is limited and restricted to the excitation vol-
ume and (iv) the excitation volume can easily be characterised and mathematically
modelled.

FCS was first explored using homemade equipment and the associated specific
know-how. The method has now been adapted to commercial CLSM and TPE
setups. Whatever the setup used, FCS has allowed the following of the penetration,
diffusion and reaction capabilities of fluorescent probes (latex beads and fluorescein
isothiocyanate–dextran) of different sizes and electrical charge (Guiot et al., 2002),
of fluorescently stained bacteriophages (Briandet et al., 2008), and of antimicrobial
agents in models of static and dynamic biofilms with different EPS density. Steric
hindrance and even total inhibition of diffusion have been observed, particularly in
areas with a high cotent of extracellular polymeric substances. Alternative explana-
tions for this were attractive electrostatic interactions between cationic particles and
negatively charged bacteria, specific interactions between the diffusing fluorophore
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Fig. 21.4 (a) CLSM image of S. maltophilia biofilms near the substratum. Zone 1 and zone 2
correspond to homogeneous and heterogeneous parts of the biofilm respectively. Cells were stained
with SYTO nucleic acid stain (scale bar = 20 μm). (b) Fluorescence correlation curves (g(τ))
corresponding to c2 bacteriophages stained with sytox green in solution (�), in zone 1 (�) and
zone 2 (©) of S. maltophilia biofilms. The curve fits (straight lines) were obtained using a two
diffusional component equation

and elements in the biofilm (e.g. sugar-matrix interaction, cell envelope and phage)
(Fig. 21.4) or antibiotics. Such studies have given a better understanding of the role
of the exopolymer matrix as a molecular “reservoir” and of its ability to modulate
the transport and interaction of entities within the biofilm.

21.4.3 Fluorescence Lifetime Imaging (FLIM)

FLIM is well-suited for characterising such molecular interaction processes as flu-
orescence lifetime is an intrinsic property of a fluorophore, independent of its
concentration. The fluorescence lifetime of a molecule varies locally depending on
its reactivity with the biological environment. It is hence possible to build fluores-
cence lifetime images that allow assessment of the reactivity of a fluorophore at the
molecular level throughout a 3D biological structure such as a biofilm. FLIM was
used in biofilm studies to characterise the interaction between sugars in the exopoly-
meric matrix (Guiot et al., 2002), to probe the local pH (Vromm et al., 1999) and
more recently to measure the differentiation of active and inactive bacteria by the
estimation of the intracellular RNA:DNA ratio (Walcysko et al., 2008).

21.5 Conclusion

Recent advances in photonic microscopy, fluorophore design and molecular tools
have dramatically transformed biofilm experimental analysis by making it possible
to explore the dynamic structure and reactivity of these biological edifices non-
invasively. The current development of high content screening automated systems
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(Bridier et al., 2010), alternative label-free imaging methods such as scanning trans-
mission X-ray microscopy (STXM) and magnetic resonance imaging (MRI) (Neu
et al., 2010), and the development of correlative microscopy (Schaudinn et al.,
2009) will dramatically improve our understanding of biofilm structure/function
relationships, offering new perspectives in the field of biofilm research.
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Chapter 22
Inhibition of Bacterial Adhesion on Medical
Devices

Lígia R. Rodrigues

Abstract Microbial infections resulting from bacterial adhesion to biomaterial sur-
faces have been observed on almost all medical devices. Biofilm infections pose
a number of clinical challenges due to their resistance to immune defence mech-
anisms and antimicrobials, and, regardless of the sophistication of the implant, all
medical devices are susceptible to microbial colonisation and infection. Research
efforts are currently directed towards eliminating or reducing infection of medical
devices. Strategies to prevent biofilm formation include physiochemical modifica-
tion of the biomaterial surface to create anti-adhesive surfaces, incorporation of
antimicrobial agents into medical device polymers, mechanical design alternatives,
and release of antibiotics. Nevertheless, the success of these alternatives has been
modest, mainly due to the various environments into which devices are placed and
the diversity of ways in which organisms can colonise surfaces. Biosurfactants have
been reported as a promising strategy as they effectively inhibit bacterial adhesion
and retard biofilm formation, and are thus potentially useful as a new generation of
anti-adhesive and antimicrobial coatings for medical devices.

22.1 Introduction

Microbial adhesion and biofilm formation on medical devices is a common event
that can have important medical and economic consequences. The use of temporary
or permanent implants or prosthetic devices fabricated from polymeric biomateri-
als has increased dramatically in recent years. It is estimated that over 5 million
medical devices or implants are used per year in the United States alone (Bryers,
2008). Medical devices are responsible for about 60–70% of hospital-acquired
infections, particularly in critically ill patients (Bryers, 2008; Darouiche, 2001).
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Bacterial colonisation of an indwelling device, followed by biofilm formation, can
be a prelude to infection and consequently to tissue destruction, systemic dissemi-
nation of the pathogen and dysfunction of the device, resulting in serious illness and
death (Hall-Stoodley et al., 2004). The process by which microorganisms colonise
open and closed implants or prosthetic devices is fairly complicated and involves a
series of steps starting with deposition of host substances (macromolecules such
as collagen and fibronectin) onto the material (Costerton et al., 1999). Device-
associated infections are resistant to immune defence mechanisms and are difficult
to treat with antimicrobial agents because the organisms are encased within a pro-
tected microenvironment hampering the prevention and treatment of established
biofilms (Habash and Reid, 1999). Bacteria that grow in association with medi-
cal devices always form slime-enclosed biofilms within which they are protected, to
a large extent, from the bactericidal activity of chemical biocides and antibiotics.
Removal of the device may be necessary, resulting in both attendant distress to
the patient and cost. Considerable research endeavour is currently directed towards
reducing, if not eliminating, infection of medical devices. Strategies under inves-
tigation include physiochemical modification of the biomaterial surface to create
anti-adhesive surfaces, incorporation of antimicrobial agents into medical device
polymers and the use of electric fields to improve antibiotic therapy (Darouiche,
2001; Hall-Stoodley et al., 2004; Hetrick and Schoenfisch, 2006). Nevertheless, the
efforts to reduce adhesion using specially developed materials, with hydrophilic or
heparin coated surfaces, have had only modest clinical success (Habash and Reid,
1999). The reason, at least for the most part, is the various environments into which
devices are placed and the diversity of ways in which organisms colonise surfaces.
A better understanding of the process is required, as well as the development of
new alternatives to the traditional surface-modifying preventive approaches, which
have largely focused on antimicrobial coating of devices and on employment of
antibiotics (Darouiche, 2001; Habash and Reid, 1999).

This chapter focuses on adhesion and biofilm formation by bacteria on med-
ical devices, strategies to inhibit bacterial adhesion and the potential use of
biosurfactants as anti-adhesive and antimicrobial surface coatings.

22.2 Medical Biofilms

More than half of the infectious diseases that affect mildly immune-compromised
individuals involve bacterial species that are commensal in humans or are com-
mon in our environment (Costerton et al., 1999). For example, the skin bacterium
Staphylococcus epidermidis and the soil bacterium Pseudomonas aeruginosa can
cause devastating chronic infections in immune-compromised hosts. Microbial
infections have been observed on most, if not all, medical devices or implants
including: prosthetic heart valves, orthopaedic implants, intravascular catheters, arti-
ficial hearts, left ventricular assist devices, cardiac pacemakers, vascular prostheses,
cerebrospinal fluid shunts, urinary catheters, voice prostheses, ocular prostheses and
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contact lenses, and intrauterine contraceptive devices (Bryers, 2008; Darouiche,
2001; Rodrigues et al., 2007). In non-surgical indwelling medical devices, such
as central venous and urinary catheters, biofilm colonisation may originate either
from the skin at the point of insertion, or by migration of the organism(s) through
or around the catheter once implanted. As for surgical devices, tissue damage and
clot formation associated with surgical implantation are correlated with enhanced
rates of microbial biofilm colonisation (Donlan and Costerton, 2002; Hetrick and
Schoenfisch, 2006; Lynch and Robertson, 2008; Zilberman and Elsner, 2008). At
the cellular level, implant-associated infections are the result of bacterial adhesion to
a biomaterial surface. Upon implantation, there is competition between integration
of the material into the surrounding tissue and adhesion of bacteria to the implant
surface (Gristina, 1987). For a successful implant, tissue integration occurs prior
to appreciable bacterial adhesion, thereby preventing colonisation at the implant.
However, host defences often can not prevent further colonisation if bacterial adhe-
sion occurs before tissue integration (Gristina, 1987). A 6 h post-implantation
“decisive period” has been identified during which prevention of bacterial adhe-
sion is critical to the long-term success of an implant (Poelstra et al., 2002). Over
this period, an implant is particularly susceptible to surface colonisation. Virtually
all medical devices or tissue engineering constructs are susceptible to microbial
colonisation and infection (Castelli et al., 2006).

Upon adhesion to a surface, replicating adherent bacteria secrete mostly insol-
uble gelatinous exopolymers, forming a biofilm (Bryers, 2008; Darouiche, 2001).
From a medical perspective, both commensal and pathogenic microorganisms form
biofilms that are associated with the epithelial or endothelial lining: embedded in
the lung, intestinal or vaginal mucus layer; attached to the teeth or medical implant
surfaces; or formed intracellularly (Costerton et al., 1999; Hall-Stoodley et al.,
2004; Pizarro-Cerdá and Cossart, 2006; Reid 1999). Microorganisms involved in
biofilms related to human infections are compiled in Lynch and Robertson (2008).
Biofilm formation and persistence has profound implications for the patient, because
microorganisms growing as biofilms are significantly less susceptible to antibiotics
and host defenses than the planktonic forms of the same microorganisms (Bryers,
2008; Costerton et al., 1999). Sessile bacterial cells release antigens and stimulate
the production of antibodies, but the antibodies are not effective in killing bacte-
ria within biofilms and may cause damage to surrounding tissues (Costerton et al.,
1999). Even in individuals with excellent cellular and humoral immune reactions,
biofilm infections are rarely resolved by host defence mechanisms and commonly
manifest themselves as chronic or recurrent infections (Bryers, 2008; Costerton
et al., 1999; Gristina, 1987; Gottenbos et al., 2004). Biofilm infections constitute
a number of clinical challenges, including disease, chronic inflammation, impaired
wound healing, rapidly acquired antibiotic resistance, and the spread of infectious
emboli (Bryers, 2008; Hall-Stoodley et al., 2004; Pizarro-Cerdá and Cossart, 2006).
A number of physical, biological and chemical processes are involved in biofilm
formation, with the relative contribution of each changing throughout biofilm devel-
opment and depending on environmental and hydrodynamic conditions (Habash
and Reid, 1999; Hall-Stoodley et al., 2004). Therefore, non-fouling biomaterials
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ought to be developed; otherwise protein deposition onto the surfaces will occur
with subsequent microbial adhesion and biofilm formation.

22.3 Prevention of Medical Device-Associated Infections

Prophylactic use of antibiotics and biocides can reduce the incidence of biofilm-
associated infections with indwelling medical devices (Lynch and Robertson, 2008).
Strategies to prevent biofilm formation range from systemic approaches controlling
any bacterial invasion of sterile sites to local biofilm inhibition on medical devices
(Fux et al., 2003). The latter focuses on the elimination of planktonic cells before
they adhere to the surface and initiate biofilm formation. Both material proper-
ties and host factors determine bacterial adhesion to medical devices (Rodrigues
et al., 2004a, 2006b, c, 2007). Bacterial adherence to silicone, for example, has
been found to be significantly higher than to polyurethane or Teflon R© (Lopez-
Lopez et al., 1991). Host factors, such as fibronectin, fibrinogen or platelets may
be deposited on the foreign body material and provide specific ligands for bacterial
adhesins (Shenkman et al., 2002). A variety of approaches have proven to be effec-
tive in reducing biofilm-related infections by preventing bacterial adhesion, at least
in high-risk populations (Fux et al., 2003). They include device coatings, device
immersion, anti-septic irrigation of the surgical site, antibiotic loaded cements in
orthopedic surgery (Zilberman and Elsner, 2008), and antibiotic catheter lock ther-
apy containing vancomycin and heparin (Carratalà et al., 1999) or minocycline and
EDTA (Raad et al., 2002). In antibiotic catheter lock therapy, a concentrated antibi-
otic solution is placed in a catheter in a volume adequate to fill the lumen. The
catheter is then “locked” into place for an extended period while the catheter is not
in use, with the goal of preventing it from becoming colonised and thereby reducing
the risk of infection (Lynch and Robertson, 2008). Impregnation of catheter sur-
faces with antiseptics (Veenstra et al., 1999) or antibiotics (Zilberman and Elsner,
2008) has been shown to delay bacterial colonisation. Although the use of antibiotic
prophylaxis is controversial because of its potential to increase antimicrobial resis-
tance, it is increasingly common in high-risk patient groups (Lynch and Robertson,
2008). With regard to device coatings, Falagas and co-workers (2007) conducted a
recent and comprehensive meta-analysis of randomised controlled trials of rifampin-
impregnated central venous catheters and found that they are both safe and effective
in reducing the rate of catheter colonisation and catheter-related bloodstream infec-
tions. Similarly, Manierski and Besarab (2006) performed six independent studies
on the efficacy of antibiotic lock therapy in the prevention of catheter-related blood-
stream infections in haemodialysis patients, and found an overall reduction of
64–100% in catheter-related bloodstream infections.

Furthermore, Rodrigues and collaborators (2004, 2006b, c, 2007) have shown
that impregnation of silicone rubber surfaces with biosurfactants produced by sev-
eral lactobacilli inhibits the adhesion of several microorganisms. In the specific
case of voice prostheses, it is well-known that biofilms are resistant to a range of
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antifungal agents currently in clinical use, including amphotericin B and flucona-
zole, thus new prophylactic treatments are being explored to prolong their lifetime.
As antimicrobial resistance is becoming a source of concern in modern medicine
and health-improving functional foods are gaining in popularity, the development of
alternative prophylactic and therapeutic agents, including probiotics, has been inves-
tigated (Free et al., 2001). Lactobacilli are one of the most well-known probiotic
bacterial genera and play an important role in the maintenance of a healthy intestinal
and urogenital tract (Velraeds et al., 1998; Reid, 1999, 2000). Other bacterial gen-
era known to have probiotic effects are Lactococci, Enterococci and Streptococci.
The mechanisms by which probiotic bacteria exert their beneficial effects are not
yet entirely understood. Possible mechanisms are competitive adhesion (Busscher
et al., 1997), activation of the immune system (Perdigon et al., 1986), or nutrient
competition (Free et al., 2001). Some strains are able to release biosurfactants, while
others are known to have antimycotic effects by producing lactic acid or hydrogen
peroxide.

22.4 Treatment of Medical Device-Associated Infections

Traditional treatment of microbial infections is based on compounds that inhibit
growth of the microbe or kill it (Bryers, 2008). The major concern with this
approach is the frequent development of resistance to antibiotics. For details on
agents for treatment or prophylaxis of biofilm-associated infections, the reader
is directed to the review by Lynch and Robertson (2008). Bacterial biofilms are
inherently resistant to antimicrobial agents and the host immune system, and tend
to be significantly less responsive to antibiotics and antimicrobial stressors than
planktonic organisms of the same species (Bryers, 2008; Costerton et al., 1999).
Prolonged and high-dose antibiotic therapy and the elimination of infected foreign-
body material are the basis of successful therapy. Antibiotic treatment of bacterial
endocarditis was shown to be more successful when serum antibiotic levels were
held at least tenfold above the minimal bactericidal concentration (Joly et al., 1987);
but even with 8 weeks of treatment, few patients have been cured by antimicrobial
therapy alone (Hancock, 1994). The combination of rifampicin and a fluoroquinone
has proven especially successful in the treatment of various S. aureus biofilm infec-
tions, ranging from infections of orthopaedic prostheses (Habash and Reid, 1999)
to right-heart endocarditis (Heldman et al., 1996). On the other hand, the study
reported by Bagge and co-workers (2004) showed that sub-lethal doses of β-lactam
antibiotic can actually enhance biofilm formation by P. aeruginosa, increasing
its volume and polymer matrix, which can lead to adverse consequences when
treating cystic fibrosis patients. Also, Hoffman et al. (2005) reported that sub-
inhibitory concentrations of aminoglycoside antibiotics induced biofilm formation
by P. aeruginosa and E. coli.

As a consequence of this increase in resistance, researchers have turned to a
number of alternatives to synthetic antibiotics including disinfectants (Hetrick and
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Schoenfisch, 2006; Zilberman and Elsner, 2008), bacteriophage (Sulakvelidze et al.,
2001) and bacteriophage lytic enzymes (Fischetti, 2005), probiotics (Hong et al.,
2005), and human antimicrobial peptides (defensins, cathelicidins, and histatins)
(De Smet and Contreras, 2005). Nevertheless, these are mostly synthetic compounds
with the ability to inactivate or kill suspended bacteria but with poor efficacy when
applied to biofilm infections (Stewart, 2002). It has been recently proposed that
substances that specifically inhibit bacterial virulence should be developed. Such
“antipathogenic” drugs, in contrast to antibacterial drugs, do not kill bacteria or
stop their growth and are assumed not to lead to the development of resistant strains
(Bryers, 2008). A very elegant approach comprises the inhibition of regulatory
systems that govern the expression of a series of bacterial virulence factors: for
example, anti-adhesion therapy [passive antibody therapy (Casadevall et al., 2004),
and synthetic peptide vaccine and antibody therapy (Cachia and Hodges, 2003)],
inhibition or negation of cell–cell signalling (Otto, 2004), negation of biofilm for-
mation by disrupting iron metabolism (Kaneko et al., 2007), and up-regulation of
biofilm detachment promoters (rhamnolipids) (Boles et al., 2005).

Replacement or removal of an infected indwelling medical device, combined
with systemic antibiotic and/or antifungal therapy, is the most effective treat-
ment in most settings (Trampuz and Zimmerli, 2006). For managing indwelling
medical device infections in non-surgery patients, long-term antimicrobial sup-
pressive therapy remains the only option (Lynch and Robertson, 2008). Recent
reviews summarise current recommended practices for the treatment of infections
of prosthetic joints (Trampuz and Zimmerli, 2006), arterial prostheses (Goeau-
Brissonnière and Coggia, 2000), vascular catheters (Castelli et al., 2006), prosthetic
heart valves (Karchmer, 2000), central nervous system shunts (Yogev and Bisno,
2000), pacemakers and defibrillators (Eggimann and Waldvogel, 2000), endotra-
cheal and tracheotomy tubes (Dever and Johanson, 2000), and hemodialysis and
peritoneal hardware (Oliver and Schwab, 2000), as well as treatment of foreign body
infections of the urinary tract (Hessen et al., 2000).

22.5 Development of Anti-adhesive Biomaterials

The remarkable resistance of biofilms to conventional antibiotic therapy has
prompted a great deal of research to produce anti-infective and anti-adhesive
devices or implants by either (a) mechanical design alternatives, (b) modifica-
tion of material surface features (biosurfactants, plasma, brushes), (c) anti-infective
agents bound to the surface of the material (silver, quaternary ammonium, synthetic
antibiotics, biosurfactants), or (d) release of soluble toxic agents (chlorhexidine,
antibiotics) into the adjacent surroundings (Bryers, 2008; Hetrick and Schoenfisch,
2006). Mechanical design alternatives have had only marginal success and are only
applicable for short-term indwelling catheters (Bryers, 2008). Coatings have been
developed that reduce bacterial adhesion by altering the physicochemical proper-
ties of the substrate so that conditioning films do not form and/or bacteria-substrate
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interactions are not favoured. These “passive” coatings include surfaces modified
with poly(ethylene glycol) (Kingshott et al., 2003), poly(ethylene oxide) brushes
(Kaper et al., 2003), and hydrophilic polyurethanes (Nagel et al., 1996), among
many others. Unfortunately, the effectiveness of passive coatings for reducing bac-
terial adhesion is limited and varies greatly depending on the bacterial species
(Hetrick and Schoenfisch, 2006). The physicochemical properties of the coating
can be masked by an adsorbed conditioning film, thereby diminishing their effec-
tiveness. Additionally, surface-bounded anti-infective agents are only toxic to the
initial wave of incoming bacteria and provide little residual effects once layers of
dead cells accumulate, which are also inflammatory (Bryers, 2008). Nevertheless,
there are studies pointing to some success in retarding bacterial adhesion, which in
turn inhibits or delays biofilm formation. One specific example is the development
of anti-adhesive silicone rubber surfaces for voice prostheses. Voice prostheses are
continuously exposed to saliva, food, and drinks that, together with the oropha-
ryngeal microflora, contribute to valve failure and the need to replace the implant
frequently (Mahieu et al., 1986). Therefore, improvement of the antifouling proper-
ties of the silicone rubber material is desirable. Rodrigues and collaborators (2007)
reviewed the different approaches that have been undertaken to modify the silicone
rubber surface as an obvious strategy to inhibit biofilm formation and consequently
to prolong the lifetime of voice prostheses.

A recent alternative approach to reducing bacterial adhesion is based on coat-
ings that actively release antibacterial agents. Such “active” coatings have been
designed to temporarily release high initial fluxes of antibacterial agents during the
critical short term post-implementation period (several hours) to inhibit adhesion
of bacteria. Continued release beyond this short term period is desirable because
protective fibrous capsule formation and tissue integration occur over a longer
time period (weeks to months) (Anderson, 2001). Zilberman and Elsner (2008)
reviewed the latest developments on antibiotic-eluting medical devices for various
applications.

For example, non-degradable polymethylmethacrylate (PMMA) bone cements
and spacer beads loaded with antibiotics have been employed clinically in various
forms in joint replacements and in prevention or treatment of deep bone infections
(osteomyelitis) (Webb and Spencer, 2007). Such systems slowly release the soluble
drug from the solidified PMMA bone cement surrounding the implant over time.
Moreover, the use of a bioactive ceramic coating containing hydroxyapatite (HA),
calcium phosphate and other osteo-conductive materials as antibiotic carriers offers
the added value of providing the physiochemical environment and structural scaffold
required for bone-implant integration. In vitro release of antibiotics from HA-coated
implants has been reported for several antibiotics (Teller et al., 2007). The conven-
tional plasma spraying technique for HA-coating is associated with high processing
temperatures and therefore does not enable the incorporation of antibiotics in the
process. Most reported work therefore focuses on soaking antibiotics onto plasma-
sprayed HA. Gollwitzer and collaborators (2003) studied biodegradable polymeric
coatings made from polylactic acid and its copolymers with glycolic acid. An addi-
tional advantage of such coatings is the relative ease with which the polymer can be
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applied to both alloys and plastics with polished, irregular or porous surfaces using
a simple dip-coating technique (Schmidmaier et al., 2006).

Other examples of antibiotic-eluting medical devices include intravascular
devices and vascular grafts. Infection of intravascular devices for vascular access
and vascular prostheses for the replacement or bypass of damaged arteries is a rare
but serious event (Zilberman and Elsner, 2008). The infection of a vascular graft
is a rare complication, with an estimated incidence of 0.5–2.5% of bypass proce-
dures. However, the mortality and morbidity rates due to this complication are high
(Bryers, 2008). Once a prosthetic graft is infected, it must almost always be excised
and replaced with a new prosthetic bypass. The development of infection-resistant
vascular prostheses may therefore contribute to the prevention and treatment of
this complication. PET (polyethyleneterephtalate, DacronTM) and ePTFE (expanded
polytetrafluorethylene) vascular prostheses soaked in an antibiotic solution pro-
duce a wash-out release of antibiotics within minutes after placement (Blanchemain
et al., 2005). Several approaches have been proposed for extending release over
days and weeks. Antibiotics have been “bonded” by soaking collagen, albumin,
and gelatin sealed grafts to produce extended antibacterial activity (Zilberman and
Elsner, 2008).

Finally, regardless of the type of “drug release” method used (passive versus
active), release of a toxic agent from a biomaterial of a soluble anti-infective agent
will inevitably stop once the entrapped agent is depleted. Further, as discussed
above, delivery of sub-lethal dosages of antibiotics can lead to accelerated biofilm
formation and induced virulence factor expression (Bryers, 2008).

22.6 Biosurfactants: A Powerful Tool to Inhibit
Bacterial Adhesion

Biosurfactants are microbial amphiphilic compounds with both hydrophilic and
hydrophobic moieties and with a distinct tendency to accumulate at interfaces. For
all interfacial systems, it is known that organic molecules from the aqueous phase
tend to immobilise at the solid interface. There they eventually form a conditioning
film, which will change the properties (wettability and surface energy) of the origi-
nal surface (Neu, 1996). In an analogy to organic conditioning films, biosurfactants
may interact with the interfaces and affect the adhesion and/or detachment of bac-
teria. In addition, the substratum surface properties determine the composition and
orientation of the molecules conditioning the surface during the first hour of expo-
sure. After about 4 h, a certain degree of uniformity is reached and the composition
of the adsorbed material becomes substratum-independent (Neu, 1996). Adsorption
of charged biosurfactants to interfaces is governed by a range of interactions that are
not only hydrophobic. Most interfaces have an overall negative or, rarely, positive
charge. Gottenbos et al. (2001) showed that positively charged biomaterial surfaces
exert an antimicrobial effect on adhering Gram-negative, but not on Gram-positive
bacteria.
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Microbial surfactants constitute a diverse group of surface-active molecules and
are known to occur in a variety of chemical structures, such as glycolipids, lipopep-
tides and lipoproteins, fatty acids, neutral lipids, phospholipids, and polymeric and
particulate structures (Rodrigues et al., 2006a). Their use and potential commercial
application in the medical field has increased during the past decade (Muthusamy
et al., 2008; Rivardo et al., 2009; Rodrigues et al., 2006a), due to their antibac-
terial, antifungal and antiviral activities, which make them useful for combating
many diseases and as therapeutic agents. In addition, their role as anti-adhesive
agents against several pathogens indicates their utility as suitable anti-adhesive coat-
ing agents for medical insertional materials, leading to new and effective means of
combating colonisation by pathogenic microorganisms without the use of synthetic
drugs and chemicals (Rodrigues et al., 2006a). Mireles and collaborators (2001)
pre-coated vinyl urethral catheters by running the surfactin solution through them
before inoculation with media and found a decrease in the amount of biofilm formed
by Salmonella Typhimurium, Salmonella enterica, E. coli and Proteus mirabilis.
Moreover, the use of lactobacilli as a probiotic for the prevention of urogenital
infections has been widely studied (Reid, 2000; Boris and Barbés, 2000). Velraeds
et al. (1998) reported the inhibition of biofilm formation by uropathogens and
yeast on silicone rubber with biosurfactants produced by Lactobacillus acidophilus.
Also, Heinemann et al. (2000) showed that Lactobacillus fermentum RC-14 releases
surface-active components that can inhibit adhesion of uropathogenic bacteria.
Efforts to develop strategies to prevent the microbial colonisation of silicone rubber
voice prostheses have been reported by Rodrigues and co-workers (2004a, 2006c).
Biosurfactants obtained from Lactococcus lactis 53 and Streptococcus thermophilus
A have been evaluated as anti-adhesive agents against several microorganisms
isolated from explanted voice prostheses. Over 90% reductions in the initial depo-
sition rates were achieved for most of the bacterial strains tested. The biosurfactant
obtained from S. thermophilus A was more effective against Rothia dentocariosa
GBJ 52/2B, which is one of the strains responsible for valve prosthesis failure.
Nevertheless, the effect of the adsorbed biosurfactant was less pronounced for the
initial deposition rates of the yeast strains. The authors also demonstrated that, when
rinsing flow chambers designed to monitor microbial adhesion with a rhamnolipid
solution, the rate of deposition and adhesion was significantly reduced for a variety
of microorganisms (Rodrigues et al., 2006a, b). Thus, this rhamnolipid may be use-
ful as a biodetergent solution for cleaning prostheses, prolonging their lifetime and
directly benefiting laryngectomised patients.

Furthermore, the biosurfactants produced by the same strains (Rodrigues
et al., 2004b) and by Lactobacillus paracasei ssp. paracasei A20 (Gudiña et al.,
2010a, b) were found to possess antimicrobial and anti-adhesive activity against
several microorganisms. For contact lenses (CL), maintaining the optical properties
might limit the use of biosurfactants as coating agents. Consequently, Rodrigues
and collaborators evaluated the influence of biosurfactants on refractive index (RI)
and transmittance (T) (unpublished data). One conventional hydrogel (Etafilcon A)
and two silicone-hydrogel (Galyfilcon and Lotrafilcon B) contact lenses were tested
(Table 22.1). Prior adsorption of biosurfactants to silicone-hydrogel lenses had no
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Table 22.1 Refractive index and transmittance in the visible spectrum of contact lenses with
and without an absorbed biosurfactant layer. Biosurfactants from Lactococcus lactis (BS1),
Lactobacillus paracasei ssp. paracasei A20 (BS2) and Streptococcus thermophilus A (BS3) were
tested at 2 different concentrations (10 and 50 g/L). One conventional hydrogel CL (Etafilcon A)
and two silicone-hydrogel (Galyfilcon and Lotrafilcon B) lenses were used. Experiments were done
in triplicate. Refractive index values correspond within 1–2% and transmittance values correspond
within 2–5%

Treatment with biosurfactant

BS1 (g/L) BS2 (g/L) BS3 (g/L)

Contact lenses 10 50 10 50 10 50
Untreated
contact lenses

Refractive index Galyfilcon 1.408 1.411 1.408 1.409 1.410 1.411 1.408
Lotrafilcon B 1.422 1.424 1.423 1.423 1.422 1.424 1.422
Etafilcon A 1.414 1.436 1.406 1.418 1.408 1.418 1.398

Transmittance in the Galyfilcon 86.2 82.8 89.7 88.5 83.0 82.2 91.0
visible spectra (%) Lotrafilcon B 82.4 80.1 85.8 81.5 82.5 81.6 83.9

Etafilcon A 90.3 86.5 89.1 88.9 90.2 81.6 88.7

effect on the RI. However, for the biosurfactant-conditioned hydrogel CL, a higher
RI was obtained compared to the untreated lenses. This increase in RI is a conse-
quence of the dehydration observed with the adsorption of the biosurfactants, which
is not desirable. All treated contact lens types showed a decrease in transmittance
levels in the visible spectra, the effect being more pronounced for higher biosurfac-
tant concentrations as a result of their colour. Although the results obtained for the
transmittance experiments were promising, further characterisation and purification
of the biosurfactants is required to enable the use of lower concentrations, more
active and colourless fractions.

In another study, the same authors explored the possibility of using the biosur-
factant produced by S. thermophilus A to pre-condition silicone rubber surfaces
to inhibit the adhesion of the two most frequent fungi isolated from maxillofa-
cial prostheses, Candida albicans MFP 22-1 and Candida parapsilosis MFP 16-2
(unpublished data). Adhesion assays showed a reduction of 60–80% in the ini-
tial deposition rates (Fig. 22.1). These results represent progress towards designing
new strategies for preventing microbial adhesion to silicone rubber maxillofacial
prostheses.

Besides the screening of lactobacilli as biosurfactant producers, Rodrigues
and collaborators (2006d) also characterised the anti-adhesive activity of these
biosurfactants against several microorganisms including Gram-positive and Gram-
negative bacteria and filamentous fungi (Gudiña et al., 2010a, b). For example, the
biosurfactant produced by L. paracasei A20 showed anti-adhesive activity against
Streptococcus sanguis (72.9%), S. aureus (76.8%), S. epidermidis (72.9%) and
Streptococcus agalactie (66.6%) (Gudiña et al., 2010a). Additionally, the anti-
adhesive activity of two biosurfactants produced by Candida sphaerica UCP 0995
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Fig. 22.1 (a) Initial deposition rates (j0, cm–2 s–1) of Candida parapsilosis MFP 16-2 and Candida
albicans MFP 22-1 isolated from maxillofacial prostheses on Sylgard R©184 silicone rubber with
and without an adsorbed biosurfactant (BS) layer; (b) Number of microorganisms adhering after
2 h (n2 h) on Sylgard R©184 with and without an adsorbed biosurfactant (BS) layer. Biosurfactant
was produced by Streptococus thermophilus A, (see Rodrigues et al., 2006c). Results are averages
of triplicate experiments and the standard deviation represented by error bars

and Candida lipolytica UCP 0988 was studied (unpublished data). The biosurfac-
tant from C. sphaerica UCP 0995 was found to inhibit the adhesion of P. aeruginosa,
S. agalactiae, S. sanguis, C. tropicallis, E. coli, and S. salivarius by between 80 and
92%. Inhibition of adhesion with percentages near 100% occurred for the higher
concentrations of biosurfactant used (Table 22.2). Although less pronounced, simi-
lar results were obtained with the biosurfactant produced by C. lipolytica UCP 0988
for some of the microbial strains studied (Fig. 22.2). All these results open prospects
for the use of biosurfactants against the adhesion of microorganisms responsible for
diseases and infections in the urinary, vaginal and gastrointestinal tracts, as well as
in the skin.
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Table 22.2 Anti-adhesive properties of crude biosurfactant produced and extracted from Candida
sphaerica UCP 0095. Negative controls were set at 0% to indicate the absence of biosurfactant.
Positive percentages indicate the reductions in microbial adhesion when compared to the con-
trol, and negative percentages indicate increased microbial adhesion. Results are expressed as
percentage means from triplicate experiments and correspond within 1–3%

[Biosurfactant] (mg/L)

Microorganism 0.3 0.6 2.5 5 10

Candida tropicalis 80 85 87 98 100
Escherichia coli 89 93 96 97 99
Pseudomonas aeruginosa 80 82 83 89 92
Streptococcus agalactiae 80 86 88 92 100
Streptococcus sanguis 80 83 87 98 100
Streptococcus salivarius 92 93 95 97 100

Fig. 22.2 Microbial inhibition percentages obtained from the anti-adhesion assays with the crude
biosurfactant produced by Candida lipolytica UCP 0988 at different concentrations (0.75 mg/L
[�], 1.5 mg/L [�], 3 mg/L [�], 6 mg/L [�] and 12 mg/L [�]). Results are averages of triplicate
assays and error bars represent standard deviations

Based on the above, biosurfactants can play an important role in the development
of anti-adhesive coatings for silicone rubber as they effectively inhibit bacterial
adhesion and retard biofilm formation. Therefore, surface and bulk modification
techniques, laser-induced surface grafting and the sequential method for interpen-
etrating polymer networks should be explored as ways to link the biosurfactants
more strongly with the silicone rubber surfaces, thus avoiding their washout from
the surfaces and prolonging their effect. Furthermore, biosurfactants are a suitable
alternative to antimicrobial agents, and could be used as safe and effective therapeu-
tic agents or probiotics. The use of biosurfactants as antimicrobial agents is currently
of particular interest, since an increasing number of drug-resistant microorganisms
are being encountered and there is a need for alternative lines of therapy. Some
biosurfactant activities could be exploited by developing an alternative therapy for
treating patients (Rodrigues et al., 2006a). Nevertheless, although the replacement
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of synthetic surfactants by biosurfactants would provide advantages such as
biodegradability and low toxicity, their use has been limited by their relatively
high production cost, as well as scarce information on their toxicity in humans.
The main limiting factor, however, for commercialisation of biosurfactants is the
high cost of large-scale production. Several strategies have been adopted to reduce
costs (Rodrigues et al., 2006e). The use of agro-industrial wastes as substrates,
optimisation of medium and culture conditions, and efficient recovery processes
all help. However, to compete with synthetic surfactants, effective microorganisms
must be developed for biosurfactant production. The use of biosurfactant hyper-
producer strains allows increasing biosurfactant production and reduces production
costs. Strains producing higher amounts of biosurfactants can be obtained by screen-
ing high biosurfactant-producing microorganisms from the natural environment, or
by engineering strains for biosurfactant production. Therefore, knowledge of the
genes required for production of biosurfactants is critical for their application in
industry. Once the genes have been indentified and isolated, they can be expressed
in other microorganisms (e.g. to prevent pathogenicity), or they can be modified
or placed under regulation of strong promoters to increase their expression and so
enhance production. This knowledge will also allow the production of novel bio-
surfactants with specific new properties (designed by metabolic engineering) for
different industrial applications. Genetic engineering of the known biosurfactant
molecules could produce potent biosurfactants with altered antimicrobial profiles
and decreased toxicity against mammalian cells.

22.7 Concluding Remarks

The processes governing biofilm formation are rather complex, involving sev-
eral steps and almost all surfaces are susceptible of being colonised. Bacterial
colonisation and subsequent biofilm formation on an indwelling device can lead
to infection with severe economic and medical consequences. Device-associated
infections are resistant to immune defense mechanisms and are difficult to treat with
antimicrobial agents because the organisms are encased within a protected microen-
vironment. Therefore, non-fouling biomaterials ought to be developed. Several
strategies based on the modification of the physicochemical properties of the sub-
strate have been pursued. Nevertheless, the effectiveness of these coatings has been
found to be limited and varies greatly depending on bacterial species, mainly due to
the diverse environments into which the devices are placed and the multiplicity of
ways in which organisms can colonise surfaces. Development of alternatives to the
traditional surface-modifying preventive approaches, which have largely focused
on antimicrobial coating of devices and employment of antibiotics, is required.
Biosurfactants represent an interesting approach because it may be possible to
modify the surface properties to make it simultaneously anti-adhesive and give
it antimicrobial activity. However, although some studies have demonstrated the
potential of biosurfactants in biomedical applications, the genetics and structure-
function relationships of biosurfactants, and methods of binding them to surfaces,
require further exploration.
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