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This book is about the adhesion of bacteria to their human hosts. Although
adhesion is essential for maintaining members of the normal microflora
in/on their host, it is also the crucial first stage in any infectious disease. It
is important, therefore, to fully understand the mechanisms underlying bac-
terial adhesion so that we may be able to develop methods of maintaining
our normal (protective) microflora and of preventing pathogenic bacteria
from initiating an infectious process. These topics are increasingly impor-
tant because of the growing prevalence of antibiotic-resistant bacteria and,
consequently, the need to develop alternative approaches for the prevention
and treatment of infectious diseases. This book describes the bacterial struc-
tures responsible for adhesion and the molecular mechanisms underlying
the adhesion process. A unique feature is that it also deals with the conse-
quences of adhesion for both the adherent bacterium and the host cell/
tissue to which is has adhered. Researchers and graduate students in micro-
biology and molecular medicine will find this book to be a valuable overview
of current research on this exciting and rapidly developing topic.

MICHAEL WILSON is Professor of Microbiology in the Faculty of Clinical
Sciences, University College London, and Head of the Department
of Microbiology at the Eastman Dental Institute, University College London.
He is the co-editor of Community Structure and Co-operation in Biofilms
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Cellular Microbiology (2002).
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Over the past decade, the rapid development of an array of techniques in the
fields of cellular and molecular biology have transformed whole areas of
research across the biological sciences. Microbiology has perhaps been influ-
enced most of all. Our understanding of microbial diversity and evolution-
ary biology, and of how pathogenic bacteria and viruses interact with their
animal and plant hosts at the molecular level, for example, have been revo-
lutionized. Perhaps the most exciting recent advance in microbiology has
been the development of the interface discipline of Cellular Microbiology, a
fusion of classical microbiology, microbial molecular biology and eukaryotic
cellular and molecular biology. Cellular Microbiology is revealing how path-
ogenic bacteria interact with host cells in what is turning out to be a complex
evolutionary battle of competing gene products. Molecular and cellular
biology are no longer discrete subject areas but vital tools and an integrated
part of current microbiological research. As part of this revolution in molec-
ular biology, the genomes of a growing number of pathogenic and model bac-
teria have been fully sequenced, with immense implications for our future
understanding of microorganisms at the molecular level.

Advances in Molecular and Cellular Microbiology is a series edited by
researchers active in these exciting and rapidly expanding fields. Each volume
will focus on a particular aspect of cellular or molecular microbiology, and will
provide an overview of the area, as well as examining current research. This
series will enable graduate students and researchers to keep up with the
rapidly diversifying literature in current microbiological research.
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Preface

Except when in utero, every human being is colonized by approximately 1014

microbes (mainly bacteria) that constitute the normal microflora. Apart
from those organisms that are present in the lumen of the intestinal tract,
all of these microbes maintain an association with their host by adhering
to some cell, tissue or secretion. It is increasingly being realized that not
only is this normal microflora beneficial to its host (e.g. by providing vita-
mins and protection from exogenous pathogens) but it is, indeed, essential
for the host’s proper development, for example in the differentiation and
maturation of the intestinal tract, immune system, etc. A knowledge of how
members of the normal microflora adhere to their host is, therefore, impor-
tant in understanding the mutualistic association we know as Homo
sapiens.

Adhesion of a pathogenic organism to its host is also the first stage in
any infectious disease and this truism provides another justification for
studying bacterial adhesion. Interest in this aspect of bacterial virulence is
increasing rapidly as our armamentarium of antibiotics dwindles in effec-
tiveness owing to the development of resistance in major pathogens. It is
believed (and strongly hoped) that research into bacterial adhesion mecha-
nisms will identify new targets for therapeutic intervention.

This book is intended to update the reader in key areas of research in the
field of bacterial adhesion to host cells and tissues. It is divided into three
parts that deal with: (I) the mechanisms underlying the adhesion of bacteria
to host structures, (II) the effect that adhesion to host cells has on bacteria
and (III) the consequences for the host cell (or tissue) of bacterial adhesion.
The first part describes recent advances in our understanding of the adhe-
sive structures and adhesins found in bacteria colonizing (and causing
disease in) a variety of habitats in a human being – the oral cavity, respiratory

xv



tract, gut, urinary tract, skin and internal tissues. The remaining two parts
concentrate on less well understood aspects of adhesion – the effects that this
process has on the adherent organism and on the cell/tissue to which it has
adhered. While we know very little about the former, our knowledge of what
happens to host cells following bacterial adhesion is increasing at a rapid
rate. With regard to the latter, one frequent consequence of bacterial adhe-
sion to a host cell is invasion of that cell. Only one chapter dealing with this
topic has been included (this focuses on organisms other than the classical
invasive pathogens) as this huge subject will be covered in a later volume in
this series.

Michael Wilson
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PART I Bacterial adhesins and adhesive
structures





CHAPTER 1

Surface protein adhesins of staphylococci

Timothy J. Foster

1.1 INTRODUCTION

Staphylococcus aureus is primarily an extracellular pathogen. In order to
initiate infection it adheres to components of the host extracellular matrix
(ECM). Adherence is mediated by surface protein adhesins called MSCRAMMs
(microbial surface components recognizing adhesive matrix molecules)
(Patti et al., 1994a). In most cases the MSCRAMMs are covalently bound to
peptidoglycan in the cell wall. However, there are several examples of
MSCRAMMs that are non-covalently associated with the wall. Coagulase-
negative staphylococci also express MSCRAMMs. This chapter will discuss
the mechanisms of attachment of proteins to the cell wall and will review the
properties of MSCRAMM proteins that have been characterized at the
molecular level.

1.2 ANCHORING OF PROTEINS TO THE CELL WALL

Cell-wall-anchored proteins that are covalently bound to peptidoglycan
are recognizable by a motif located at the C-terminus (Navarre and
Schneewind, 1999). This comprises the sequence LPXTG (Leu-Pro-X-Thr-
Gly) followed by hydrophobic residues that span the cytoplasmic membrane
and by several positively charged residues. The positively charged residues
are required to hold the protein transiently in the membrane during secre-
tion through the Sec secretome (Schneewind et al., 1993). The LPXTG
sequence is recognized by an enzyme called sortase that cleaves LPXTG
between the Thr and Gly residues (Navarre and Schneewind, 1994; Ton-That
et al., 1999). The carboxyl group of the Thr is joined to the amino group of
the branch peptide in nascent peptidoglycan. In the case of S. aureus, linkage
occurs to the NH

2
group of the fifth Gly residue of the branch peptide, which

would otherwise form the interpeptide bridge of cross-linked peptidoglycan
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(Ton-That and Schneewind, 1999; Ton-That et al., 1999). The wall-anchored
protein becomes joined to the lipid-linked intermediate prior to its incorpo-
ration into peptidoglycan (Ton-That et al., 1997). The covalently linked
protein can be released from the cell only by enzymatic degradation of pep-
tidoglycan. The glycine endopeptidase lysostaphin releases proteins of
homogeneous size whereas muramidases release proteins of heterogeneous
size owing to varying amounts of peptidoglycan attached to the C-terminus
(Schneewind et al., 1993).

The enzyme that catalyses the sorting reaction is sortase. The protein has
an N-terminal hydrophobic domain that provides anchorage to the outer face
of the cytoplasmic membrane (Mazmanian et al., 1999; Ton-That et al., 1999).
Indeed it is likely that sortase is closely associated with the secretome because
it must capture proteins as they are in the process of being secreted through
the Sec pathway. Interestingly, a sortase-defective mutant can grow normally
in vitro, which shows that sortase is not an essential enzyme. The mutant is
defective in the expression of several LPXTG-anchored surface proteins and
has reduced virulence in murine infection models (Mazmanian et al., 2000).
This indicates that sortase could be a novel target for antimicrobial agents.

1.3 CELL-WALL-ASSOCIATED PROTEINS

1.3.1 Protein A

Protein A (Spa) is the archetypal cell-wall-anchored protein of S. aureus.
It is known primarily for its ability to bind the Fc region of immunoglobulin
(Ig) G. Its structural organization is somewhat di¤erent from that of other
surface proteins in that the N-terminal signal sequence is followed by
tandem repeats of five homologous IgG binding domains (Fig. 1.1; Uhlén et
al., 1984). Each is composed of an approximately 60 amino acid residue unit
that forms three �-helices (Starovasnik et al., 1996). The structure of the sub-
domain B in complex with the Fc region of IgG subclass 1 has been solved
by X-ray analysis of a co-crystal (Deisenhofer, 1981). The binding between
the two molecules involves nine amino acid residues in the IgG fragment
and 11 amino acid residues in the protein A domain (Gouda et al., 1998). The
binding characteristics and specificity of the Spa–IgG interaction have been
analysed in great detail (Langone, 1982).

One important role of Spa in staphylococcal infections is that it is anti-
phagocytic. By binding to protein A on the bacterial surface, the Fc region of
IgG is not available for recognition by the Fc receptor on polymorphonuclear
leukocytes (PMNLs) (Gemmell et al., 1990). A protein A-defective mutant
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was more avidly phagocytosed by PMNLs in the presence of normal serum
opsonins than was the wild type, and the mutant was less virulent in murine
infection models (Patel et al., 1987). The recent observation that Spa can
mediate adherence of bacteria to von Willebrand factor, an extracellular
matrix protein important in normal haemostasis, suggests that protein A
may have an additional role in the infection process (Hartlieb et al., 2000).

1.3.2 Fibronectin-binding proteins

Fibronectin (Fn) is a dimeric glycoprotein that occurs in a soluble form
in body fluids and in a fibrillar form in the ECM (Hynes, 1993). A primary
function of insoluble Fn is to act as a substratum for the adhesion of cells
mediated by integrin receptors that bind to specific sites in the central part
of Fn (Yamada, 1989). The primary binding site for staphylococcal Fn-
binding protein is in the 29kDa N-terminal domain, which is composed of
five type I modules (Sottile et al., 1991; Potts and Campbell, 1994).

Most strains of S. aureus express two related Fn-binding proteins FnBPA
and FnBPB, which are encoded by closely linked genes (Signás et al., 1989;
Jönsson et al., 1991). One survey of 163 isolates comprising carriage strains,
as well as strains from invasive disease and orthopaedic device-related infec-
tion, found that 77% had both fnbA and fnbB genes, while 23% had only fnbA

su
rface pro

tein
 ad

h
esin

s o
f staph

lo
co

cci

5

S Xr

S A R

S A B B B

S A BB C W

W

W

FnBPA

CNA

ClfA

SpaXc

DDDD

R

 E   D    A   B   C

Figure 1.1. Organization of surface proteins of S. aureus. The domain organization of the

fibronectin-binding protein A (FnBPA), the collagen-binding protein CNA, the

fibrinogen-binding protein (ClfA) and protein A (Spa). The signal sequences (S) are

removed during secretion across the cytoplasmic membrane. Region Xr of protein A is a

proline-rich octapeptide repeat that spans the cell wall. Region Xc is a non-repeated

(constant) region. Each protein has common features at the C-terminus indicated by the

cross-hatched box (LPXTG motif, hydrophobic region, and positively charged residues).

Regions W and R are peptidoglycan-spanning regions. (From Foster and Höök, 2000;

with permission from American Society for Microbiology Press.)



(Peacock et al., 2000). Strains from orthopaedic infections adhered to Fn at a
significantly higher level than did carriage strains or strains from non-device-
related infections.

FnBPA and FnBPB have a structural organization similar to that of
FnBPs from streptococci (Fig. 1.1; Joh et al., 1994; Patti et al., 1994a; Foster
and Höök, 1998). The primary ligand-binding domain (D), which is almost
identical in FnBPA and FnBPB, is located very close to the cell-wall-spanning
domains (region W) and is composed of three to five repeats of an approxi-
mately 40 residue motif. Synthetic peptides mimicking repeated units e¤ec-
tively inhibit Fn binding to bacteria and bacterial attachment to immobilized
Fn (Raja et al., 1990).

Studies with peptides and recombinant proteins expressing combina-
tions of di¤erent FnBP D repeats indicate that the major interaction occurs
between FnBP repeat D3 and Fn modules 4 and 5, but that other discrete
sequences within the D region bind to di¤erent Fn type I module pairs (Joh
et al., 1998). The ligand-binding domain of FnBP reacts simultaneously at
multiple sites with Fn (Fig. 1.2). A consensus Fn-binding motif is present
with each D repeat (McGavin et al., 1991, 1993). The interaction between the
MSCRAMM and Fn involves structural rearrangements in the D repeat
region. The ligand-binding D repeat region has an unordered structure and
acquires a defined conformation upon binding to the rigid type I modules of
Fn (House-Pompeo et al., 1996). This conformational change is accompa-
nied by the formation of neo-epitopes called ligand-induced binding site
(LIBS) epitopes that can be demonstrated by monoclonal antibodies and by
antibodies isolated from patients recovering from staphylococcal infection
(Speziale et al., 1996). The antibodies that recognize the neo-epitopes do not
interfere with the MSCRAMM–Fn interaction but rather stabilize the
FnBP–ligand complex and appear to promote Fn binding. The immunodom-
inant non-LIBS epitopes in D1–D3 are confined to repeats D1 and D2 (Sun
et al., 1997). They are very similar to each other and bind Fn with lower aªn-
ity than does D3. The region in D3 corresponding to epitopes in D1–D2 con-
tains the Fn-binding consensus but is otherwise divergent (8/21 di¤erent
residues). Antibodies in polyclonal sera preferentially react with the low
aªnity D1–D2 domains and block Fn binding to bacteria by no more than
50%.

Staphylococcus aureus can invade cultured fibroblasts, endothelial and
epithelial cells, and Fn plays a major role (Dziewanowska et al., 1999;
Lammers et al., 1999; Peacock et al., 1999a; Sinha et al., 1999; Fowler et al.,
2000). Bacteria either recruit soluble Fn or bind to Fn bound to the surface
of host cells. Bacteria bind Fn via the type I modules at the N-terminus. Fn
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is bound to the �
5
�
1

integrin on the surface of the host cell at the central Fn
RGD (Arg-Gly-Asp) motif-bearing module. Thus Fn forms a bridge between
the bacterial FnBP adhesin and the mammalian cell integrin (Fig. 1.3). This
results in stimulation of phagocytosis and bacteria become internalized.
FnBP-defective mutants of S. aureus are not taken up, non-invasive bacteria
that acquire FnBP expression become invasive, and bacterial internalization
is blocked by soluble recombinant D repeat regions of FnBP and by anti-inte-
grin function-blocking antibodies. The importance of internalization in vivo
is unclear, but it could be involved in bacterial escape from the bloodstream
and invasion of internal organs, in the initiation of invasive endocarditis, and
in bacterial persistence.

FnBPs are considered to be important virulence factors in the initiation
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Figure 1.2. Interaction of the ligand-binding region of Fn-binding proteins with Fn. The

wavy line represents the ligand-binding D1–D2–D3 repeats of FnBPs, which do not have

secondary structure. The protein interacts with the type I modules of Fn and takes on a

discernible secondary structure with the formation of neo-epitopes (ligand-induced

binding site epitopes). (From Foster and Höök, 2000; with permission from American

Society for Microbiology Press.)



of foreign body infection. They promote bacterial adherence to immobilized
Fn in vitro, and to implanted biomaterial that has been in long-term contact
with the host such as plastic coverslips implanted subcutaneously in guinea
pigs (Greene et al., 1995) and titanium screws implanted in the iliac bone of
guinea pigs (Fischer et al., 1996). In contrast, fibrinogen appears to be the
major adhesion-promoting factor in the conditioning layer on biomaterial
that had been in short-term contact with the host (Vaudaux et al., 1995;
François et al., 2000). There are conflicting data concerning the ability of
FnBPs to promote infection in experimental animals. One study with a
FnBP-defective mutant of strain 879 indicated that the bacterial MSCRAMM
is important in promoting bacterial adhesion to damaged heart valve tissue
in the rat model for endocarditis (Kuypers and Proctor, 1989), while another
report with mutants of strain 8325–4 found no e¤ect (Flock et al., 1996).
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These contradictory data may reflect di¤erent bacterial strains (8325–4 is
known to express FnBPs poorly in vitro) or di¤erences in performing the
infection models.

1.3.3 Fibrinogen-binding proteins

Fibrinogen is a large protein of Mr 340000. It is composed of three poly-
peptide chains (�, �, �) that are extensively linked by disulphide bonds to
form an elongated dimeric structure (Ruggeri, 1993). It is the most abundant
ligand for the integrin �IIb/�3 (glycoprotein gpIIb/IIIa) on the surface of
platelets. The binding of Fg to the integrin receptor on activated platelets
results in platelet aggregation and the formation of platelet–fibrin thrombi
(Hawiger, 1995). The C-terminal sequences of the �-, �- and �-chains form
independently folded globular domains. The three dimensional structure of
the �-chain module is known (Spraggon et al., 1997; Doolittle et al., 1998)

Until recently it was thought that the ability of S. aureus to adhere to Fg-
coated substrates and to form clumps in a solution containing Fg (e.g.
plasma) was solely due to the clumping factor ClfA (McDevitt et al., 1994,
1995). It is now known that S. aureus can express other Fg-binding adhesins:
the ClfB protein, which is related to ClfA (Ní Eidhin et al., 1998); and the Fg-
binding proteins, which can also interact with Fg via their A domains (Wann
et al., 2000). The clfA and clfB genes are not allelic variants but are distinct
genes. They are not closely linked, in contrast to the fnbA and fnbB genes.

The structural organization of ClfA and ClfB is very similar (Fig. 1.4). The
surface-exposed approximately 500 residue ligand-binding A domains are
linked to the cell wall via the R domain, which comprises mainly the Ser-Asp
dipeptide repeats. The R domain appears to serve as a flexible stalk, allowing
the presentation of the A domain on the surface for ligand interactions
(Hartford et al., 1997). FnBPA and FnBPB also possess N-terminal A domains
that have sequence similarity with the A domains of ClfA and ClfB, and in the
case of FnBPA promote binding to Fg (Wann et al., 2000). Otherwise, the
FnBP and Clf proteins have a completely di¤erent structural organization,
apart from the typical cell-wall-anchoring signals at the extreme C-terminus.

Although the structural organization of ClfA and ClfB is similar, the
amino acid sequences of the ligand-binding A domains are only 27% identi-
cal. ClfA and ClfB bind to di¤erent sites in Fg. ClfA recognizes the flexible
peptide that extends from the �-module at the C-terminus of the �-chain (Fig.
1.5; McDevitt et al., 1997) whereas ClfB binds to the �-chain (Ní Eidhin et al.,
1998). The A domain of FnBPA is approximately 25% identical with that of
ClfA and binds to the same site in the Fg �-chain (Wann et al., 2000).
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The ClfA domain recognizes a site located at the extreme C-terminus of
the �-chain of Fg (residues 399–411). These residues form a flexible exten-
sion from the globular �-module (Fig. 1.5; Spraggon et al., 1997: Doolittle et
al., 1998). A 17 amino acid residue synthetic peptide corresponding to the Fg
�-chain residues 399–411 binds to a recombinant form of the A domain in
an interaction that is inhibited by Ca2� (O’Connell et al., 1998). The A domain
contains a motif that is reminiscent of a Ca2�-binding EF-hand, and site-
specific mutations in this motif resulted in a protein with lower aªnity for
the �-chain peptide and less sensitivity to Ca2�. Thus ClfA exhibits fibrino-
gen-binding characteristics similar to those of the platelet integrin �IIb/�

3

(O’Connell et al., 1998). Both bind to the same site in Fg in interactions that
are a¤ected by Ca2�. The recombinant form of the ClfA A domain is a potent
inhibitor of Fg-dependent platelet aggregation (McDevitt et al., 1997). This
could be a bacterial defence mechanism to prevent release of antimicrobial
peptides during degranulation (Yeaman et al., 1992) that might occur during
platelet aggregation in the vicinity of colonizing bacteria.
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The binding of ClfA to fibrinogen is progressively inhibited by Ca2� in
the range 1–10mM (O’Connell et al., 1998). The concentration of free Ca2�

in blood plasma is 1.3mM and is closely regulated at the threshold of the
inhibitory range, although concentrations can vary more widely in extracel-
lular spaces (Brown et al., 1995). However, at platelet-rich thrombi, and pos-
sibly on the surface of freshly implanted biomaterial, the Ca2� concentration
appears to be considerably lower and may allow ClfA to bind fibrinogen.
Thus, as bacteria circulate in plasma, they will tend to adhere to Fg/platelet-
containing coagulation sites.

The ClfB region A binds to the Fg �-chain (Ní Eidhin et al., 1998) but the
precise binding site has not been defined. ClfB-promoted binding to immo-
bilized Fg is also inhibited by millimolar concentrations of Ca2�. The ClfB
protein is expressed maximally during the early part of the exponential phase
of growth (Ní Eidhin et al., 1998; McAleese et al., 2001). Transcription (and
hence translation) terminates before the culture reaches stationary phase, so
ClfB molecules become diluted amongst the progeny cells during the
remaining cell divisions and some are released into the culture supernatant
by cell wall turnover. Also, some of the ClfB protein is cleaved by the metal-
loprotease aureolysin (McAleese et al., 2001). Protease cleavage results in
loss of an N-terminal domain and the protein loses its ability to bind Fg. In
contrast, ClfA is expressed abundantly on cells from the stationary phase of
growth. It is also cleaved at a site similar to that of ClfA but does not lose
ligand-binding activity (McDevitt et al., 1995).

The ClfA protein is the primary adhesin of S. aureus for promoting
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bacterial interactions with Fg. This is particularly the case for cells in the sta-
tionary phase of growth where ClfB is absent. ClfA promotes bacterial attach-
ment to immobilized Fg (McDevitt et al., 1994), to plasma clots formed in
vitro (Moreillon et al., 1995) and to plastic biomaterial that had been exposed
to blood for short-term conditioning (Vaudaux et al., 1995; François et al.,
2000). In addition, a ClfA� mutant had reduced ability to bind to damaged
heart tissue in the rat endocarditis model (Moreillon et al., 1995). The infec-
tion rate was lower in the ClfA� mutant but was restored in the mutant com-
plemented with the wild-type clfA gene. However, reduced virulence was not
manifested at higher infection doses, indicating that other adhesins can
compensate for lack of ClfA. Similarly, when exponential phase cells that
lacked ClfA were used, the ClfB protein was shown to act as a bacterial
adhesin and virulence factor (Ní Eidhin et al., 1998; Entenza et al., 2000).

ClfA has recently been shown to be an important virulence factor in the
mouse model of septic arthritis (Josefsson et al., 2001). The ClfA� mutant
was significantly less virulent in the bacteraemia phase of the infection,
causing fewer mortalities and less weight loss than did the wild type. The
mutant also caused much reduced tissue damage in infected joints as com-
pared with wild-type infection. The e¤ect in joints was observed both in mice
that were injected intravenously, where the bacteria may have been elimi-
nated in the bloodstream by more eªcient phagocytosis, and also when bac-
teria were injected directly into the joint. It is possible that reduced virulence
is linked to the observation that ClfA� mutants are more susceptible to pha-
gocyotsis by PMNLs.

1.3.4 Proteins of the Sdr family in S. aureus

ClfA and ClfB are members of a larger family of structurally related surface
proteins characterized by the R domain containing Ser-Asp dipeptide repeats.
Strains of S. aureus contain a tandem array of related genes, sdrC, sdrD and
sdrE. The proteins are predicted to have a structural organization similar to that
of ClfA and ClfB, except for an additional B repeat comprising 110–113 resi-
dues located between the A domain and the R domain (Fig. 1.4; Josefsson et al.,
1998a). The function of the B domain is not known. Each repeat has three high
aªnity Ca2�-binding sites (Josefsson et al., 1998b). Bound Ca2� is required to
promote the rigid rod-like structure of the B repeat array. It is possible that the
B region acts as a non-flexible stalk, which, in combination with the more flex-
ible R region, is required for surface display of the (putative) ligand-binding A
domain. The A domains of the Sdr proteins are of a size similar to that of the
A domains of ClfA and ClfB and have about 30% sequence identity where any
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pairwise combination is compared. However, unlike ClfA and ClfB, the ligands
of SdrC, SdrD and SdrE have not been elucidated, with the exception of a
variant of SdrD (Bbp) that binds to bone sialoprotein (Tung et al., 2000). In con-
trast, SdrD, the A domain of which is about 75% identical with Bbp, does not
bind bone sialoprotein. We have recently shown that SdrE, when expressed on
the surface of Lactococcus lactis, can promote platelet aggregation, most likely
mediated by binding to a plasma protein that acts as a bridge between the bac-
teria and a platelet receptor (O’Brien et al., 2001).

Some strains of methicillin-resistant S. aureus (MRSA) express a high
molecular weight protein Pls, which masks di¤erent surface proteins such
as Spa, Clf and FbBPs and prevents ligand binding (Hildén et al., 1996;
Savolainen et al., 2001). The protein is susceptible to degradation by host
plasmin. It appears that the pls gene is closely linked to the mec genes and
may be part of the mec element in these strains. Protein Pls has a Ser-Asp
dipeptide region R but is otherwise quite distinct from the typical ClfA-Sdr
proteins. It carries two other repeated regions, R1 at the extreme N-terminus
and R2 towards the C-terminus, specifying repeats of 12–14 and 128–129
residues, respectively. They flank an approximately 400 residue A domain. It
is not known whether Pls has any ligand-binding activity.

1.3.5 Collagen-binding protein

Some strains of S. aureus express a collagen-binding protein called CNA.
The presence of CNA is necessary and suªcient for bacteria to adhere to col-
lagenous tissues such as cartilage (Switalski et al., 1993). The collagen-
binding activity has been located in a 190 amino acid residue segment within
the N-terminal A domain. The crystal structure of the subdomain has been
solved at 1.8Å (1 Å�0.1 nm) resolution (Symersky et al., 1997). The poly-
peptide folds like a jelly roll in two �-sheets connected by a short �-helix. A
trench traverses one of the �-sheets, and molecular modelling suggests that
this trench can accommodate a collagen triple helix. The collagen-binding
function of the trench was further demonstrated by site-directed mutagene-
sis, where changes in single residues forming the walls of the trench resulted
in proteins with reduced collagen-binding activity.

Biophysical analysis of the recombinant A domain of CNA suggest that
it is folded into an elongated structure rather than a sphere (Rich et al., 1998).
This might suggests that the A domain is a mosaic protein composed of
several subdomains that are independently folded and have di¤erent func-
tions. The A regions of ClfA and ClfB have similar physical properties (S.
Perkins, E. Walsh, T. Foster and M. Höök, unpublished data).
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The collagen-binding protein is an important virulence factor in the
mouse septic arthritis model (Patti et al., 1994b). Fewer mice developed
arthritis when injected with the CNA� mutant, as compared with those
infected with the wild type. While CNA contributes to the development of
arthritis, other bacterial components can compensate if it is lacking. This is
clearly demonstrated in the experiments described above, demonstrating the
role of ClfA in the same model. The strain used for those experiments did
not express CNA.

1.3.6 Other LPXTG-anchored proteins

The genome sequence of strain N315 was published recently (Kuroda et
al., 2001) and the sequencing of four other strains of S. aureus is nearing
completion. Bioinformatic analysis has revealed the existence of 10 previ-
ously unknown genes capable of expressing proteins with the typical LPXTG
motif, followed by hydrophobic residues and positively charged residues
typical of the sorted/covalently linked family of surface proteins (M. Pallen
and T.J. Foster, unpublished data). A challenge for investigators is to identify
the ligands bound by these proteins and their role in colonization and 
pathogenesis.

1.3.7 Non-covalently anchored proteins in Staphylococcus
aureus

The Map protein of S. aureus is associated with the cell wall and surface
of the organism but it does not have a cell-wall-spanning domain or a mem-
brane anchor and LPXTG motif (McGavin et al., 1993; Jönsson et al., 1995).
It contains a Sec-dependent signal sequence at the N-terminus. It can be
quantitatively released from cells by treatment with LiCl and is thus not cova-
lently anchored. The Map protein comprises six repeats of a 110 amino acid
residue motif with a central portion composed of a subdomain with high
homology to the peptide-binding groove of mammalian major histocompat-
ibility complex class II (MHCII) molecules. Map is capable of interacting
with a variety of proteins and peptides, including many ECM proteins of the
host. Map is related to the extracellular adherence protein Eap, which can act
as a transplantable substrate for promoting bacterial attachment to mammal-
ian cells, to immobilized ECM components and possibly to implanted bio-
material (Palma et al., 1999).

Elastic fibres are components of the mammalian ECM and are present
in abundance in tissues that require elasticity, such as skin, the lungs and the
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aorta. Mature elastin is a polymer of tropoelastin monomers that are secreted
from mammalian cells prior to deposition in tissue and cross-linking via
modified lysine side chains (Mecham and Davis, 1994). Staphylococcus
aureus expresses a surface-associated protein that promotes bacterial inter-
actions with elastin at a region that is distinct from the binding site for the
mammalian elastin receptor (Wrenn et al., 1986; Park et al., 1991). The
initial description of the elastin-binding protein (EbpS) reported a 25kDa
protein encoded by a 606bp gene (Park et al., 1996). We have recently shown
that EbpS in fact comprises 486 residues and is an integral membrane
protein (F. Roche, R. Downer, P. Park, R. Mecham and T. J. Foster, unpub-
lished data). The elastin-binding domain is located at the N-terminus, as
reported by Park et al. (1999) and is exposed at the surface. The C-terminus
contains a motif that is implicated in binding to peptidoglycan. Topological
analysis of EbpS using PhoA and LacZ fusions supports a model where both
the N-terminus and the C-terminus of EbpS are located on the outer face of
the cytoplasmic membrane.

1.4 SURFACE PROTEIN ADHESINS OF COAGULASE-NEGATIVE
STAPHYLOCOCCI

1.4.1 Staphylococcus epidermidis

Staphylococcus epidermidis has a propensity to form a biofilm on
implanted medical devices such as intravenous catheters (Peters et al.,
1981). Biofilms comprise multiple layers of cells embedded in an amor-
phous extracellular glycocalyx. The majority of cells in the biofilm have no
contact with the biomaterial surface. Many strains can produce a visible
adherent biofilm in test tubes or tissue culture plates. The hypothesis that
biofilm formation is essential for pathogenicity is supported by several
studies that correlated biofilm formation with ability to cause infection
(Davenport et al., 1987; Diaz-Mitoma et al., 1987). There is debate as to
whether adherence to naked polymer surfaces or to surfaces conditioned by
deposition of host proteins is most relevant in a clinical setting (discussed
by Mack, 1999). It can be argued that colonization of a catheter prior to
implantation requires bacteria to adhere to naked polymer surfaces,
whereas colonization of an already implanted device requires the ability to
interact with host proteins.

Biofilm formation in vitro can be separated into two phases: (i) primary
attachment to the polymer surface, and (ii) biofilm accumulation in multi-
layered cell clusters, paralleled by glycocalyx production. Primary attachment
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is a complex process. It can vary due to the type of polymer and to the hydro-
phobicity of the bacterial cell surface (for a review, see Mack, 1999). Several
bacterial factors have been implicated in attachment: (i) a capsular polysac-
charide adhesin PS/A (Tojo et al., 1988), (ii) a 220kDa cell-surface-associated
fibrillar protein (Timmerman et al., 1991), and (iii) the major autolysin AtlE
(Heilmann et al., 1997). Autolysin mutants failed to adhere to polymer sur-
faces in vitro, but this could be due to pleiotropic alterations to the cell surface
caused by the defect in cell wall turnover rather than AtlE itself being an
adhesin. In addition, purified AltE bound to vitronectin in ligand aªnity
blots, but AtlE was not shown directly to be an MSCRAMM.

The accumulation phase of biofilm formation requires the expression of
a polysaccharide intercellular adhesin (PIA). Transposon insertion mutants
defective in PIA adhered to polymer surfaces but could not form multilay-
ered aggregates (Mack et al., 1994; Heilmann et al., 1996). The polysaccha-
ride is synthesized by the ica genes. Indeed, the cloned ica genes can be
expressed in another staphylococcal species, S. carnosus, and promote
expression of PIA and cell aggregation.

Staphylococcus epidermidis can adhere to di¤erent host proteins that have
been immobilized on polymer surfaces (Herrmann et al., 1988; Vaudaux et
al., 1989), but only binding to Fg has been characterized at the molecular
level. Staphylococcus epidermidis strains can express a Fg-binding surface
protein called Fbe (M. Nilsson et al., 1998; Pei et al., 1999;; Hartford et al.,
2001) or SdrG (McCrea et al., 2000). SdrG/Fbe has the same sequence organ-
ization as the Sdr proteins of S. aureus, comprising a 548 residue A domain,
two B repeats, an R region containing the dipeptide repeat Ser-Asp followed
by a cell-wall-anchoring domain at the C-terminus (Fig. 1.4). The A domain
of SdrG/Fbe binds to the �-chain of Fg (Pei et al., 1999).

Staphylococcus epidermidis can express two other Sdr proteins (McCrea et
al., 2000). SdrF, like SdrG, is a close relative of the S. aureus SdrCDE pro-
teins. SdrH, however, is quite distinct. It contains a short A domain at the N-
terminus, followed by an R domain comprising the dipeptide Ser-Asp and a
277 residue domain C that contains a hydrophobic stretch at the C-terminus.
As it lacks a typical LPXTG motif, it is not clear whether SdrH is anchored
to peptidoglycan. The functions of SdrF and SdrH are unknown.

1.4.2 Staphylococcus saprophiticus

This bacterium causes urinary tract infections in females. The Fn-
binding activity and haemagglutinin were attributed to the autolysin Aas
(Hell et al., 1998), which has sequence similarity to Alt of S. aureus and AltE
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of S. epidermidis. An Aas-defective mutant of S. saprophiticus lacked the
ability to bind Fn and to cause haemagglutination. The binding activity was
localized in recombinant proteins to the repeat region R1–R3.

1.4.3 Staphylococcus schleiferi

Staphylococcus schleiferi subsp. schleiferi is an emerging nosocomial
pathogen. The ability to bind Fn is a common trait of this organism and could
be an important virulence factor. Western ligand blotting identified a FnBP
of between 180 and 200kDa (Peacock et al., 1999b). It is likely that the Fn-
binding region is very similar to that of the S. aureus FnBPA and FnBPB
because polymerase chain reaction primers specific for region D1–D3, the
major Fn-binding region, amplified a fragment of the same size as in the S.
aureus genes and binding of S. schleiferi was blocked by recombinant D1–D3
protein

1.5 VACCINATION

There is accumulating experimental evidence that S. aureus infections can
be prevented by vaccination targeted at single surface protein antigens. Thus
protection against mastitis and endocarditis was achieved by immunizing
animals with FnBPs (Nelson et al., 1992; Rozalska and Wadström, 1993;
Schennings et al., 1993). Immunization with the recombinant A domain of
CNA protected against septic death in mice (I.M. Nilsson et al., 1998).
Protection was shown to be antibody mediated because mice were also pro-
tected by passive immunization. Significant protection in the same model was
also obtained by active immunization with the A domain of ClfA and by passive
transfer of rodent or human serum with high titre of anti-ClfA antibodies
(Josefsson et al., 2001). It is not known whether protection is due to adhesion-
blocking activity or to opsonization (or both). There is optimism, therefore, that
human nosocomial S. aureus infections, particularly those caused by MRSA,
can be combatted by passive immunization with intravenous immunoglobulin
and ultimately with humanized monoclonal antibodies.
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CHAPTER 2

Mechanisms of utilization of host signalling
molecules by respiratory mucosal pathogens

Mumtaz Virji

2.1 INTRODUCTION

Microbes such as Neisseria meningitidis (meningococcus) and Haemophilus
influenzae that reside in a single niche, the human upper respiratory tract,
are particularly adept at genotypic plasticity and generate phenotypic variants
at high frequency. They elaborate multiple surface-expressed adhesive
ligands, which undergo antigenic and phase variation with remarkable rapid-
ity. Antigenic variation represents primary structural alteration, often arising
from genetic rearrangements, and phase variation represents ‘on’ or ‘o¤’
mode of expression. The evolution of such variation as well as the redun-
dancy in adhesins reflects the polymorphic nature of the host’s immune
response. The microbial counter-strategies accomplish not only immune
evasion but also tissue tropism.

Multiple microbial adhesins may act individually or in concert to inter-
act with target cell molecules, enabling the bacterium primarily to achieve
the fundamental requirement of colonization, i.e. adherence to mucosa.
Many of the target molecules are involved in normal cell–cell communica-
tions or in the reception of hormonal and other signals. As a result, target-
ing of these signalling molecules additionally allows bacteria to manipulate
host cell functions, which may lead to intracellular location, transcytosis or
paracytosis across the epithelial barrier. This chapter will outline some
general mechanisms of host cell targeting that determine between adhesion
and invasion. Further, it will describe several major surface structures of
meningococci and their interplay in host cell recognition or evasion. Two
specific receptor-targeting mechanisms are explored in detail, since they
provide a paradigm to explain epidemiological evidence that implicates host-
associated factors in increased microbial invasion.

The chapter is primarily set around meningococcal adhesion mecha-
nisms but, since N. meningitidis and H. influenzae share a family of host
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receptors, a comparative analysis of the mechanisms of targeting of these
molecules and consequent events will be discussed at the end.

2.2 AN OVERVIEW OF PATHOGENESIS AND EPIDEMIOLOGY OF
NEISSERIA MENINGITIDIS AND HAEMOPHILUS INFLUENZAE

2.2.1 Neisseria meningitidis

Neisseria meningitidis strains are isolated from the nasopharynx of up to
30% of healthy individuals and may be classified as commensals of the
human respiratory tract. Individual strains may produce one of several cap-
sular chemotypes (serogroups), designated: A, B, C, 29E, H, I, K, L, W135,
X, Y, and Z (Cartwright, 1995, p. 24). Of these A, B, and C are most com-
monly encountered during disease. Serogroup A predominates in Africa
and is responsible for epidemic spread whereas serogroups B and C prevail
in the West and are associated with sporadic outbreaks. Capsules constitute
‘shielding’ molecules of meningococci that enhance bacterial survival in dis-
tinct environments. Capsule and lipopolysaccharides (LPS) sialylation and
perhaps IgA protease also aid in evasion of the host immune mechanisms.
However, acapsulate (non-groupable) meningococci are frequently isolated
from the nasopharynx of carriers and several genetic mechanisms are
responsible for phase variation of the capsule (Hammerschmidt et al.,
1996a, b). Under some situations, meningococci cause serious disease con-
ditions that can be fatal, demonstrating their considerable pathogenic
potential. This distinguishes meningococci from the other neisseriae that
colonize the human nasopharynx but are rarely associated with disease. The
precise bacterial factors responsible for the nature of outbreak and the
reasons for geographical di¤erences are not clear. Within N. meningitidis iso-
lates, some clones have been identified that are more often associated with
disease than others. Acquisition of such ‘more pathogenic’ clones during
endemic situations still induces illness only in 1% of individuals harbour-
ing them (van Deuren et al., 2000). Invasive disease may arise as a result of
increased host susceptibility, which in turn may be governed by several
factors. It has long been recognized that bactericidal antibodies are impor-
tant in defence against meningococci. Epidemiological studies also suggest
that other factors that damage mucosa such as smoking, prior infection of
the host (e.g. respiratory viral infections in the winter months in the UK) or
very dry atmospheric conditions (in dry seasons in Africa) may also pre-
dispose the host to meningococcal infection (Achtman, 1995; van Deuren et
al., 2000).
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2.2.2 Haemophilus influenzae

Several species of the genus Haemophilus colonize the human respiratory
tract. Up to 80% of healthy individuals may carry strains belonging to the
species H. influenzae (Turk, 1984). Six serotypes (a–f) of capsulate H. influen-
zae have been described, depending on the composition of the capsular poly-
saccharide elaborated. These strains may become acapsulate in vivo and in vitro
by genetic rearrangement (Hoiseth and Gilsdorf, 1988). However, in addition,
many strains of the organisms lack the genetic information for capsulation and
are truly acapsulate (non-typeable H. influenzae, NTHi) in vivo and in vitro and
are more commonly isolated from the nasopharynx than typeable strains (THi)
(Gyorkey et al., 1984; St Geme et al., 1994). Capsulate strains, especially those
expressing the type b capsule, are capable of producing serious conditions in
infants, such as bacteraemia and meningitis. Within NTHi strains, those
belonging to the clonal biogroup aegyptius (Hi-aeg) are an important cause of
purulent conjunctivitis and have been associated with Brazilian purpuric fever.
This syndrome is characterized by a rapid development of fever and of petech-
iae, purpura and vascular collapse, the characteristics normally assigned to N.
meningitidis (Brenner et al., 1988). Other carriage and disease isolates of NTHi
are genetically more diverse than Hi-aeg, are frequent colonizers of the human
nasopharynx and are opportunistic pathogens. NTHi strains cause localized as
well as disseminated infections, including otitis media, pneumonia, endocar-
ditis, bacteraemia and meningitis and also with acute recurrent and persistent
infections in patients with chronic obstructive pulmonary disease (COPD) and
cystic fibrosis (CF). What determines recurrent infections by NTHi in patients
with COPD or CF, and multiple episodes of otitis media, which occur in chil-
dren, is unclear. Interestingly, the frequency of colonization of the upper res-
piratory tract by NTHi increases during respiratory viral infections, and
bacteria occur within tissues and have been seen in tissue macrophages
(Henderson et al., 1982; van Alphen et al., 1995; Foxwell et al., 1998).

Thus N. meningitidis and H. influenzae may colonize human respiratory
mucosa without disease but have a pathogenic potential, which is realized infre-
quently and is dependent on increased susceptibility of individuals. One hypoth-
esis is that the underlying mechanisms of increased host susceptibility and
bacterial persistence may involve host receptor molecules targeted by bacteria
and associated cell signalling cascades. Under normal situations, the microbe
achieves successful colonization and survival in the niche but in certain circum-
stances it leads to an undesired outcome for the host. Investigations of the
mechanisms of mucosal colonization and host cell targeting that may help to
explain epidemiological observations will be discussed below.
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2.3 POTENTIAL MOLECULAR TARGETS AND MECHANISMS OF
LIGATION

Available targets on host cell surfaces for microbial adhesins include
cell–cell or cell–matrix interaction molecules, for example adhesion recep-
tors belonging to the integrin and immunoglobulin superfamilies, the selec-
tins and the cadherins, which are subverted by many pathogenic organisms
whose ligands often mimic the natural ligands. The interactions with the
receptor may occur at the normal host ligand recognition site and may utilize
the ligand recognition motif, for example the sequence RGD (Arg-Gly-Asp).
This motif is present on a wide variety of microbial structures ranging from
viral proteins such as TAT of human immunodeficiency virus (Barillari et al.,
1993) to bacterial proteins such as Bordetella pertussis filamentous haemag-
glutinin (FHA) and pertactin (Sandros and Tuomanen, 1993), SpeB2 of
streptococci (Stockbauer et al., 1999) and many others (Virji, 1996b). Since
RGD is a recognition sequence for several receptors (�

2
, �
3
/�
5

and some �
1

integrin groups), the possession of this sequence has the potential to mediate
interactions with multiple integrin receptors. This mechanism can be
described as true ligand mimicry. Meningococci also possess ligands that
mimic structures of the host. It is becoming apparent from our recent inves-
tigations that sialic acid structures present on meningococcal LPSs are rec-
ognized specifically by certain host sialic acid-binding immunoglobulin-like
lectins (Siglecs; Crocker et al. 1998) expressed on distinct subsets of haemo-
poietic cells and involved in specific functions in haemopoietic cell biology
(P.R. Crocker and M. Virji, unpublished data).

In an indirect manner, via a mechanism described as ‘pseudo ligand
mimicry’, microbial adhesion to host ligands and to their natural receptors
occurs by a bridging or sandwich mechanism. This mode of interaction has
several advantages in that adhesion to host ligands (which in many cases are
extracellular matrix (ECM) proteins) allows an organism to adhere not only
to the ECM, which may become exposed on the mucosae during damage
resulting from mechanical injury or from infection by other microbes, but
also to the host cells via these proteins.

Complement deposition on the microbial surface may opsonise many
microbes via CR3 (�m�

2
-integrin), in addition to the non-integrin receptor

CR1. Interactions via CR3 that ensue on the coating of microbes by the
natural ligand iC3b apparently render the microbe resistant to intracellular
killing and some microbes specifically recruit CR3 ligand deposition. For
example, Legionella pneumophila, which invades and grows within alveolar
macrophages and causes pneumonia, localizes complement components on
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its major outer membrane proteins (Bellinger-Kawahara and Horwitz, 1990).
More recently it has been demonstrated that engagement of anti-CR3, iC3b
or microbes with the CR3 receptor leads to negative signalling. In monocy-
tes, suppression of interferon (IFN)-� induced tyrosine phosphorylation and
decreased interleukin (IL)-12 production was observed. It is suggested that
such signalling on interactions with CR3 may lead to the inhibition of TH1-
dependent cell-mediated immunity and also to reduced nitric oxide and res-
piratory burst in monocytes, thereby allowing microbes to survive within
intracellular compartments (Marth and Kelsall, 1997). Not all sandwich adhe-
sion results in ligand/microbe internalization. It is reported that covering of
the bacterial surface with fibronectin results in some cases in the organism
having an extracellular location only (Isberg, 1991; see section 2.3.1).
Meningococcal Opc protein is another example of a ligand that interacts with
several target integrins via a sandwich mechanism (see section 2.5.1.2).

Other mechanisms exist in meningococci and H. influenzae that allow
interactions at receptor sites normally involved in the recognition of natural
ligands. Presumably, these sites are exposed and readily accessible on the
receptors and/or because ligation at these sites results in e¤ective manipu-
lation of host cellular signalling mechanisms by the microbe (see section
2.5.2; Plates 2.1 and 2.2).

2.3.1 Factors that may determine between adhesion and
invasion

Studies on the mechanisms of microbial invasion of host cells have sug-
gested that low aªnity interactions result in an extracellular location whereas
high aªnity engagement of the microbe with its receptor leads to cellular
invasion. High aªnity interactions may be achieved by distinct means. The
Yersinia protein invasin possesses features that enable it to interact with
several �

1
integrins with aªnity that is higher than that of the natural ligand,

allowing eªcient competition with extracellular matrix proteins to which �
1

integrins may be engaged. The result is ‘zippering’ – a process by which the
host cell forms a series of contacts over the surface of the microbe leading to
uptake (Isberg, 1991; Isberg and Tran Van Nhieu, 1994). High aªnity of
interaction may be achieved also by engagement of multiple microbial
ligands with a single receptor, as described for Leishmania ligands gp63 and
lipophosphoglycan, which interact with CR3, leading to cellular invasion
(Talamas-Rohana et al., 1990). Additionally, receptor clustering achieved by
cross-linking of ligands was also a requirement for the signal leading to
uptake (Isberg and Tran Van Nhieu, 1994). It is also suggested that high
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receptor density may achieve the same final end. Thus up-regulation of recep-
tors during many viral and other (e.g. malarial) diseases may help to augment
widespread invasion. The Opc protein of N. meningitidis, which interacts with
integrins via a sandwich mechanism, leads to eªcient invasion. It is possible
that, in this case, high aªnity of interaction is achieved via a secondary ligand
leading to multiple receptor occupancy (section 2.5.1.2).

In the case of meningococcal targeting of carcinoembryonic-antigen-
related cell adhesion molecules (CEACAMs), the outer membrane Opa pro-
teins may bind to several distinct members of the family of the cell adhesion
molecules (Plates 2.1 and 2.2). Some of these members are tethered to the
membrane via glycosyl-phosphatidylinositol (GPI) anchors and, interest-
ingly, interactions with these receptors result in high levels of adhesion but
ineªcient invasion. Other members of CEACAMs are transmembrane sig-
nalling molecules and some contain immunoreceptor tyrosine-based inhib-
itory motifs (ITIMs) in their cytoplasmic tails. Such interaction results in
cellular invasion and signalling, which has the potential to down-modulate
e¤ector functions of phagocytes (section 2.5.2).

2.3.2 Receptor modulation

Modulation of signalling molecules occurs in response to circulating
cytokines and has been recorded for many receptors targeted by microbes. In
addition, certain microbes induce up-regulation of their own receptors by
supplementary mechanisms. Bordetella pertussis appears to up-regulate CR3
via FHA interactions involving leucocyte signal transduction complex (com-
prising a �

3
integrin and CD47, section 2.5.1.1) as well as via a selectin-like

function of pertussis toxin. Up-regulation of receptors has also been observed
during malaria infection. Brain endothelium from patients dying of malaria
expressed several of the implicated malarial receptors (CD36, intercellular
adhesion molecule (ICAM) 1, endothelial leucocyte adhesion molecule
(ELAM) 1, vascular cell adhesion molecule (VCAM) 1) not observed in unin-
fected brain tissue and may result from increased levels of tumour necrosis
factor (TNF) � found in malaria patients (for a review, see Virji, 1996a).

2.4 NEISSERIA MENINGITIDIS INTERACTIONS WITH HUMAN
CELLS – INTERPLAY BETWEEN SURFACE-LOCATED STRUCTURES

Clinical observations of N. meningitidis pathogenesis suggest that dis-
semination to the central nervous system (CNS) occurs via blood. Therefore
bacteria must traverse the epithelial barrier of the nasopharynx and endothe-
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lial barriers of the vasculature to reach the CNS and other tissues. The pos-
sible routes include direct intra- or intercellular translocation (transcytosis
vs. paracytosis) in addition to carriage via phagocytic cells. How surface
ligands of meningococci participate in cellular interactions with various host
cells encountered by bacteria, leading to passage across cellular barriers, has
engaged many investigators and our current understanding of the participa-
tion of some of the major surface structures is described below.

2.4.1 Capsule and lipopolysaccharides as masking agents

Since meningococci are typically capsulate organisms, with the capacity
to alter their capsule expression, in considering their interactions with target
cells it is important to address the modulatory e¤ects of the capsule on the
functions of surface ligands. In addition, LPS undergoes phase variation in
sialic acid expression on its terminal lacto-N-neotetraose (LNnT) structure
(Jennings et al., 1995). Both the capsule and LPS a¤ect interactions mediated
via the major outer membrane adhesive proteins.

Capsule and sialylated LPS are invariably expressed in disseminated iso-
lates and are believed to protect the organism against antibody/complement
and phagocytosis (Vogel and Frosch, 1999). They are also expressed by a
number of carrier isolates and may have functions that allow the organism to
exist in the nasopharynx (enabling avoidance of mucosal immunity) or are
physically protective against external environment during transmission
between hosts (antidesiccation property of capsular polysaccharide).
However, acapsulate meningococci are isolated frequently from the naso-
pharynx (Cartwright, 1995, p. 127). In vitro studies show that adhesion, and
particularly invasion, of epithelial cells is enhanced (aided by some opacity
proteins) in the absence of a capsule (Virji et al., 1992b, 1993a). This invites
the hypothesis that loss of capsulation may help to establish long-term
nasopharyngeal carriage where the intracellular state would potentially
provide protection from host defences. Intracellular meningococci have been
observed within tonsillar tissue (Sim et al., 2000). Whether factors in the
nasopharynx trigger down-modulation of capsulation is not known, but one
study suggests that environmental factors may regulate capsule expression
(Masson and Holbein, 1985). Recently, a contact-regulated gene, crg, has been
described, which is reported to be up-regulated following meningococcal
contact with host cells. Crg may act to control the expression of several genes,
including down-modulation of capsule gene expression (see Chapter 7),
although this remains to be demonstrated. It follows that dissemination from
the site of colonization would require up-regulation of capsulation, since
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Strain MC58

Group B cap�

Pil�, Opc�,
Opa�, LPS sia�

Cap-
mutation in

sialyl-transferase

Opa�

selection of
phase variants

by colony opacity

L3 sia� LPS L8 sia� LPS
variant selection

by immunoblotting

Opc� Opc�

mutation
of opc gene

Pil� Pil�

variany selection
by immunoblotting

Figure 2.1. Phase- and structurally variable components of N. meningitidis. (A) Negative

stain transmission electron micrograph of a piliated N. meningitidis isolate showing long

filamentous pili forming rope-like bundles. (B) Top: A three-dimensional molecular

model of a pilin of strain C311 based on that of N. gonorrhoeae MS11 pilin, which was

determined by X-ray crystallography (Parge et. al., 1995). The model was built with the

help of structural databases, and minimized using the program X-plor (A. Hadfield and

M. Virji, unpublished data).

Below: A diagram showing a cross-section through the pilus fibre based on the proposed

pilus assembly model of Parge et al. (1995). Virtually all the modifications are located on

the outside of the fibre. The positions of the glycans are indicated by asterisks. Thus pilus

fibre contains few exposed protein epitopes. Those that are exposed are the variable

domains of pili (V). (C)A light micrograph of agar-grown colonies of acapsulate non-



acapsulate bacteria are unlikely to survive in the blood. Alternatively, since
blood provides an environment in which meningococci can grow rapidly, it is
possible that a small number of capsulate organisms, arising as a result of
natural phase variation, will be selected for in the blood. In the case of H.
influenzae, studies on the infant rat model of haemophilus bacteraemia and
meningitis have shown that bacteraemia may arise as a result of the survival
of a single organism in the bloodstream (Moxon and Murphy, 1978).

Meningococci from the nasopharynx often express the L8 LPS immuno-
type that resists sialylation due to the absence of the LNnT structure
(Cartwright, 1995, pp. 24, 128). In many in vitro studies it has been shown
that sialylation of LPS, like capsule, not only imparts resistance to immune
mechanisms of the host (Vogel and Frosch, 1999) but also masks the func-
tions of many outer membrane proteins (Virji et al., 1993a, 1995b; Virji,
2000a). The interplay between surface polysaccharides and various adhesins
and invasins is a complex area of investigation with antigenically and phase-
varying components adding to the complexity. In addition, as mentioned
above (section 2.3), LPS itself may act as a ligand for host receptors. Both
sialylated (P. Crocker and M. Virji, unpublished data) and asialylated (Harvey
et al., 2000) LPSs may interact with specific receptors.

2.4.2 Adhesive proteins of meningococci

Amongst the major adhesive proteins elaborated by N. meningitidis are
pili (fimbriae) and the outer membrane opacity proteins, Opa and Opc.
The pili are long filamentous protein structures composed of multiple
pilin subunits (Fig. 2.1). They are generally regarded as the most important
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piliated, Opa� meningococci. Opaque granular colonies (arrow) are those arising from

bacteria expressing the opacity protein Opc, in this case. Bacteria giving rise to

‘transparent’ colonies are Opc phase-o¤ variants. (D) Derivation of phenotypic variants of

the N. meningitidis serogroup B strain MC58. MC58 was isolated from the blood of a

patient with meningococcal infection during the Stroud (UK) outbreak in 1983–1985.

The parental phenotype contains the full attribute of the major virulence factors as

shown. By a combination of genetic manipulation and isolation of phase variants a family

of related derivatives was created for studies of the interplay between surface ligands

(section 2.4). Pil,pili; LPS sia� represents LPS containing terminal lacto-N-neotetraose

(LNnT) that is sialylated in this strain, giving rise to L3 LPS immunotype. L8

immunotype that lacks LNnT and sialylation can arise spontaneously. (NB: N.

meningitidis and H. influenzae express short oligosaccharide chains on their ‘LPS’ and are

also termed lipooligosaccharides: LOSs.) For d, e, f, see caption to Fig. 2.2.



adhesins in capsulate bacteria, owing to the fact that, whereas the capsule
partly or totally masks outer membrane ligands resulting in their reduced
functional eªcacy, pili traverse the capsule and remain functional in fully
capsulate bacteria. Opa are structurally variable proteins and are encoded
by a family of genes of which there are three to four in N. meningitidis iso-
lates (Aho et al., 1991; Malorny et al., 1998). In the closely related N. gonor-
rhoeae (gonococci), up to 12 homologous opa genes may be present.
Distinct Opa proteins are characterized by variant extracellular domains.
Of the four domains (loops 1–4) predicted to be exposed on the bacterial
surface, only loop 4 (the most proximal to the C-terminus) is conserved.
Loop 1 maintains some structural similarities between Opa proteins and
is termed semivariable (SV), whereas loops 2 and 3 are hypervariable (HV1
and HV2) (Malorny et al., 1998; section 2.5). Opa proteins undergo anti-
genic and phase variation at a high frequency. The two events are linked
since the random on/o¤ switching of each opa locus generates the varia-
tion of expression from none to several Opa proteins (Stern et al., 1986).
Opc protein is expressed widely by many clinical isolates of meningococci
and shares some physicochemical properties with the Opa proteins
(Olyhoek et al., 1991). Opc is phase variable but structurally it is largely
invariant.

2.4.3 Pili and their importance in multiple cellular targeting and
in potentiation of cellular damage

Both carrier and disease isolates are usually piliated; however, pili are
lost on non-selective subculture (Virji et al., 1995a), which suggests that pili
are selected for in vivo. Pili have been implicated in mediating epithelial
interactions (Stephens and Farley, 1991) and were shown to mediate haem-
agglutination (Trust et al., 1983). Pili also mediate adhesion both to human
umbilical vein and microvascular endothelial cells (Virji et al., 1991, 1993b,
1995a; Merz and So, 2000), and cells of the human meninges (Hardy et al.,
2000). One consequence of pilus-mediated adhesion to endothelial cells is
increased cellular damage, which is mediated primarily by LPS (Fig. 2.2) and
is dependent on the presence of serum CD14 (Dunn et al., 1995; Dunn and
Virji; 1996). Thus multiple ligation of receptors via LPS and pili augment cel-
lular signalling events that result in cell death. These in vitro toxic e¤ects
reflect the acute toxicity of meningococci for endothelial cells observed
during vascular dissemination.
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2.4.4 Structure/function relationships of meningococcal pili,
pilus-associated adhesins

Meningococci elaborate two structural classes of pili (I and II). However,
no discernible functional di¤erence has been assigned to either class. Both
undergo antigenic variations, which alters their tissue tropism. Studies using
pilus adhesion variants (derived by single colony isolation, with or without
prior selection on host cells) implied that structural variations in pilin a¤ect
epithelial interactions significantly, but have less e¤ect on endothelial interac-
tions (Virji et al., 1992a, 1993b; Merz and So, 2000; Virji, 2000). Thus the pilin
subunit may contain a human cellular binding domain, or at least has influ-
ence on adhesion if mediated by an accessory protein such as PilC, which has
been implicated in cellular adhesion and in biogenesis in both meningococci
and gonococci (Merz and So, 2000). At present, how pilin structural variations
modulate PilC or other pilus-associated adhesion functions is not clear.
Further analysis of PilC interactions is described in Chapter 7 in this volume.

Studies on adhesion variants of meningococci have revealed that menin-
gococcal pili are subject to post-translational modifications (Virji et al.,
1993b; Virji, 2000) and they contain unusual substitutions. A trisaccharide
structure (Gal�1–4, Gal�1–3-2,4-diacetamido-2,4,6-trideoxyhexose) is pre-
sent on all variant pili of strain C311 (Stimson et al., 1995; Fig. 2.1). Further
studies have shown that, at a distinct site, meningococcal pili contain a,
perhaps, unique substitution, �-glycerophosphate (Stimson et al., 1996). The
pili of N. meningitidis also contain epitopes that bind specifically to anti-phos-
phorylcholine antibodies (Weiser et al., 1998). Interestingly, this epitope is
not found on the homologous pili of commensal neisserial strains (N. lac-
tamica, N. flavescens, N. subflava), instead the moiety is present on their LPS.
Thus the manner of phosphorylcholine (ChoP) expression distinguishes
commensal strains from the pathogenic strains of Neisseria (Serino and Virji,
2000). It has been reported that ChoP expressed on Streptococcus pneumon-
iae may interact with platelet-activating factor receptor (Cundell et al., 1995)
and signal for cellular invasion. It is possible that its presence on neisserial
surface structures could modulate cellular interactions. The functional con-
sequences of pilin modifications are not understood at present.

2.4.5 Phenotypic requirements for interactions mediated via
outer membrane proteins

As in fully capsulate bacteria, only pili appear to be e¤ective in mediat-
ing cellular adhesion to human epithelial and endothelial cells, acapsulate
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Figure 2.2. Some mechanisms and consequences of receptor ligation by multiple

meningococcal ligands. (a–c) Light micrographs of Giemsa-stained human umbilical

vein endothelial cell monolayers demonstrating the synergistic e¤ect of LPS and pili in

mediating cytopathic damage. Confluent endothelial cell monolayers were inoculated

with piliated or non-piliated variants of a capsulate meningococcal strain or a capsulated

clinical isolate of H. influenzae. No toxicity was observed in the latter case (a). Under the

same condition, non-piliated meningococci caused some damage (arrow, b). However,

piliated variants of the same meningococcal strain produced a much increased cytotoxic

e¤ect (c). The primary factor responsible is LPS since the toxic e¤ect is dependent on

serum CD14 (Dunn and Virji, 1996). (d–f) Distinct modes of interaction of variants of N.

meningitidis strain MC58 with human endothelial cells observed by transmission electron

microscopy. The derivatives used here are shown in Fig. 2.1D. (d) The parental isolate (‘d’

Fig. 2.1D), despite expressing the opacity proteins, is not invasive in this case, due to the

presence of capsule. Adherence is mediated by pili that traverse the capsule. (e) Cellular



non-piliated derivatives of a serogroup A strain (C751) were used to demon-
strate the invasive potential of the meningococcal proteins Opa and Opc
(Virji et al., 1992b, 1993a). In addition, a library of variants and mutants
(varying in expression of capsule, LPS, pili, Opa and Opc) created in a sero-
group B strain (MC58) was also used to study the roles of outer membrane
proteins (Fig 2.1). These studies demonstrated that Opc can act as an invasin
in distinct serogroups, and that surface polysaccharides (capsule, LPS)
inhibit Opc-mediated invasion. Interestingly, pili may potentiate Opc-medi-
ated invasion of some cells (Virji et al., 1995b; Fig. 2.2e and f). As acapsu-
late/asialylated phenotypes occur in the nasopharynx, and Opc and Opa are
expressed in many nasopharyngeal isolates, these proteins may be impor-
tant, particularly in interactions with nasopharyngeal epithelial cells. In
more recent studies we have also demonstrated that particular ligand–
receptor pairs may bind with such high aªnity as to overcome the inhibitory
e¤ect of the capsule on outer membrane protein function (see section 2.5.2).

2.5 INTERACTIONS OF MENINGOCOCCI WITH MULTIPLE
SIGNALLING MOLECULES

Several host cell receptors have been identified that may be targeted by
distinct meningococcal ligands, including the membrane cofactor protein
CD46 (by pili/pilC), heparan sulphate proteoglycans (by Opa and Opc),
asialoglycoprotein receptor (asialylated LPS), Siglecs (sialylated LPS), extra-
cellular matrix proteins (Opc and Opa), integrins (Opc and Opa), and
CEACAMs (Opa). Of these, the last three will be discussed in greater detail
below to explore how targeting of these receptors may increase bacterial
pathogenic potential. Several recent reviews have described some of the
other receptor interactions (Merz and So, 2000), although many of the
details remain to be investigated. Engagement of multiple receptors by
independent adhesins, or ligation of individual receptors at multiple sites,
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invasion by acapsulate, asialylated, non-piliated, Opa� bacteria expressing the Opc

protein (‘e’ Fig. 2.ID). (f) Increased cellular invasion primarily mediated by Opc, in a

phenotype also expressing pili (‘f’ Fig. 2.1D). B, bacteria. (g–h) Immunofluorescence

micrographs demonstrating Opc-mediated interactions supported entirely by purified

vitronectin. Adherence of N. meningitidis inoculated in the absence of serum but in

media supplemented with vitronectin alone (g), or together with RGDS peptide (h).

Bacteria in excess of 100 can be seen covering the entire surface of a human endothelial

cell (arrow, g). Meningococci were labelled with anti-LPS antibody and detected with

rhodamine-conjugated secondary antibody.



often leads to augmentation or modification of signalling, leading to increased
invasion or toxicity (Fig. 2.2).

2.5.1 Targeting of integrins

2.5.1.1 Integrin structure and function

Integrins are a superfamily of heterodimeric transmembrane molecules
consisting of diverse �-chains (more than 18 have been described) and rela-
tively more conserved �-chains (8 have been described). The nature of the �-
chain defines the family of integrins. �

1
, �
3

and �
5

are found on many cell
types and interact with matrix and other proteins and may mediate cell–cell
adhesion. The �

2
family are leukocyte-associated integrins and include com-

plement receptors. As discussed in section 2.3, the sequence RGD (Arg-Gly-
Asp) is a recognition sequence on many serum and ECM ligands of
integrins. In addition, receptor specificity may be modified by RGD flanking
sequences. Within the RGD motif, aspartic acid is important for recognition
by integrins (Ruoslahti and Pierschbacher, 1987) and some integrins that do
not recognize the RGD sequence nevertheless require an acidic amino acid
(Asp or Glu) for binding to ligands. Interestingly, in the case of the Yersinia
invasin that binds multiple �

1
-integrins (the majority do not recognize

RGD), aspartic acid has been shown to be essential in adhesion (Isberg and
Tran Van Nhieu, 1994).

Integrins have short cytoplasmic tails that associate with cytoskeletal
proteins such as �-actinin, talin, vinculin, paxillin and tensin in complexes
(focal adhesions) and a¤ect cytoskeletal arrangement via actin microfila-
ments. Thus integrins have the capacity to form a physical link between the
ECM and the cytoskeleton. Two principal mechanisms by which integrins
are activated to transduce signals involve conformational change and recep-
tor clustering. Conformation-dependent activation is exemplified by throm-
bin-mediated activation of gpIIb/IIIa (�IIb�3) integrin expressed on platelets.
Thrombin induces intracellular signalling, leading to modulation of the con-
formation of gpIIb/IIIa, which is then able to bind fibrinogen, leading to
platelet aggregation. This has been called ‘inside out’ signalling (Hughes and
Pfa¤, 1998).

Signal transduction via integrins may reside, at least in part, in cytoskel-
etal rearrangement, which may physically bring together molecular com-
plexes by forming focal adhesions. Inhibition of clustering, achieved by
drugs that prevent cytoskeletal rearrangement, also inhibits tyrosine kinases,
suggesting that kinase activation may be mediated by receptor clustering. A
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tyrosine kinase, focal adhesion kinase (FAK) pp125FAK, is believed to play an
important role in integrin-mediated signal transduction. This kinase local-
izes to focal adhesion complexes and is stimulated to autophosphorylate at
Tyr-397 upon integrin binding to the ECM. Studies using cytochalasin D
(which inhibits cytoskeletal rearrangement) have shown that signal trans-
duction via integrins requires cytoskeletal reorganization and involves
mitogen-activated protein (MAP) kinase activation in addition to pp125FAK

phosphorylation. FAK may interact with Src and recruit Src to focal adhe-
sions, causing hyperphosphorylation of focal adhesion structures. There is
also evidence for association of other tyrosine kinases with integrins; for
example, in monocytes, Syk (Src family) may respond to integrin signalling.
Certain integrins are associated with CD47, an unusual member of the
immunoglobulin superfamily, also known as IAP (integrin-associated
protein). CD47 has unique signal-transduction properties, initiating hetero-
trimeric G-protein signalling that augments the function of integrins of the
�
1
, �
2

and �
3

families (Clark and Brugge, 1995; Richardson and Parsons,
1995; Rosales et al., 1995; Brown and Frazier, 2001)

Stimulation of integrins may be translated into a variety of intracellular
signals that may lead to transcription of inflammatory mediators such as IL-
1� and IL-8. Integrins may also act in concert with other receptor pathways
to enhance or dampen signals. In particular, activation via growth factor
receptors requires adherence of cells to ECM via integrins. The small G-
protein Rho appears to be critical in integrating signals induced by integrins
and growth factor receptors (Clark and Brugge, 1995).

A recent study has demonstrated that Borrelia hermsii, a spirochaete
responsible for relapsing fever in humans, is able to alter the conformation
of �IIb�3 (gpIIb/IIIa) integrin on resting platelets via a contact-dependent
platelet activation, thereby promoting its binding to activated integrins
(Alugupalli et al., 2001).

2.5.1.2 Interactions of the outer membrane protein Opc with integrins:
an example of pseudo ligand mimicry

2.5.1.2.1 RGD-dependent cellular invasion mediated by Opc

Opc, a basic protein, appears to have the capacity to bind to multiple
ECM components and serum proteins (Virji et al., 1994a). This, together
with the fact that interactions of Opc-expressing phenotype with the apical
surface of polarized human endothelial cells require serum-derived factors
(Virji et al., 1994b) and that pre-coating of bacteria with serum was suªcient
to mediate interactions, suggested a sandwich mechanism of adhesion. The
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serum factors were shown to be RGD-containing proteins and RGDS but not
RGES (Arg-Gly-Glu-Ser) peptides inhibited bacterial invasion of human
endothelial cells. Moreover, antibodies against the vitronectin receptor (�v�3,
VNR) and also, to some extent, the fibronectin receptor (�

5
�
1
, FNR) inhib-

ited adherence and invasion. Bacterial interactions could also be supported
by purified vitronectin in the absence of serum (Fig. 2.2g), supporting the
notion that Opc interacts with the natural ligands of RGD-recognizing inte-
grins and, via the ligand, indirectly interacts at the ligand-binding site of the
receptor. This interaction is extremely e¤ective in mediating cellular inva-
sion (Fig. 2.2e) (Virji et al., 1994b, 1995b).

In addition to utilization of the integrin ligands, further factors may be
involved in the interactions via the vitronectin receptor. This was suggested
from the observations that cloned Opc does not confer invasive properties on
Escherichia coli, even though the protein is surface expressed and is immuno-
logically similar to that of N. meningitidis. By analogy with the complement
receptor CR3, which has been shown to interact simultaneously with C

3
bi-

coated particles and with microbial glycolipids at distinct sites (Wright et al.,
1989), VNR may require multiple ligand engagement. Indeed, the VNR also
exhibits binding sites for ganglioside GD2 (Cheresh et al., 1987). Gangliosides
and LPS share structural similarities in that both are amphipathic with strongly
anionic hydrophilic groups and it is tempting to speculate that some manner
of LPS interaction with the VNR may be an additional factor required. However,
it is also possible that the level of Opc expressed by E. coli is not optimum, since
eªcient interactions of N. meningitidis via Opc require the protein to be
expressed at a high density on the bacterial surface (Virji et al., 1995b).

An interesting feature of Opc interaction was the requirement for host
cytoskeletal function. Attempts to inhibit host cell invasion by the use of cyto-
chalasin D resulted in inhibition not only of invasion but also of total cell
association. This observation is in contrast to cell adhesion mediated by N.
meningitidis Opa proteins, which apparently increases in the presence of
cytochalasin D (Virji et al., 1993b).

2.5.2 Targeting of CEACAMs

2.5.2.1 CEACAMs: structure and biology

CEACAMs belong to the CEA family, a member of the immunoglobu-
lin superfamily that includes clinically important tumour markers such as
CEA (Plate 2.1). The antigen was first identified in human colonic carcinoma
tissue extracts, but since then it has been demonstrated in numerous normal
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human tissues. CEACAM1 (previously CD66a, biliary glycoprotein (BGP);
Beauchemin et al., 1999) has the broadest tissue distribution and is
expressed on the apical surfaces of epithelial cells of human mucosa, cells of
myeloid lineage as well as some endothelial cells. CEACAM1 belongs to a
transmembrane subgroup and may contain either a short (CEACAM1-S) or
a long (CEACAM1-L) cytoplasmic tail. In studies on respiratory pathogens,
it is important to note that CEACAM expression on normal epithelial cells in
oral, tonsillar and lung tissues has been reported. CEACAM1, especially the
isoform with a long cytoplasmic tail (CEACAM1-L) that contains immuno-
receptor tyrosine-based activation motif (ITAM)/ITIM-like motifs, has been
implicated in signal transduction. In addition, CEACAM3 isoforms may also
contain similar motifs whose tyrosine phosphorylation leads to protein tyro-
sine kinase or phosphatase activation and stimulation or termination of sig-
nalling (Prall et al 1996; Obrink 1997; Hammarström 1999). Beauchemin et
al. (1997) have reported the association of CEACAM1 (BGP) with tyrosine
phosphatases SHP-1 (Src-homology containing Tyr phosphatase-1) in
colonic epithelial cells and CEACAM1-mediated signalling in these cells
results in the inhibition of cell growth.

2.5.2.2 Opa protein targeting of CEACAMs

The identity of the receptor for Opa protein was obtained from studies
that examined target cells (COS, African Green monkey kidney cells, lacking
Opa receptors) that were transfected with cloned cDNA encoding several dis-
tinct human cell surface molecules. These included constitutively expressed
or inducible adhesion molecules. The studies led to several interesting obser-
vations. First, they identified that CEACAM1 expression on transfected COS
cells resulted in increased adherence by meningococcal isolates. Second,
they showed that some capsulate meningococci adhered to transfected cells
that expressed CEACAM1 at high levels (Virji et al., 1996a; Plate 2.1). The
binding epitope (adhesiotope) for Opa proteins was shown to be located at
the N-terminal IgV-like domain of the receptor (Plates 2.1 and 2.2).
Polymorphonuclear phagocytes (PMNL) and some epithelial cells express
several members of the CEACAM family including CEACAM1 (Stanners et
al., 1995; Teixeira et al., 1994). These have highly homologous N-terminal
domains, and Opa proteins of N. meningitidis were shown to mediate inter-
actions with PMNL and epithelial cells via CEACAMs (Virji et al., 1996b).
Studies on N. gonorrhoeae also confirmed that Opa proteins engage with
CEACAMs on distinct target cells (Chen and Gotschlich, 1996; Virji et al.
1996a,b; Gray-Owen et al., 1997).
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2.5.2.2.1 Opa/CEACAM interactions in commensal neisseriae

In addition to pathogenic neisseriae, in several commensal species of
Neisseria (Cn), genes similar to pathogenic opa genes have been reported.
Recently, surface expression of Opa-like proteins was shown in many Cn
strains, for example N. lactamica, N. subflava, N. flavescens (Toleman et al.,
2001). The Cn Opa proteins are structurally similar but are generally (but not
always) smaller and contain conserved regions that di¤er from the pathogenic
Opa at many sites. Further, their SV and HV domains are often of di¤erent
dimensions as compared with the equivalent domains of the pathogenic
strains, and may produce distinct surface conformations. This evolutionary dis-
tance reflected in the Opa structure raised the question of whether commensal
Opa proteins possess the capacity to target CEACAM molecules. Interestingly,
within Opa-expressing commensal isolates, >75% had the capacity to target
CEACAM1. Therefore the receptor-targeting function is evolutionarily con-
served and suggests a primary role of this interaction in neisserial colonization
of the human mucosae. The subtleties of receptor targeting and signalling that
may di¤erentiate between commensal and pathogenic Opa interactions with
their common receptors need to be explored. One observation that may di¤er-
entiate between commensal and pathogenic Opa/CEACAM interaction is that,
in general, the commensals bind with lower aªnity to CEACAMs as compared
with N. meningitidis isolates (Toleman et al., 2001).

2.5.2.2.2 Opa proteins: tissue specificity vs. tropism

Within the neisserial gene pool, a large repertoire of variable surface-
exposed HV and SV alleles are found. To investigate the extent to which
CEACAM could serve as a target for variant Opa proteins of Neisseria, we
carried out a large survey of clinical isolates. Numerous human mucosal and
disease isolates (including 50 strains each of gonococci and meningococci)
were examined for their interactions with soluble CEACAM1-Fc. Specific
adherence of the N-terminal domain of the receptor to c. 95% of Opa-
expressing pathogenic Neisseria spp. was observed (Table 2.1). These studies
imply that the receptor is a target for a conserved domain present on the
majority of Opa proteins of meningococci and gonococci, although the
domain remains to be identified. Alternatively, distinct Opa variable regions
contain complementary sequences with the capacity to target the receptor.

To investigate the e¤ect of variable domains of Opa proteins on receptor
recognition, we used variants of strain C751, since they share some variable
sequences. They form two pairs (OpaA/B and OpaB/D) with only a single
di¤erence either in their HV1 or HV2 regions (Plate 2.2c). Using HeLa cells
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transfected with cDNA encoding CEA, CEACAM3 or CEACAM6, we observed
that all three Opa of C751 bound equally well to CEA but showed distinct
tropism for CEACAM3- and CEACAM6-expressing cells. Since C751Opa pro-
teins make up distinct structures via combinations of their HV domains, HV1
and HV2 regions appeared to be involved in tropism for the distinct
CEACAMs. In further studies, site-directed mutants of surface-exposed resi-
dues of CEACAM1 were used for identification of adhesiotopes on the recep-
tor (Plates 2.1 and 2.2). The studies identified a number of critical amino acid
residues required for Opa attachment. The residues were scattered on the
C/F/G strands and loops of the N-domain but formed a continuous adhesio-
tope in the three-dimensional model (Plate 2.2). Binding of all Opa tested
required Tyr-34 and Ile-91. Further, eªcient interaction of distinct Opa pro-
teins were dependent on other residues located in close proximity to Tyr-34 on
the CFG face in the three-dimensional model. Studies from three laboratories
have confirmed the critical binding regions of Opa proteins on CEACAM
receptors (Billker et al., 2000; Virji, 2000b). Using the N-domain mutants, we
also observed a striking influence of HV1 and HV2 regions of C751 Opas on
receptor targeting. For example, the mutant receptor with a single mutation at
Ser-32 on the beta strand ‘C’ was not recognized by an OpaA variant with a dis-
tinct HV2, but OpaB and OpaD bound to the mutant receptor eªciently. In
another case, a Gln-89 mutation on the F strand resulted in greatly reduced
binding of OpaD with a new HV1 region (Virji et al., 1999).
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Table 2.1. Reactivity of human mucosal isolates with CEACAM1

No. of CEACAM1– 

Species No. of strains tested binding strains

Neisseria meningitidis 50 47

N. gonorrhoeae 50 48

Commensal Neisseria spp. 10 8

Typeable Haemophilus influenzae 24 18

Non-typeable H. influenzae 15 11

H. influenzae biogroup aegyptius 12 12

H. parainfluenzae 7 0

Pseudomonas aeruginosa 6 0

Streptococcus pneumoniae 18 0

Note: Data obtained from reactivity of whole cell lysates of bacteria in an

immuno-dot blot assay that used bacteria in solid phase and soluble chimeric

receptors (CEACAM1-human Fc) in liquid phase (Virji et al., 1999, 2000).



Overall, the studies identified a binding region in the N-domains of
members of the CEACAM family arranged around Tyr34. They indicated
that at least two amino acid residues determine the primary receptor speci-
ficity of the majority of Opa proteins. The tropism appears to be determined
by one to several amino acid residues located on the edges of this region and
these are di¤erently recognized by distinct Opa proteins. Thus there are dis-
tinct Opa adhesiotopes on the N-domains of CEACAM molecules. The data
suggest that Opa proteins have evolved to generate a variety of hypervariable
domains that may not only help to avoid the host immune response but
retain receptor binding capacity in such a way that they compensate for the
heterogeneity in their target receptor family, thus increasing their host tissue
range. It remains to be seen whether commensal strains with Opa proteins
of greater structural and conformational repertoire provide a further insight
into the features that determine receptor tropism vs. specificity as well as col-
onization vs. pathogenesis.

2.5.2.2.3 Opa signalling via CEACAMs

In addition to receptor tropism, studies of the interactions of menin-
gococci with HeLa transfectants revealed distinct outcomes that depended
on the receptor expressed. Expression of the transmembrane receptor
CEACAM3 (CGM1) correlated with invasion whereas that of GPI-
anchored CEA, although supporting substantial adhesion, did not result
in significant internalization. A similar situation was apparent with
CEACAM6 (NCA) (Virji et al., 1999). The observations are interpreted in
terms of the capacity of the receptor to transduce signals, although it
should be noted that, in transfected cells, individual CEA molecules may
not have complementary coupling partners for signal transduction and the
situation in host cells with simultaneous expression of both signalling and
GPI-anchored members may be distinct. Interestingly, it has been sug-
gested that molecules such as CEA may have evolved to reduce the burden
of microbes on the mucosa. Late evolutionary development of the GPI-
anchored members, apical location and shedding/secretion of large
amounts of CEA in the gut suggest the possibility that CEA, which is tar-
geted by enteric pathogens, may have developed as an arm of innate
immunity (Hammarström, 1999).

Signalling via Opa/CEACAM interactions has been studied mainly in
professional phagocytes, and appears to involve Src kinases, Rac1, p21-acti-
vated kinase (PAK) and Jun terminal kinase. The pathway di¤ers from the
opsonic pathway of internalization via Fc�R, which results in activation of
cellular killing mechanisms. It is suggested that signalling via the ITIMs
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present in the CEACAM cytoplasmic domains may improve the chances of
gonococcal survival within the phagocyte (Hauck et al., 1998). Precisely what
happens in interactions at the epithelial surface is not clear; our current
investigations on meningococci and H. influenzae are discussed below.

2.5.2.3 Haemophilus influenzae targeting of CEACAMs

In THi, NTHi as well as Hi-aeg, several adhesins have been identified
(St Geme, 1999). Many of these have been shown to target carbohydrate
receptors in the host environment (Foxwell et al., 1998). Our recent studies
demonstrated that H. influenzae targets CEACAMs and this binding appears
to involve protein–protein interactions.

On screening of multiple mucosal isolates to assess their potential for
interactions with CEACAMs, we observed that several strains of THi and
NTHi were able to bind to the receptor. Haemophilus parainfluenzae and
several other mucosal isolates did not recognize the receptor (Table 2.1). The
studies indicated that, like N. meningitidis, H. influenzae primarily bound to
the N-terminal domain (Virji et al., 2000); however, unlike N. meningitidis, H.
influenzae requires other extracellular domains of CEACAM1 for eªcient
interactions (D.J. Hill and M. Virji, unpublished data). The precise roles of
the other domains in H. influenzae interactions are not clear but they may
help to determine a particular conformation of the N-domain favoured by
this organism for binding. Further analysis, using receptor molecules
mutated at distinct residues in the N-domain, indicated that the primary
binding sites of H. influenzae and N. meningitidis were closely positioned on
the protein (Plate 2.2). Indeed, the two species may compete for these recep-
tors (Virji et al., 2000).

One of the ligands of H. influenzae that is able to recognize CEACAM
receptor constructs appears to be the outer membrane P5 protein (Hill et al.,
2001). Interestingly, the P5 protein exhibits many structural features that
are similar to Opa proteins, for example variable surface-exposed loops.
However, there is little sequence homology and no conserved stretches of
amino acid residues are present. It will be interesting to compare the fea-
tures of Opa and P5 that confer the receptor-binding properties. A recent
study has indicated that infection with the respiratory syncytial virus signifi-
cantly enhances NTHi attachment to an A549 lung epithelial cell line and
P5 proteins (‘P5-homologous fimbriae’) play a critical role (Jiang et al.,
1999). Indeed, our studies have shown that A549 accommodate the H.
influenzae strains that we tested via their CEACAM receptors, suggesting a
potential role of CEACAMs in increasing susceptibility to infection by this
organism.
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2.5.2.4 Potential outcomes of CEACAM targeting

2.5.2.4.1 Phagocytic interactions

Interactions with phagocytic cells, which could occur readily between
acapsulate phenotypes and PMNL, may appear to be counter-productive.
However, as mentioned above, it has been suggested that non-opsonic
interactions of N. gonorrhoeae Opa/PMNL involve host cell signalling path-
ways that lead to bacterial localization in an intracellular niche that may
allow prolonged survival (Hauck et al., 1998). Although this remains to be
demonstrated, it is possible that bacteria able to survive for a relatively
short period within the cells may be carried from site to site in a ‘Trojan
horse’ manner. Macrophage traªcking and the spread of mousepox virus
during experimental respiratory infection has been ascribed to this mech-
anism. In situ hybridization studies have identified H. influenzae within
macrophages in adenoid tissues (Forsgren et al., 1994). Since CEA mole-
cules have also been identified on tissue macrophages (Obrink, 1997;
Hammarström, 1999), their involvement in H. influenzae–macrophage
interactions is entirely possible. Whether PMNL or macrophages with
engulfed H. influenzae help to disseminate the bacteria remains to be
investigated.

2.5.2.4.2 Epithelial interactions

Targeting of transmembrane CEACAMs would also be expected to lead
to the manipulation of host signalling mechanisms that could result in
either transcytosis or paracytosis and, by either mechanism, bacteria may
traverse the epithelial barriers. CEACAM-mediated traversal of colonic epi-
thelial cells by a gonococcal strain has been reported (Wang et al., 1998). We
have investigated the mechanisms by which meningococci and haemophi-
lus strains utilize their common receptors on target cells to traverse the cel-
lular barriers. The studies have shown that both bacteria are able to
manipulate the host cytoskeleton following ligation with CEACAMs (Plate
2.2). Polymerized actin can be seen localized beneath bacterially induced
caps in transfected cells as well as in human epithelial cell lines. However,
the studies have also indicated that, further downstream, signalling diverges
and H. influenzae and N. meningitidis traverse polarized monolayers in dis-
tinct manners with distinct rates and modes of transmigration (Plate 2.2;
D.J. Hill, J. Griªth and M. Virji, unpublished data). The molecular details
remain to be defined.
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2.6 CONCLUSION

Of the critical determinants of receptor targeting that may lead to cellu-
lar invasion, the strength of ligand–receptor ligation that may be achieved
when receptors are expressed at high levels stands out as a key event that
may determine increased host susceptibility to some bacterial infections.
An important observation in favour of this argument is that, even in capsu-
late bacteria, certain Opa proteins with high aªnity for CEACAM1 may
e¤ectively bind to host cells expressing large numbers of these receptors.
This demonstrated that even the inhibitory e¤ects of surface sialic acids may
be overcome when appropriate ligand/receptor pairs are present at the
required density. Thus targeting of cell adhesion molecules, which are up-
regulated during inflammation (Dansky-Ullman et al., 1995) may be critical
to bacterial pathogenesis and may shift the balance from a carrier state to
dissemination. A low level constitutive expression of the receptor, for
example on epithelial cells, may favour attachment without invasion. Viral
infections or other conditions during which cytokines may be up-regulated,
could result in increased expression of those signalling molecules targeted
by bacteria, thereby increasing their potential to enter phagocytic cells as
well as mucosal epithelial cells. Massive invasion of epithelial cells could be
injurious to the host, while that of phagocytic cells could result in incom-
plete elimination of bacteria and the possibility of transmission within
them.

In summary, recent advances in the molecular mechanisms of menin-
gococcal interactions with human target cells are beginning to provide
certain clues that may explain epidemiological observations. Several poten-
tial routes of invasion may exist. Acapsulate bacteria may target ECM
exposed by epithelial damage following viral or other infections or they may
invade epithelial cells. Further dissemination of such a phenotype requires
selection of capsulate bacteria arising from natural phase variation. However,
epidemiological evidence suggests that disease in susceptible individuals
occurs soon after acquisition, with no prolonged carriage. The observations
that some receptor–ligand interactions may occur in capsulate bacteria
provide a feasible rationale for an alternative, perhaps not exclusive, mecha-
nism. In this scenario, targeting of cell adhesion molecules that are up-reg-
ulated by inflammatory cytokines may be the critical determinants of
meningococcal invasion. Viral infections, or other conditions leading to
inflammation, could result in increased expression of receptors that recruit
meningococci via one or more ligands. In a host with inadequate immuno-
logical protection against meningococci, invasion would result in rapid
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growth and dissemination. This may constitute one of a number of mecha-
nisms responsible in distinct circumstances for disease outbreaks.

In the case of H. influenzae also, the frequency of colonization of the
upper respiratory tract by NTHi increases during respiratory viral infections
that stimulate the production of cytokines. Cytokine-stimulated increased
receptor expression may also be responsible for the observed tendency of H.
influenzae to invade tissue macrophages or migrate between cells. These pro-
cesses, in turn, may be responsible for their escape from antimicrobials,
leading to persistence in spite of antibiotic therapy. Thus, as with Neisseria,
studies on Haemophilus interactions with signalling molecules that are up-
regulated by inflammatory cytokines may help to define the basis of
increased susceptibility to infections.
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CHAPTER 3

Adhesive surface structures of oral streptococci

Roderick McNab, Pauline S. Handley and Howard F. Jenkinson

3.1 INTRODUCTION

3.1.1 The oral cavity

The human oral cavity is home to a large and diverse microbial popu-
lation. The mouth provides a wide range of di¤erent habitats for bacterial
colonization and growth, including hard, non-shedding surfaces (the teeth)
as well as various epithelial surfaces such as the tongue dorsum and buccal
mucosa. The composition of the bacterial flora at these di¤erent sites can
vary considerably, reflecting the range of surfaces for attachment and envi-
ronmental conditions that are available for growth. Nevertheless, strepto-
cocci, which comprise some 20% of the human normal oral flora, can be
isolated from most oral sites (Nyvad and Kilian, 1987; Frandsen et al.,
1991). Streptococci, together with Actinomyces species, are the predominant
organisms found in the early stages of biofilm (i.e. dental plaque) forma-
tion on tooth surfaces, and the interactions of these initial species with the
salivary pellicle may define the strength of biofilm adhesion (Busscher et
al., 1995). Furthermore, the streptococci participate in a wide range of intra-
and inter-generic coaggregation interactions that help to establish early
biofilm communities (Kolenbrander and London, 1993; Kolenbrander,
2000). Consequently, streptococci play an important role in plaque develop-
ment.

Oral streptococcal species have recently undergone considerable taxo-
nomic upheaval (see Whiley and Beighton, 1998). This has resulted not only
in the reclassification of species and the description of new species, but also
the grammatical correction of Latin species epithets (thus Streptococcus crista
has been renamed S. cristatus, and Streptococcus parasanguis is now S. para-
sanguinis). For this chapter we have chosen to retain the epithets in long-term
usage. Currently, four species groups of oral streptococci have been
described. These are the mitis, mutans, salivarius and anginosus groups. It
is important to note that members of these groups are not necessarily
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restricted to the oral cavity, but may also be found at other body sites, and are
often associated with disease.

3.1.2 Oral streptococcal adhesion

The growth and survival of streptococci within the oral cavity are
dependent, at least in part, on bacterial adhesion to oral surfaces coated
with salivary proteins and glycoproteins, and to other adherent bacteria
(Whittaker et al., 1996). Since adhesion is a prerequisite of oral coloniza-
tion, it is not surprising that most oral streptococci express arrays of adhe-
sins on their cell surfaces and consequently exhibit a wide range of
adhesion properties (Jenkinson and Lamont, 1997). Thus the substrates
to which streptococci can bind include salivary and serum components,
host cells, tissue matrix components and other microbial cells. The
expression of multiple adhesins would allow enhanced binding through
co-operativity, and also allow a range of surfaces carrying the cognate
receptors to be colonized. Conversely, the range of adhesins expressed will
also account, by-and-large, for the tissue specific tropisms displayed by
some oral streptococci. For example, S. sanguis, a colonizer of the tooth
surface, is not found in the oral cavity of infants until the teeth erupt
(Carlsson et al., 1970; Caulfield et al., 2000), and is rapidly lost from the
mouth of edentulous persons not wearing dentures (Carlsson et al., 1969).
In contrast, S. salivarius, which colonizes the tongue and other mucosal
surfaces, can be detected as early as three weeks after birth (Smith et al.,
1993).

Molecular genetic techniques have allowed great advances to be made in
the understanding of the composition, structure and function(s) of cell
surface-located adhesins, particularly amongst members of the mitis group
(including S. mitis, S. sanguis, S. parasanguis, S. oralis, S. gordonii and S. pneu-
moniae) and mutans group (including S. mutans and S. sobrinus) streptococci
(for a review, see Jenkinson and Lamont, 1997). Thus a number of genes
encoding cell surface-associated proteins that function in adhesion have
been cloned, sequenced and studied in detail (Table 3.1). In many cases, the
role of these proteins in adhesion and colonization has been assessed using
isogenic knockout mutant strains. So, what do we know about the adhesins
of oral streptococci? In general, surface proteins of oral streptococci can be
divided into two categories based on the means by which the protein is
anchored at the cell surface. Thus a surface protein may be anchored by cova-
lent modification at the C- or the N-terminus.

The principle mechanism of cell surface anchorage of adhesins
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involves the covalent attachment of protein to peptidoglycan via a special-
ized C-terminal signal. Over 40 streptococcal cell surface proteins have
now been identified that carry this cell-wall-sorting signal, including the
majority of known adhesins of oral streptococci (Fischetti, 1996; Navarre
and Schneewind, 1999). The cell-wall-sorting signal comprises the
sequence motif LPXTG (Lys-Pro-X-Thr-Gly, where X can be any amino
acid) followed by a hydrophobic sequence of approximately 20 amino acid
residues and a short, charged cytoplasmic tail. The latter two components
serve as a ‘stop transfer’ signal to protein translocation. An enzyme,
sortase, then is proposed to cleave between the threonine and glycine res-
idues within the LPXTG motif, and the free carboxyl group of threonine is
subsequently amide-linked to a free amino group present within the pep-
tidoglycan cross-bridge (Schneewind et al., 1995; Ton-That et al., 2000).
Cell-wall-anchored proteins in this group have a characteristic molecular
architecture and are frequently modular in design, comprising a mosaic of
repetitive and non-repetitive amino acid sequences (Navarre and
Schneewind, 1999). Oral streptococcal adhesins that possess a C-terminal
wall anchor include CshA of S. gordonii and Fap1 of S. parasanguis that
form large fibrillar structures (Table3. 1). Insertional inactivation of the
gene encoding sortase in S. gordonii resulted in reduced adhesion of
mutant cells to fibronectin and impaired colonization of the murine oral
cavity (Bolken et al., 2001), properties conferred, at least in part, by wall-
anchored CshA fibrils (McNab et al., 1994, 1996). Similar experiments in
Staphylococcus aureus resulted in a failure of cells to process and display
normally wall-anchored proteins, and this was associated with a corre-
sponding defect in their ability to establish infection in experimental mice
(Mazmanian et al., 2000).

Lipoproteins are anchored within the outer leaflet of the cytoplasmic
membrane by lipid modification of an N-terminal cysteine residue (Braun
and Wu, 1994). Virtually all of the streptococcal lipoproteins characterized to
date are substrate-binding proteins serving ATP-binding cassette (ABC)
transport systems (Sutcli¤e and Russell, 1995). Nevertheless, some lipopro-
teins have been implicated in adhesion of oral streptococci to various sub-
strata (Jenkinson, 1994).

Other surface anchor mechanisms do exist amongst streptococci. For
example, a family of pneumococcal proteins, some of which function as
adhesins, are held at the cell surface non-covalently via interaction of C-
terminal amino acid residue repeat blocks with choline-containing tei-
choic acid or lipoteichoic acid (Yother and White, 1994; Rosenow et al.,
1997).
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3.2 ORAL STREPTOCOCCAL FIBRILS AND FIMBRIAE

Although most oral streptococci produce surface structures, it has not,
in the majority of instances, been possible to establish unequivocally a link
between these structures and bacterial adhesion. However, molecular evi-
dence is now accumulating for a link between adhesion and the presence of
a range of surface structures on oral streptococci, particularly members of
the mitis group streptococci (Table 3.2). Two classes of surface structure,
fibrils and fimbriae, have been described on oral streptococci on the basis of
morphological descriptions of bacterial surfaces visualized by electron
microscopy. Fimbriae are thin, flexible structures up to 3�m in length, but
with a defined width of 3–5 nm (Fig. 3.1a). Fimbriae are found on 50% of
Streptococcus salivarius strains (Handley et al., 1984) and on S. parasanguis
(formerly classified as S. sanguis) (Elder et al., 1982) but have not been
reported consistently on other mitis-group streptococci (Handley et al.,
1985). A wealth of information is available on the structure, assembly and
function of adhesive fimbriae of non-oral bacteria (for a review, see Soto and
Hultgren, 1999). By contrast, fimbriae of oral streptococci remain relatively
poorly defined in molecular terms. Nevertheless, adhesive fimbriae have
been described in some detail for S. parasanguis (see below) and for certain
other oral bacteria including Gram-negative periodontal pathogens
Porphyromonas gingivalis, Prevotella spp. and Actinobacillus actinomycetem-
comitans, and for the commensal Gram-positive bacterium Actinomyces naes-
lundii (for reviews, see Hamada et al., 1998; Handley et al., 1999).

A large proportion of oral streptococcal isolates display surface struc-
tures that are morphologically distinct from fimbriae (Handley, 1990).
These structures, termed fibrils, appear more rigid and are shorter than
fimbriae, usually extending up to 200 nm from the cell surface (Fig. 3.1b).
The length, distribution and density of fibrils on the surface of oral strep-
tococci may vary in a species- or strain-dependent manner, and frequently
a strain may express two or more fibril types, each with characteristic length
and properties. Fibrils are seen on strains of S. salivarius (Handley et al.,
1984), mitis group streptococci (Handley et al., 1985), and on S. mutans
(Hogg et al., 1981). On some strains, fibrils are arranged in prominent polar
or lateral tuft arrangements (Handley et al., 1991; Jameson et al., 1995) (Fig.
3.1c).

Evidence is accumulating, as will be described here, which suggests that
the morphological di¤erences between fibrils and fimbriae of oral bacteria,
observed by electron microscopy, may reflect di¤erences in composition and
organization of the proteinaceous components of these structures.
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Figure 3.1. Cells were negatively stained with 1% (w/v) methylamine tungstate. (a) S.

salivarius CHR (Lancefield K� strain) carries flexible, peritrichous fimbriae 3.0–4.0 nm

wide and 0.5–1.0�m long. 176610	. (b) S. salivarius HB (Lancefield K� strain) carries a

dense fringe of peritrichous fibrils. Sparse long fibrils (168
 (5.0) nm) project through a

dense mass of shorter fibrils (90
 (4.0) nm). 117450	. (a) and (b) are reprinted with

permission from Handley et al., 1984.) (c) S. oralis CN3410 carries a lateral tuft of fibrils.

Long fibrils (289 
 (15) nm long) project through the shorter, more densely packed tuft

fibrils (159
 (5) nm long). 67860	.



3.3 FIBRILS OF STREPTOCOCCUS GORDONII

Perhaps the best evidence linking large cell-wall-anchored proteins,
surface structures and adhesion has come from studies on the CshA adhe-
sive polypeptide of S. gordonii. CshA polypeptide (259kDa), which is cova-
lently attached to the streptococcal cell wall via its C-terminus, appears to be
the structural and functional component of short fibrils on the surface of S.
gordonii (McNab et al., 1999). CshA polypeptide can be divided into four sec-
tions (Fig. 3.2): (i) a 41 residue N-terminal signal sequence directing export;
(ii) a non-repetitive region (residues 42–878); (iii) an extensive amino acid
repeat block region (residues 879–2417), containing 13 repeat blocks of 101
residues, and three incomplete repeat blocks, and (iv) a C-terminal cell wall
anchor domain (residues 2418–2508) that is responsible for covalent attach-
ment of CshA to cell wall peptidoglycan as described above. The mature poly-
peptide has numerous potential sites for N-linked glycosylation (the
sequence Asn-X[Ser/Thr]), although there is currently no evidence to
suggest that CshA is extensively glycosylated. Gene inactivation experiments
have demonstrated that CshA contributes significantly to the cell surface
hydrophobicity of S. gordonii and additionally mediates attachment of strep-
tococcal cells to other oral microorganisms (Actinomyces naeslundii, S. oralis,
Candida albicans) and to immobilized human fibronectin (McNab et al.,
1994, 1996). The adhesion-mediating sequences of CshA have been located
to the N-terminal non-repetitive region on the basis of adhesion-inhibition
experiments (McNab et al., 1996). Antibodies raised to a recombinant 93kDa
polypeptide representing the N-terminal non-repetitive region inhibited the
binding of S. gordonii to A. naeslundii and to human fibronectin in a dose-
dependent manner. Electron microscopic analysis of negatively stained cells
of S. gordonii DL1-Challis revealed thin, sparsely distributed fibrils that pro-
jected 60.7 (
14.5) nm from the cell surface (Fig. 3.3a). The fibrils bound
CshA specific antibodies (Fig. 3.3b) and were absent from isogenic mutants
of S. gordonii in which the cshA gene was inactivated. Furthermore, when the
cshA gene was cloned and expressed in Enterococcus faecalis JH2–2, which
does not normally carry fibrils, thin cell surface structures of 70.3 (
9.1) nm
were expressed (Fig. 3.3c). These fibrils were morphologically identical with
native S. gordonii fibrils, and bound CshA-specific antibodies (Fig. 3.3d)
(McNab et al., 1999). Recombinant E. faecalis concomitantly acquired surface
and adhesion properties associated with CshA fibrils on S. gordonii. Thus the
recombinant E. faecalis cells demonstrated significantly increased cell
surface hydrophobicity and adhesion to human fibronectin, and acquired the
ability to co-aggregate with A. naeslundii T14V.
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Figure 3.3. Cells were stained with 1% methylamine tungstate (MT) only (a and c) or with

1% MT together with CshA-specific antibodies and 10 nm gold-conjugated secondary

antibody (b and d). (a) S. gordonii DL1-Challis with sparse, 60.7
 (14.5) nm long, fibrils.

Fibrils sometimes have globular ends (see arrowhead). 102060	. (b) S. gordonii DL1-

Challis showing gold particles and antiserum labelling the CshA molecules, 61.3
 (19.2)

nm from the cell surface. Some fibrils are visible that have not been labelled. 149940	.

(c) E. faecalis recombinant strain OB516 expresses S. gordonii CshA polypeptide and

presents dense, 70.3
 (9.1) nm long, peritrichous fibrils. 101640	. (d) E. faecalis OB516

cell probed with CshA-specific antiserum demonstrates gold particles 61.7
 (12.2) nm

from the cell surface. Fibrils are masked by the gold and antiserum. 102060	. (a–d) are

reproduced with permission from McNab et al., 1999.)
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Figure 3.4. Cells were stained with 1% methylamine tungstate. (a) S. sanguis GW2 carries

peritrichous fibrils (75.3
 (22.3) nm). 156600	. (Courtesy of Emma Harrison.) (b) S.

sanguis FC1 carries a range of peritrichous short and long surface structures. 148770	.

(Courtesy of David Elliott.)



These results provide evidence that the cell-wall-anchored polypeptide
CshA contains all the necessary structural information for the assembly of
adhesive fibrils in an appropriate host, although currently it is not known
whether each fibril is composed of one or multiple CshA molecules. For S.
gordonii and E. faecalis expressing CshA, antibodies raised to the N-terminal
region of CshA bound at a distance of 60–70 nm from the cell surface. This
distance correlated with that measured for the ends or tips of fibrils visual-
ized by negative staining (McNab et al., 1999). Furthermore, some of the
CshA fibrils on E. faecalis have globular ends, similar to those noted in micro-
graphs of purified fibrillar proteins AgB and AgC of S. salivarius (Weerkamp
et al., 1986b; see below). These observations have led to the hypothesis that
the N-terminal non-repetitive region, which carries the adhesive domain(s)
of CshA, is held distal from the cell surface, possibly as a folded globular
domain, via the extensive amino acid repeat block region. However, analysis
of the sequence composition of the amino acid repeat region suggests that
CshA is unlikely to adopt the alpha-helical coiled-coil structure of fibrous M
and M-like proteins from S. pyogenes (Fischetti, 1989), nor is it likely to
assume a collagen-like structure despite the high glycine and proline content
of this region. Instead, it is speculated that the repeat region adopts an open,
extended conformation, with the N-terminal non-repetitive region forming
an adhesive tip domain (McNab et al., 1999).

The correlation between CshA and fibrils may extend to other mitis
group streptococci including strains of S. oralis and S. sanguis. Many of these
strains possess short (48–75 nm) sparse fibrils (Fig. 3.4) (Handley et al., 1985,
1999) and also express large surface proteins that are antigenically related to
CshA of S. gordonii (McNab et al., 1995). A number of these strains were
investigated by immunoelectron microscopy using CshA-specific antiserum.
In most cases, gold particles were distributed at a distance from the cell
surface that corresponded to the tips of the short fibrils (D. Elliott, P.S.
Handley and R. McNab, unpublished data) as was seen for S. gordonii DL1-
Challis.

3.4 FIMBRIAE OF STREPTOCOCCUS PARASANGUIS

Streptococcus parasanguis strain FW213 expresses a dense array of peri-
trichous fimbriae (Fig. 3.5a), which is an unusual feature in oral strepto-
cocci. Spontaneous afimbriate mutants of FW213 no longer adhere to
saliva-coated hydroxylapatite (SHA, a model of the tooth surface) (Fives-
Taylor and Thompson, 1985) and antibodies raised to purified fimbriae
block adhesion of S. parasanguis to SHA (Fachon-Kalweit et al., 1985). It has
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not proved possible to dissociate these fimbriae into constituent subunits
(Elder and Fives-Taylor, 1986). Two putative adhesin genes, fimA and fap1,
have now been identified in S. parasanguis and their products appear to be
associated with the structure and function of adhesive fimbriae. The first
gene to be cloned, fimA, encoded a 35kDa protein that was shown by
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Figure 3.5. Cells were stained with 1% methylamine tungstate. (a) S. parasanguis FW213

with peritrichous, flexible fimbriae (see arrowheads), 3–4 nm wide and 216
 (28) nm

long. 151380	. Reproduced with permission from Harty et al. (1990). (b) S. parasanguis

fap1� strain VT1393. No fimbriae are present; however, sparse fibrils are now visible.

(Courtesy of Nicola Mordan.) 150075	.



immunoelectron microscopy to be associated with the tips of fimbriae
(Fenno et al., 1995). FimA is a lipoprotein and the fimA gene is part of an
operon that demonstrates significant sequence identity with operons encod-
ing manganese-specific ABC transporter systems in S. pneumoniae
(Dinthilac et al., 1997) and S. gordonii (Kolenbrander et al., 1998). By homol-
ogy to these systems, FimA may be the metal ion-binding component of an
ABC transporter. While fimA mutants are deficient in binding to fibrin
(Burnette-Curley et al., 1995), it is apparent that FimA is not required for the
formation of fimbriae, since isogenic fimA mutants of S. parasanguis
possess fimbriae (Fenno et al., 1995).

Recent evidence indicates that the S. parasanguis fimbriae are composed
of a novel protein, designated Fap1, that has an unusual, highly repetitive
sequence (Wu et al., 1998; Wu and Fives-Taylor, 1999). The large Fap1
protein (2552 residues) comprises four distinct regions (Fig. 3.2): (i) a 50
residue signal sequence; (ii) a non-repetitive region of approximately 400
residues that is interrupted by a run of 28 repeats of the dipeptide sequence
[Glu/Val/Ile]Ser; (iii) an extensive region containing 1000 copies of the
dipeptide repeat unit; (iv) a C-terminal wall anchor domain that contains the
consensus LPXTG sequence motif for covalent attachment to cell-surface
peptidoglycan. The N-terminal non-repetitive region has been reported to
carry the adhesive epitope(s) for salivary receptor(s) (Wu and Fives-Taylor,
1999). Insertional inactivation of fap1 resulted in loss of fimbriae (Fig. 3.5b)
and reduced adhesion of cells to SHA (Wu and Fives-Taylor, 1999). Lack of
fimbriae on Fap1� mutant cells made it easier to visualize short, sparse,
fibril-like structures on S. parasanguis that are currently of unknown com-
position and function (Fig. 3.5b). In contrast to the e¤ect of cshA gene inac-
tivation on S. gordonii cell surface properties, loss of fimbriae did not a¤ect
cell surface hydrophobicity of S. parasanguis (Wu and Fives-Taylor, 1999). A
mutant, in which the wall anchor domain of Fap1 was deleted, secreted a
truncated Fap1 protein into the extracellular medium. Mutant cells lacked
fimbriae and had properties similar to those of cells of a null mutant, indi-
cating that anchorage of Fap1 on the cell surface is required for fimbriae for-
mation.

The functional significance of the dipeptide repeats is not understood.
Similar dipeptide repeats (X-Ser) occur extensively in a number of
Staphylococcus aureus wall-anchored proteins including the fibrinogen-
binding clumping factors ClfA and ClfB (McDevitt et al., 1994; Ní Eidhin et
al., 1998; see Chapter 1). The dipeptide repeats of ClfA are required for span-
ning the cell wall peptidoglycan and presenting the N-terminal fibrinogen-
binding domain distal from the cell surface (Hartford et al., 1997).
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It is not clear how Fap1 polypeptides assemble to form fimbriae of S. par-
asanguis, although a mechanism similar to that involved in curli formation
in Escherichia coli (Hammar et al., 1996) has been proposed. The assembly of
curli fibres occurs by the precipitation of secreted CsgA (curlin) monomers
into thin aggregative fibres. This reaction requires cell-surface-attached
CsgB polypeptide that acts as a nucleator for CsgA polymerization, although
CsgB is also incorporated as a minor component of the fibres (Bian and
Normark, 1997). Curli structures are very stable and cannot easily be disso-
ciated into constituent monomers. In S. parasanguis, however, a precipitation
model has to take into account that each Fap1molecule has a cell wall anchor
motif. Thus a mechanism must be evoked whereby sortase-cleaved Fap1
molecules are protected from cell wall anchorage and instead are secreted for
polymerization into fimbriae.

An alternative method for Fap1 polymerization may be derived from
analysis of fimbrial assembly in A. naeslundii that may involve covalent
attachment of fimbrial subunits via the LPXTG motif (Yeung et al., 1998). As
for S. parasanguis, it has not proved possible to dissociate actinomyces fim-
briae into constituent subunits. Nevertheless, molecular analysis has iden-
tified the genes encoding fimbrial subunits of type 1 (FimP) and type 2
(FimA) fimbriae of A. naeslundii T14V, and of type 2 (FimA) fimbriae of A.
naeslundii WVU45 (Yeung, 1999). The fimbrial subunits (approximately 57
kDa) all possess, in addition to a signal sequence directing protein export, a
typical wall anchor domain containing the consensus LPXTG motif.
Antiserum that is specific to the C-terminal 20 amino acid residues of FimA
of A. naeslundii T14V reacts with recombinant FimA purified from E. coli, as
would be expected. However, this antiserum does not react with isolated fim-
briae, suggesting that the FimA components have been processed at the C-
terminus, presumably at the LPXTG motif. Gene inactivation experiments
have implicated the open reading frame (ORF) lying immediately 3� to the
fimA and fimP fimbrial subunit genes in the assembly of fimbriae (Yeung and
Ragsdale, 1997; Yeung et al., 1998). Thus, although mutants in which the
adjacent ORF is inactivated express fimbrial subunits that can be detected in
cell wall preparations, these units do not assemble into fimbriae and conse-
quently cells lack the associated adhesive properties. The gene immediately
3� to fimA, orf365, encodes a protein with significant sequence similarity to
sortase proteins (Pallen et al., 2001). The data were used to propose the
hypothesis that, once cleaved at the LPXTG motif in the wall anchor, sub-
units were covalently linked to another subunit either directly or else via a
peptidoglycan fragment that has yet to be detected in purified fimbriae. This
hypothesis is still highly speculative, but would account for the inability to
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resolve individual FimA subunits using detergents or chaotropic agents.
What is becoming clear, however, is that surface anchoring via covalent
attachment to cell wall peptidoglycan may be only one of the possible fates
for a protein possessing an LPXTG wall anchor motif.

3.5 SURFACE STRUCTURES OF NUTRITIONALLY VARIANT
STREPTOCOCCI

Nutritionally variant streptococci (NVS) are members of normal oral
flora of humans but are also responsible for up to 10% of infective endocar-
ditis cases. As the name suggests, NVS have unusual nutritional require-
ments, and are unable to grow in most normal laboratory media without the
addition of pyroxidal hydrochloride or l-cysteine. Consequently, NVS may be
an important cause of the blood culture-negative form of endocarditis, which
is often associated with a poor clinical outcome. Three serotypes are recog-
nized, with serotype I (S. defectivus) and serotype II (S. adjacens) together
comprising 97% of isolates. These strains have recently been placed in a new
genus called Abiotrophia, based on 16 S ribosomal DNA sequence analysis
(Kawamura et al., 1995).

Bacterial adhesion to damaged heart valves is a primary step in infective
endocarditis, and substrates for attachment include the platelet–fibrin
matrix as well as extracellular tissue matrix (ECM) components exposed on
the damaged tissue (Herzberg, 1996). A large (>200kDa) surface protein of
S. defectivus was shown to mediate adhesion of cells to ECM (Tart and van de
Rijn, 1993). Cloning and partial sequencing of the gene encoding Emb has
identified an ORF that may be at least 14kb (Manganelli and van de Rijn,
1999). The structure of Emb revealed by sequencing is shown in Fig. 3.2. The
incomplete 2055 amino acid residue sequence is dominated by repeat blocks
of 77 amino acid residues at the C-terminus of the protein. At least 50 repeats
are predicted to be present in Emb, indicating that the protein may be greater
than 500kDa in size (Manganelli and van de Rijn, 1999). The N-terminus of
the protein possesses a signal sequence directing export of the protein, and
between this and the repeat region is a stretch of approximately 600 amino
acid residues of non-repetitive sequence that carries the adhesive domain(s)
of Emb. Thus antibodies specific for the non-repetitive region demonstrated
90% inhibition of S. defectivus binding to ECM. In contrast, antibodies spe-
cific for the repeat region blocked adhesion by only 10% (Manganelli and van
de Rijn, 1999). Sequence is not available for the C-terminus of the protein,
so it is not clear whether an LPXTG-containing wall anchor domain is
present. Nevertheless, Emb demonstrates the typical modular design of
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C-terminal wall-anchored proteins, and is surface associated and released
from whole cells only following digestion of the cell wall with mutanolysin
and lysozyme (Tart and van de Rijn, 1993). The repeats show homology to
repeats of proteins in other pathogenic streptococci and are predicted to
adopt an alpha-helical coiled-coil structure, at least for the first half of each
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Figure 3.6. Cells were stained with 1% methylamine tungstate. (a) S. defectivus strain

NVS-47 with dense peritrichous fibrils. 150075	. (b) S. defectivus mutant strain WFemb1

demonstrates significantly reduced fibril density. (Courtesy Nicola Mordan.) 150075	.



repeat. This is in contrast to other fibrillar proteins such as M and M-like pro-
teins of S. pyogenes, where the coiled-coil structure is conserved along almost
the entire length of the protein. Nevertheless, the data suggest that the N-ter-
minal non-repetitive region of the mature Emb protein may be held distal
from the cell surface by a sca¤old of amino acid repeat blocks (Manganelli
and van de Rijn, 1999).

The fibrillar nature of Emb was confirmed by electron microscopic anal-
ysis of S. defectivus wild-type and isogenic Emb� mutant cells (Fig. 3.6). Wild-
type cells possess relatively densely distributed fibrils approximately 90 nm
in length (Fig. 3.6a). These fibrils were absent from the surface of isogenic
Emb� cells, although sparse surface structures were revealed on some cells
(Fig. 3.6b).

3.6 EXPORT OF FUNCTIONAL SURFACE STRUCTURES

Whether or not these large proteins polymerize to form multimeric
surface structures, a pattern is emerging whereby extensive amino acid
repeat blocks, which can constitute over two-thirds of the mature polypeptide
but may not themselves function in adhesion, serve to present adhesive non-
repetitive domains distal from the cell surface. A similar molecular architec-
ture is presented by an ever-growing list of streptococcal and staphylococcal
surface proteins (Navarre and Schneewind, 1999), although with the excep-
tion of M protein of S. pyogenes (Fischetti, 1989) and aggregation substance
of Enterococcus faecalis (Olmsted et al., 1993) detailed electron microscopic
studies have not been performed. There are no obvious sequence similarities
between the repeat block regions of CshA, Fap1 or Emb, and secondary struc-
ture predictions di¤er for each. How do the repeats fold to produce the char-
acteristic fibril-like structures visualized by electron microscopy? This
question remains to be addressed and provides a strong challenge to struc-
tural microbiologists.

A second question that arises relates to the translocation and surface
location of these structures. The current model for cell wall anchoring via
sortase and the LPXTG sequence motif invokes the covalent attachment of
translocated proteins to lipid II (carrier)-linked peptidoglycan precursor
molecules that are subsequently incorporated into the cell wall (Ton-That
and Schneewind, 1999). An obvious consequence arising from this theory
is that cell wall anchoring of proteins by sortase would be expected to be
restricted to the site of new wall synthesis. In Gram-positive cocci, the site
of new wall synthesis is the septal region (Cole and Hahn, 1962; Higgins &
Shockman, 1970). Consequently, older wall is present towards the ends of
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dividing cells and, upon separation, daughter cell hemispheres comprise
one-half new wall and one-half old wall, separated by the nascent cross-wall.
Indeed, early immunofluorescence studies on the presentation of M
protein at the surface of S. pyogenes cells indicated that M protein was incor-
porated at the site of new wall synthesis (Cole and Hahn, 1962). In contrast,
the CshA fibrils of S. gordonii or recombinant E. faecalis normally exhibit an
asymmetric distribution over the cell surface. Thus fibrils are more densely
associated with the ends of cells (corresponding to older wall) and only
sparsely distributed in the septal region, the site of new wall synthesis. This
suggests that CshA fibrils are inserted into older, preformed wall.
Alternatively, CshA polypeptides may be inserted at the site of new wall syn-
thesis, but may only fold to present fibril structures, and thus to expose
CshA for antibody binding, once the cell wall has ‘aged’ somewhat and is
consequently distal to the septal region. It seems likely, nevertheless, that
accessory protein(s) are required for presentation of CshA fibrils at older
wall. However, the mechanism would not be CshA specific, since E. faecalis-
expressed CshA structures demonstrate the same polar bias (McNab et al.,
1999). Indeed, E. faecalis produces a fibrillar protein, termed ‘aggregation
substance’, in response to pheromone induction that is inserted preferen-
tially into old wall (Wanner et al., 1989; Olmsted et al., 1993). Aggregation
substance has a typical C-terminal wall anchor domain containing the
LPXTG motif.

The genes that encode fimbrial subunits in Gram-negative bacteria are
frequently organized into operons that include also genes for chaperones
and export/assembly proteins. In contrast, it is clear that both cshA and fap1
genes are monocistronic. Furthermore, flanking cshA in S. gordonii DL1-
Challis are aldB, encoding acetolactate dehydrogenase, and flpA, encoding a
protein that shows homology to a putative fibronectin-binding protein of S.
pyogenes (McNab and Jenkinson, 1998). Gene inactivation of flpA did not
a¤ect cell surface presentation of CshA at late exponential phase of growth
(McNab et al., 1994). It seems likely, therefore, that any gene(s) encoding
accessory protein(s) involved in the anchorage of proteins within mature wall
are at genetic loci distinct from the genes encoding structural (sub)units. The
isolation and analysis of mutants impaired in surface expression of proteins
and/or structures may prove useful in elucidating the pathways involved in
the surface presentation of fibrils and fimbriae. The mechanism of cell wall
anchoring of the large structures present in lateral or polar tufts of mitis
group streptococci is also not yet known but, again, a mechanism must be
evoked for location-specific insertion and/or anchorage of the fibrils in these
remarkable surface features.
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3.7 OTHER PROTEIN STRUCTURE RELATIONSHIPS

CshA, Fap1 and Emb remain, at the time of writing, the best-described
adhesive structures of oral streptococci in molecular terms. Nonetheless,
there are other surface structures on most oral streptococci isolates, many of
which are known to be involved in adhesion. These lack either detailed
molecular analysis or else the association between protein and surface struc-
ture has not yet been confirmed. These examples illustrate well the complex-
ity of cell wall structures of oral streptococci and the continued challenge of
identifying their functions and compositions.

3.7.1 Surface structures of Streptococcus mutans

The predominant adhesin of S. mutans is the high molecular mass cell-
wall-anchored protein variously known as antigen I/II, antigen B, SpaA,
SpaP, or Pac (for a review, see Jenkinson and Demuth, 1997). This protein is
present on all of the mutans group streptococci, but it is now clear that
antigen I/II-like polypeptides are produced by virtually all species of strepto-
cocci that are indigenous to the human oral cavity. The antigen I/II polypep-
tides are multifunctional and exhibit diverse binding properties. Thus
antigen I/II polypeptides bind to salivary agglutinin glycoprotein and
mediate the attachment of streptococci to other oral microorganisms and to
collagen (Jenkinson and Demuth, 1997; Love et al., 1997). Antigen I/II poly-
peptides (165–170kDa) are held at the cell surface via an LPXTG-containing
wall anchor motif but have a more complex modular design than either CshA
or Fap1 described above. Distinct domains within the linear sequence of
antigen I/II polypeptides have been associated with di¤erent adhesive func-
tions. Gene inactivation of spaP, encoding antigen I/II, in S. mutans strain
NG8 resulted in the loss of a fibrillar fuzzy coat from the streptococcal cell
surface (Lee et al., 1989).

Fontana et al. (1995) have described the presence of peritrichous fim-
brial-like structures 100–200 nm in length that protruded from a ‘fuzzy coat’
of constant width around cells of S. mutans serotype c strain TH16. A ‘fim-
brial-enriched preparation’ was obtained by a shearing technique and yielded
a number of proteins including one that reacted with antiserum to antigen
I/II polypeptide, and a second protein that was recognized by antiserum to
glucosyltransferase (Perrone et al., 1997). It is not clear whether the fimbriae
on the surface of S. mutans TH16 comprise the antigen I/II protein, either
alone or complexed with other cell-wall-anchored polypeptides. Nevertheless,
antigen I/II polypeptides SspA or SspB of S. gordonii DL1-Challis are not
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thought to be fibrillar, since mutant cells of S. gordonii no longer expressing
the CshA fibrils were devoid of surface structures yet still anchored SspA and
SspB at the cell surface (McNab et al., 1999).

3.7.2 Streptococcus salivarius fibrils

Streptococcus salivarius isolates can be divided into Lancefield K� strains
that possess a dense peritrichous fringe of fibrils, and Lancefield K� strains
that lack fibrils but instead express longer, flexible peritrichous fimbriae
(Handley et al., 1984). The fibrillar K� strains generally exhibit a wider range
of adhesive interactions than the fimbriate K� strains (Weerkamp and
McBride, 1980; Handley et al., 1987). Thus K� strains can participate in
interbacterial coaggregation with Veillonella parvula and with Fusobacterium
nucleatum. A third category of adhesin mediates host-related adhesion and
aggregation including adhesion to buccal epithelial cells (BECs), saliva-
induced aggregation, and haemagglutination. In contrast, fimbriate K�

strains show reduced aªnity for red blood cells and are not aggregated by
saliva, although these strains do undergo intergeneric coaggregation
(Weerkamp and McBride, 1980; Handley et al., 1987).

Most S. salivarius K� strains have a dense fringe of short fibrils (76–111
nm in length, depending on the strain) through which project sparse longer
fibrils (159–209 nm). The isolation and study of adhesion-deficient mutants of
S. salivarius HB, a typical Lancefield K� strain, has revealed a complex picture
of the cell surface in which the dense peritrichous fringe consists of three dis-
tinct classes of fibril that di¤er in length and composition (Weerkamp et al.,
1986a,b). Two cell surface protein antigens exhibiting adhesive functions were
purified and characterized from S. salivarius HB. Antigen B (AgB), a 320kDa
glycoprotein, is the Veillonella-binding protein (VBP), while antigen C (AgC), a
glycoprotein of 220–280kDa, is responsible for adhesion to BECs, haemagglu-
tination and salivary aggregation and is known as the host association factor
(HAF). Both AgB, which constitutes the 91 nm long fibril subclass, and AgC,
which constitutes the 72 nm long fibril subclass, are released from whole cells
of S. salivarius HB by mutanolysin treatment. Purified proteins have a fibrillar
morphology when visualized by low angle rotary shading (Weerkamp et al.,
1986b). The locations of the adhesive domain(s) on VBP and HAF fibrils are
not known. However, given the dense packing of the fibrils within the short
fringe, it seems likely that the adhesive domains reside at the tips of the fibril
structures. It is also unclear how the shorter AgC (VBP) fibrils function in adhe-
sion when coexpressed with the longer AgB (HAF) fibrils. The structure and
function of the longer fibrils (178 nm in S. salivarius strain HB) is not known.
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3.7.3 Streptococcus sanguis 12 fibrils

Cells of S. sanguis strain 12 carry three distinct types of surface structure
(Morris et al., 1987). Short fibrils (approximately 70 nm long) and long fibrils
(approximately 200 nm long) are found on most cells and demonstrate a
preference for the poles of cells. Occasional cells carry fimbriae that have a
defined and constant width of 3–4 nm and are up to 1�m in length. Freeze
thaw followed by shear treatment of whole cells of S. sanguis 12 released long
fibrils which, when analysed by sodium dodecylsulphate–polyacrylamide gel
electrophoresis (SDS-PAGE), demonstrated a single protein band in excess
of 300kDa. This long fibril protein (LFP) was shown to comprise a glycopro-
tein that consisted of approximately equal amounts of protein and carbohy-
drate. LFP could be released from whole cells by mutanolysin treatment,
which may indicate that the protein is anchored at the cell surface via a mech-
anism that involves peptidoglycan. Antibodies to a purified preparation of
fibrils reacted with LFP and also blocked adhesion of S. sanguis to SHA by
85%. Furthermore, monoclonal antibodies to LFA specifically recognized the
long fibrils when cells of S. sanguis 12 were analysed by immunoelectron
microscopy. Finally, a naturally occurring mutant, 12na, lacked both long and
short fibrils and showed a 50% reduction in adhesion to BECs (Willcox et al.,
1989). These cells also lacked LFP (Morris et al., 1987), further linking LFP
with cell surface fibrils and adhesive properties. However, these associations
have not been confirmed by molecular methods.

3.7.4 Fibril tufts

A number of strains of the mitis group of streptococci have been shown
to possess tufts of fibrils rather than a peritrichous fibril fringe. This group
includes S. mitis, S. oralis and S. crista strains, and many have two or more
lengths of fibril in the tuft (Handley et al., 1999).

The lateral fibril tufts of S. crista strains are involved in specific co-aggre-
gation reactions with Corynebacterium matruchotii and with Fusobacterium
nucleatum (Lancy et al., 1983) to form characteristic corn-cob formations
where the streptococci adorn the central filamentous rod (Listgarten et al.,
1973). The fibrils probably contain protein component(s), since protease
treatment removes fibril tufts completely (Hesketh et al., 1987), although the
S. crista fibril tufts react with antiserum to the glycerolphosphate backbone
of lipoteichoic acid (Mouton et al., 1980).

No further biochemical data are available for the adhesive tuft fibrils of
S. crista. However, Jameson et al. (1995) investigated the nature of the fibril
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tufts of S. oralis CN3410. The cells produce lateral tufts of short (approxi-
mately 160 nm), densely packed fine fibrils through which protrude longer
(290 nm) sparser fibrils. Protease treatment appeared to degrade the protein
components of short fibrils, but released high molecular mass (>175 kDa)
trypsin-resistant proteins that were components of the long fibrils (Jameson
et al., 1995). An adhesive function for the fibril tufts of S. oralis CN3410 has
not yet been demonstrated.

3.8 CONCLUSIONS

The sequence of each new gene encoding a streptococcal surface struc-
ture reveals a very di¤erent polypeptide sequence. Nevertheless, each dem-
onstrates a common molecular architecture that is exemplified by CshA of
S. gordonii, where adhesion-mediating epitopes reside within the N-terminal
non-repetitive region of the polypeptide that is held distal from the cell
surface by an extensive amino acid repeat block region. A number of ques-
tions remain to be answered, including how the individual regions of each
polypeptide fold to generate the functional domains of these surface append-
ages and whether additional gene products are required for their transloca-
tion and assembly, perhaps into higher-order structures, at the cell surface.
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CHAPTER 4

Regulation and function of phase variation in
Escherichia coli

Ian Blomfield and Marjan van der Woude

4.1 INTRODUCTION

Expression of the majority of proteins and other cellular constituents
within bacteria such as Escherichia coli appears to be homogeneous within
the bacterial population, changing only in response to specific alterations in
the environment. Moreover, for most cellular properties, environmental
change appears to elicit a uniform response from each cell. However, for a
subset of genes, expression is restricted to a fraction of the population. In this
more unusual mode of gene regulation, termed phase variation, individual
cells switch between expressing (ON) and non-expressing (OFF) states rever-
sibly at frequencies that can be as high as one switch per cell per generation
to one switch per 10000 cells per generation. Thus, at the level of an indi-
vidual cell, it appears that, in molecular terms, one or more of the steps that
are required for phase switching occurs at a low frequency. Furthermore,
phase variation appears to be a random or stochastic process. According to
this hypothesis, the molecular events leading to phase switching occur with
equal probability for each cell in a given phase over the course of the cell
cycle. As described in more detail below, phase variation is nevertheless reg-
ulated in most (if not all) phase variable systems in E. coli in response to spe-
cific environmental signals. Where regulation does occur, it seems likely that
switching still occurs at random, even though the regulation results in
switching at a di¤erent frequency. In the related phenomenon of antigenic
variation, di¤erent cells express variants of the same protein or other macro-
molecule.

Phase variation has been observed in a wide range of bacteria, and has
been reported to a¤ect the expression of many cell surface structures such as
adhesins, lipopolysaccharide (LPS) and capsules (for an excellent recent
review, see Henderson et al., 1999). However, phase variation can also a¤ect
properties such as DNA restriction and modification (Dybvig et al., 1998).
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The demonstration that a specific property undergoes phase variation is
often provided using techniques (such as immunofluorescence microscopy)
that detect cell surface structures preferentially. It is possible that phase vari-
ation is more widespread among cytoplasmic and periplasmic factors than
has been reported, simply because the phenomenon is more diªcult to
detect in these cases.

Thus far in E. coli, a variety of di¤erent fimbriae have been found to be
controlled by phase variation, as has the expression of the cell agglutination
factor Ag43. Progress has been made in uncovering the molecular mecha-
nisms that control phase variation both in E. coli and in other bacteria. Only
in one instance in E. coli (type 1 fimbriation) is phase variation determined
by site-specific recombination. In the other characterized phase variation
systems in this microorganism, control is mediated via the action of the DNA
methylating enzyme Dam in conjunction with a DNA-binding protein.
However, the mechanism of control of phase variation of some fimbrial
systems in E. coli remains to be determined. In other bacterial species,
slipped strand mispairing and general recombination are commonly occur-
ring regulatory mechanisms (for a recent review, see Henderson et al., 1999),
but as yet these have not been found to occur in E. coli.

It seems likely that phase variation is a strategy to enhance bacterial sur-
vival in what is not only an inhospitable world but also an unpredictable one
(Dybvig, 1993; van der Woude et al., 1996; Henderson et al., 1999; Norris and
Baumler, 1999). According to this hypothesis, the bacterial cell is unable to
foresee whether or not expression of a specific property will be a net benefit.
Benefit might include the ability to bind to the mucosal surface, whereas risk
may entail encounter with the host defences (both cell mediated and
humoral), or simply the wasted metabolic cost of producing a cell structure
that is not needed. In the face of this uncertainty, a bacterial population pro-
ducing both phase ON and phase OFF cells will be prepared for all eventual-
ities. In this chapter, the detailed mechanisms that control phase variation in
E. coli will be described. In addition, possible functions for phase variation
will be discussed.

4.2 MECHANISMS OF CONTROL OF PHASE VARIATION IN
ESCHERICHIA COLI

4.2.1 DNA methylation

A regulatory mechanism of phase variation has been identified in E. coli
that requires DNA modification, specifically methylation. This mechanism
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di¤ers from all other characterized mechanisms in that a change in DNA
sequence is not required to acquire a switch in expression state. Regulation
of phase variation of the pyelonephritis-associated pilus operon (pap) is the
paradigm for DNA methylation-dependent phase variation. Phase variation
of pap requires deoxyadenosine methylase (Dam) and the leucine-responsive
regulatory protein (Lrp) (Blyn et al., 1990; Braaten et al., 1992; van der Woude
et al., 1992). Dam is the maintenance methylase in E. coli, being required for
cellular processes such as mismatch repair and timing of the initiation of
replication of the chromosome (Marinus, 1996). Dam mediates the transfer
of a methyl group from S-adenosine-l-methionine (SAM) to the adenine of
the target sequence 5�-GATC. No cognate restriction enzyme exists for Dam,
nor does there appear to be a demethylating enzyme. Lrp is a global regula-
tory protein that is involved in transcriptional activation and repression of a
wide variety of genes, ranging from those encoding enzymes involved in
metabolic processes to structural genes, such as those for fimbriae (for a
review, see Calvo and Matthews, 1994).

Phase variation of pap is the reversible switching between an express-
ing phase (ON) and a non-expressing phase (OFF). Transcription from the
pBA promoter is essential for expression of Pap fimbriae (Fig. 4.1) (Blyn
et al., 1989). Lrp is both an activator and a repressor of pBA transcription,
and its role in regulating pap transcription depends on which of two Lrp-
binding regions in the pap regulatory region is occupied (Fig. 4.1)
(Braaten et al., 1992; van der Woude et al., 1995; Weyand and Low, 2000).
When Lrp binding occurs at the pBA promoter distal region, Lrp func-
tions as an activator of transcription and this is required for the ON phase
(Braaten et al., 1992; van der Woude et al., 1995). In contrast, Lrp binding
at a promoter proximal site that overlaps the pBA promoter results in
transcriptional repression, which results in the OFF phase (Weyand and
Low, 2000).

The alternation between activation and repression of transcription and,
therefore, phase variation of the pap operon, is due to translocation of Lrp
between its two binding sites in the pap regulatory region. Thus the OFF to
ON transition requires translocation of Lrp from the pBA promoter-proximal
region to the promoter-distal binding region. The OFF to ON switch is facil-
itated by interaction of the operon-specific protein PapI with Lrp, which
increases the aªnity of Lrp for the distal region (Kaltenbach et al., 1995; Nou
et al., 1995). Whether PapI remains associated with Lrp in the ON phase is
not known. In addition, the methylation pattern of the pap GATC sequences
is also essential for phase variation via a¤ecting Lrp binding, as described
below.
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Figure 4.1. An overview of the genetic elements in the pap regulatory region. In (a), the

location of the Dam target sites, GATCdist and GATCprox, the binding sites for Lrp, CAP

and PapB, as well as the pI and pBA promoters are indicated. In (b), the sites occupied by

regulatory proteins and RNA polymerase (RNAP) in the ON and OFF phases,

respectively, are indicated by bars, with identification of the protein by the label (see text

for details). The methylation states of GATCprox and GATCdist in the ON and OFF phases

are shown as well. Note that the DNA sequence does not change between an ON and an

OFF phase.



Both the promoter proximal and promoter distal binding regions of Lrp
contain a Dam target sequence, designated 5�-GATCdist and 5�-GATCprox,
respectively. In vivo and in vitro analyses have indicated that Lrp binding at
either region is necessary and suªcient to block Dam-dependent methyla-
tion of the GATC sequence contained in the occupied Lrp-binding region
(Blyn et al., 1990; Braaten et al., 1991, 1992, 1994; van der Woude et al., 1998;
Weyand and Low, 2000). The GATC sequence that is not in the occupied Lrp-
binding region is accessible to Dam and is methylated (Braaten et al., 1994;
Weyand and Low, 2000). Thus Lrp-dependent blocking of methylation of the
GATC sequences results in the characteristic converse methylation states
found in cells in the ON and OFF phase (Fig. 4.1b) (Blyn et al., 1990; Braaten
et al., 1994). These di¤erential methylation states not only are characteristic
of, but are essential for, pap phase variation. In an isolate with a GATCdist

point mutation that renders the site permanently non-methylated, the phe-
notype is locked ON (Braaten et al., 1994). These data suggest that GATCdist

must be non-methylated for PapI-mediated Lrp translocation to the
upstream binding site, which leads to Lrp-dependent activation of pBA and
the ON phase. In agreement with this, the aªnity of the Lrp binding for this
region is decreased if the GATCdist site is methylated, as indicated from in
vitro analyses of protein-DNA interactions (Braaten et al., 1994; Nou et al.,
1993, 1995). The switch in expression state is thought to occur immediately
following DNA replication when DNA, including the pap GATC sequences,
is temporarily hemimethylated (Nou et al., 1995). To maintain the ON state
after translocation has occurred to the GATCdist region, methylation of the
GATCprox sequence is required. This is indicated by a locked OFF phenotype
of an isolate containing a point mutation in the GATCprox site, which renders
it permanently non-methylated (Braaten et al., 1994). Thus opposite methyl-
ation states of the two GATC sequences in the pap regulatory region are
required for maintenance of the respective expression states in pap phase
variation.

Phase variation of Pap is under the control of a complex autoregula-
tory loop mediated by the DNA-binding protein PapB, which is encoded by
the first gene transcribed from the pBA promoter. PapB has a high as well
as a low aªnity binding site in the pap operon. The high aªnity binding
site lies upstream from pI, and occupation of this element activates pI. In
contrast, the low aªnity binding site overlaps with the pBA promoter, and
PapB binding to this sequence inhibits initiation from pBA (Fig. 4.1) (Båga
et al., 1985). Thus, at low levels of PapB, the regulator binds upstream from
pI to activate transcription from pI. The resulting rise in levels of PapI facil-
itates an increase in Lrp-dependent activation of transcription at pBA. The
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increase in PapB causes a positive feedback loop for pBA transcription
until the DNA binding protein reaches higher levels, and the low aªnity
binding site upstream from pBA becomes occupied. Binding to this site
leads to repression of transcription from pBA, and thus a decrease in PapB
synthesis, initiating a regulatory loop that results in a decrease in the fre-
quency of switching to the ON phase (Båga et al., 1985; Forsman et al.,
1989).

Basic features of this pap regulatory mechanism are shared with a
family of fimbrial operons that have been named the pap-like group of fim-
brial operons. These operons have in common that 11 and 8 bp of DNA
sequence containing the GATCdist and GATCprox sites, respectively, are con-
served and each operon encodes a homologue to the PapI regulatory
protein, as well as for a PapB homologue (van der Woude et al., 1992).
Indeed, it was shown that the amino acid residudes in PapB that are essen-
tial for oligomerization and DNA binding are conserved among the family
of PapB-like proteins (Xia and Uhlin, 1999). On the basis of the DNA
sequence homology of the regulatory region, the sfa, daa, fae, clp and prf
fimbrial operons, as well as the afa operon encoding the afimbrial adhesin,
are included in this family. Expression of the sfa and daa operons have been
shown to be under the control of phase variation in a Dam- and Lrp-depen-
dent manner (van der Woude and Low, 1994). However, not all operons that
contain the conserved elements are controlled by phase variation. For
example, even though the fae operon encoding K88 fimbriae includes two
GATC sequences within a conserved region, and its expression is Dam and
Lrp dependent, it is not control by phase variation. In addition, the fae
homologue of PapI, FaeA, mediates repression instead of activation of
transcription. Two IS1 sequences in the regulatory region, and the presence
of a third GATC sequence contained within the Lrp-binding region, seem
to contribute to this altered Dam- and Lrp-dependent regulation (Huisman
et al., 1994; Huisman and de Graaf, 1995). Thus di¤erences in regulatory
elements outside the conserved regions may a¤ect expression and the roles
of Dam and Lrp in regulation. Other variations have also been described,
such as an e¤ect of leucine and alanine on regulation of the clp operon
(Martin, 1996). Recently it was shown that a pap-like regulatory mechanism
of phase variation also exists in Salmonella typhimurium but that additional
factors are involved in transcriptional activation (Nicholson and Low, 2000).
It seems likely that other variations on the pap-like regulatory theme will be
identified.

A Dam-dependent phase variation mechanism also regulates expression
of the outer membrane protein Ag43 in E. coli, but is clearly distinct from the
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Pap phase variation mechanism. Ag43 expression is very common among E.
coli isolates. Expression results in autoaggregation of cells and is required
for mature biofilm formation under nutrient poor growth conditions
(Diderichsen, 1980; Ca¤rey and Owen, 1989; Henderson et al., 1997; Danese
et al., 2000). Phase variation of Ag43, which is encoded by the agn43 gene,
requires Dam and the global regulator OxyR (Henderson and Owen, 1999).
OxyR is a DNA-binding protein that becomes oxidized in the presence of
hydrogen peroxide. In the oxidized form, the regulator activates transcrip-
tion of genes involved in the survival of oxidative stress induced by hydrogen
peroxide. The reduced form of OxyR also can bind DNA and is known to
repress transcription at some operons (for a review, see Zheng and Storz,
2000).

A 39 bp stretch in the agn regulatory region contains three GATC
sequences and shows high homology to an OxyR binding site. This region is
immediately downstream from a sequence that is required for phase varia-
tion and contains a �70 promoter (Fig. 4.2) (M. van der Woude, unpublished
data). OxyR is a repressor of agn43 transcription, as is evident from the fact
that in an oxyR mutant background phase variation is abrogated and all cells
are in the expressing phase (ON) (Henderson and Owen, 1999; Haagmans
and van der Woude, 2000). The precise mechanism of OxyR-dependent
repression is not known. Several lines of evidence indicate that transcription,
and thus the ON phase, is a result of abrogation of OxyR-dependent repres-
sion, and that this is mediated by methylation of the three GATC sequences
in the regulatory region. First, the phenotype of cells with a high intracellu-
lar level of Dam resembles that of an oxyR mutant, in that Ag43 expression
and transcription are locked in the ON phase. Second, the methylation state
of the agn43 GATC sequences on the chromosome varies with the expres-
sion state. In cells that are in the ON phase, the three GATC sequences are
methylated, whereas in cells in the OFF phase they are non-methylated. The
latter methylation protection requires a functional OxyR protein (Haagmans
and van der Woude, 2000). Finally, OxyR binds to non-methylated agn DNA
in vitro, but not to methylated agn43 DNA (Haagmans and van der Woude,
2000). This is true for the oxidized form of OxyR as well as mutant
OxyR(C119S), which has the properties of the reduced form (Kullik et al.,
1995; Haagmans and van der Woude, 2000). A model for agn43 phase vari-
ation is shown in Fig. 4.2, indicating that Dam is required for agn43
transcription by abrogating OxyR-mediated repression. However, Dam is
also required for full transcriptional activation in an oxyR mutant back-
ground for an as yet unidentified reason (Haagmans and van der Woude,
2000). No other regulators have been identified for agn43 transcription, and
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DNA upstream from the �35 sequence of the identified �70 promoter is not
required for transcription or phase variation. Whether oxidative stress plays
a role in agn43 regulation as it does for other members of the OxyR regulon
is not clear. OxyR(C119S) complements an oxyR mutant for transcriptional
repression in vivo, suggesting that oxidized OxyR is not required for phase
variation, but preliminary data also indicate that sustained oxidative stress
leads to a bias in the switch frequency of agn43 towards the ON phase
(Haagmans and van der Woude, 2000; M. van der Woude, unpublished
data).
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Figure 4.2. Model for Dam- and OxyR-dependent Ag43 phase variation. The location of

the three genetic elements known to be required for agn43 phase variation and

transcription, specifically RNA polymerase (RNAP), three Dam target sites and the

proposed OxyR-binding site, are shown. Indicated is the proposed occupation of these

sites and the methylation state of the three GATC sequences in the ON and OFF phases,

respectively. See text for more details. Note that the DNA sequence does not change

between an ON and an OFF phase.



4.2.2 DNA inversion and the phase variation of type 1
fimbriation

In contrast to the situation for other fimbrial systems in E. coli for which
the mechanism of phase variation has been elucidated, switching in expres-
sion of type 1 fimbriation (fim) is controlled by site-specific recombination
(Abraham et al., 1985). Transcription of the fimbrial structural genes initi-
ates at a promoter that lies within a short (314 bp) invertible element of DNA,
and fimbriae are expressed when the element is in one orientation (ON), but
not the other (OFF) (Olsen and Klemm, 1994). Surprisingly, however, the
invertible region (also known as the fim switch) in the ON orientation is nec-
essary, but not suªcient for, fimbrial expression (McClain et al., 1993). Thus
mutants that contain the fim switch locked in the ON orientation continue to
alternate between fimbrial and non-fimbrial phases. Although the mecha-
nism of this second level of control has not been characterized in detail,
replacement of the fim promoter with the tac promoter does not circumvent
this e¤ect. Thus the phase variation of fim expression is controlled at both
transcriptional and post-transcriptional initiation steps.

Inversion of the fim element is catalysed by two site-specific recombi-
nases, FimB and FimE, which appear to act independently to bring about the
recombination reactions (Klemm, 1986; McClain et al., 1991; Gally et al.,
1996). In addition, both FimB and FimE recombinations are stimulated by
IHF (integration host factor) and by Lrp (Dorman and Higgins, 1987;
Eisenstein et al., 1987; Blomfield et al., 1993). The fim recombinases, which
are members of the lambda integrase family of site-specific recombinases,
are encoded by genes that lie upstream from the fim switch in the ON orien-
tation (Fig. 4.3a) (Klemm, 1986). Like other site-specific recombinases, FimB
and FimE bind to half-binding sites that flank, and overlap with, the actual
sites of strand cleavage and exchange (which lie somewhere within the
inverted repeats 5�-TTGGGGCCA, termed IRL and IRR) (Gally et al., 1996).
Whereas FimB is able to catalyse inversion of the fim switch in either direc-
tion, FimE exhibits a high degree of specificity for inversion from the ON to
the OFF orientation (Klemm, 1986). The specificity of FimE is determined
by di¤erences in the nucleotide sequences of the recombinase half-binding
sites, although the mechanism by which this controls specificity remains
undetermined (Kulasekara and Blomfield, 1999; Smith and Dorman, 1999).
As described in more detail below, however, the specificity associated with
fimE is also a¤ected by di¤erential expression of the recombinase depending
on the orientation of the invertible element. An additional important feature
of the fim invertible element is that the �10 region of the fimbrial promoter
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Figure 4.3. An overview of the genetic elements in the fim regulatory region and of the

ON and OFF phases. In (a), an overview of the genetic organization of the fimB, fimE and

fimA genes with their promoters is shown, as well as a detail of the fimS region. The

location of the �10, �35 region of the RNA polymerase-binding site and the known

binding sites for IHF and Lrp, as well as the inverted repeat regions right and left (IRR

and IRL, respectively), are indicated. In (b), the genetic organization of the fim region in

the ON and OFF phases is shown. Note that the DNA region flanked by IRR and IRL has

been inverted. See text for details. The binding sites proposed to be occupied by

regulatory proteins in the ON and OFF phases are indicated by a heavy bar.



overlaps with the internal half-binding site for the fim recombinases. Not sur-
prisingly, both FimB and FimE inhibit transcription from the fimbrial pro-
moter (Dove and Dorman, 1996; Smith and Dorman, 1999). Furthermore, it
seems likely that recombination of the fim switch and transcription of the
fimbrial subunit genes are mutually exclusive.

Although the steps of strand cleavage and exchange that are requisite for
recombination to occur have not been determined for either FimB or FimE,
both of these proteins contain a tetrad of conserved amino acid residues that
are known to be important for catalysis by members of the lambda integrase
family of site-specific recombinases (Arg-47 and Arg-41, His-141 and His-
136, Arg-144 and Arg-139 and Tyr-176 and Tyr-171 for FimB and FimE,
respectively) (Smith and Dorman, 1999; Burns et al., 2000). Mutations in
each of these conserved residues in FimB and FimE do indeed result in a loss
of recombinase activity. On the basis of similarity to the lambda integrase
and other recombinases of this family, FimB and FimE are expected to cata-
lyse recombination via the formation of a Holliday intermediate (for a review,
see Nash, 1996). Members of the integrase family form transient 3�-DNA-
tyrosine covalent complexes at one side of the region of DNA homology
(Pargellis et al., 1988). Free 5�-hydroxyl ends on each strand then mount a
nucleophilic attack on the complementary strand to displace the
protein–DNA covalent linkage to complete the first round of strand
exchanges (Pargellis et al., 1988). Following this, branch migration of the
DNA in the overlap region (expected to be all or part of the region of nucle-
otide identity between IRL and IRR of fim), and then a second round of
strand breakage and rejoining, completes the recombination reaction. An
important feature of the fim switch is that, like many other site-specific rec-
ombinases and their substrates, mutations that destroy sequence homology
in the overlap region at IRL and IRR of the fim switch block recombination
(McClain et al., 1993; Nash, 1996; Kulasekara and Blomfield, 1999). From
the practical point of view, this property has been particularly useful insofar
as it has allowed the construction of mutants in which the fim switch is
‘locked’ in either the ON or OFF orientation in strains that are wild type for
the fim recombinases.

For inversion of the fim switch to occur, the sites of strand exchange and
cleavage must presumably become juxtaposed to form a synaptic complex at
some stage in the recombination. IHF and Lrp, both of which can stimulate
the fim inversion, bind to sites that lie within the invertible element (Fig.
4.3b) (Gally et al., 1996). Moreover, both Lrp and IHF introduce hairpin-like
loops into DNA and, provided that these protein-induced bends are in phase,
it seems likely that these DNA-binding proteins act in concert to facilitate

reg
u

latio
n

 an
d

 fu
n

ctio
n

 o
f ph

ase variatio
n

 in
 e. co

li

99



synapses and hence recombination (Blomfield et al., 1993) (Fig. 4.3b). As is
discussed in more detail below, it also seems likely that factors that a¤ect the
tight structural organization of the fim switch play a role in controlling the
recombination reaction in response to at least some environmental signals.
In addition to IHF and Lrp, fim phase variation is also a¤ected by the abun-
dant nucleoid-associated protein H-NS (histone-like non-structural protein)
(Spears et al, 1986). In contrast to the other DNA-binding proteins, however,
H-NS appears to inhibit the action of both of the fim recombinases. How H-
NS controls the fim inversion is somewhat unclear. Thus, although H-NS
does bind to the fim switch region, mutations that abolish the DNA-binding
activity of H-NS still inhibit fim recombination (Donato and Kawula, 1999).
Moreover, H-NS also inhibits the expression of both fimB and fimE (Olsen
and Klemm, 1994; Donato et al., 1997). On the basis of these results, it seems
likely that H-NS plays a complex role in controlling fim phase variation, exert-
ing both direct and indirect e¤ects on the system and perhaps acting at multi-
ple steps in the recombination reactions themselves.

In addition to di¤erences in specificity noted above, the activities asso-
ciated with fimB and fimE also di¤er markedly; whereas fimB promotes
recombination in both directions at quite low frequencies (around 10�3 per
cell per generation), fimE is associated with inversion from the ON to OFF
phases at very high frequencies indeed (up to 0.8 per cell per generation)
(Blomfield et al., 1991; Gally et al., 1993). Thus, under typical laboratory
growth conditions (rich, aerated media incubated at 37 °C), the prevailing
activity of fimE ensures that only a small fraction of cells are in the fimbriate
phase. It is important to note that production of di¤erent colony morphology
types depending on the phase of type 1 fimbrial expression is, at least in E.
coli K-12, a phenotype that is typically associated with mutations in fimE
(Blomfield et al., 1991). Wild-type bacteria switch from the fimbriate to afim-
briate phase far too rapidly on rich agar medium to produce phase-variant
colonies.

The existence of the two fim recombinases, di¤ering as they do both in
specificity and activity, leads to the idea that FimB and FimE are antagonists,
and that the balance in levels of the two proteins controls the overall fre-
quency of phase switching (Klemm, 1986). However, FimE recombinase
activity is undetectable, and levels of fimE mRNA reduced many fold in phase
OFF cells (Kulasekara and Blomfield, 1999; H.D. Kulasekara and I.C.
Blomfield, unpublished data). The mechanism of this ‘orientational control’
remains to be determined, but could involve changes in fimE transcription
initiation, or in mRNA degradation, depending on the orientation of the fim-
invertible element. Irrespective, it seems that the fim recombinases are
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unlikely to compete for binding to the fim switch in the OFF orientation.
Notwithstanding these observations, however, transcription from within
fimE inhibits FimB recombination (O’Gara and Dorman, 2000). Thus factors
that activate fimE transcription should both stimulate FimE-mediated phase
variation from the ON to OFF phase, and block FimB-mediated inversion of
the fim switch from the OFF orientation to the ON orientation in the first
place.

4.3 THE REGULATION OF PHASE VARIATION

The regulation of gene expression is an adaptive response that allows the
bacterium to control the synthesis of its constituents appropriately to max-
imize growth and/or survival in a wide range of situations. A fundamental
feature of the phase-variable systems studied in most detail in E. coli is that
they are all controlled in response to specific changes in the environment.
Identifying the environmental signals that control phase-variable systems
seems likely to o¤er insights into the biological function of the structures
that are under this regulatory control mechanism. Moreover, these studies
may also help us to determine the function of phase variation itself.

As noted earlier, the molecular events that determine phase variation
must occur at very low frequencies. Understanding how phase variation is
regulated, then, should lead to the identity of the key rate-limiting steps that
are required for phase variation to occur. A detailed review of the regulation
of phase variation in E. coli lies outside of the scope of this chapter, but the
examples below should serve to illustrate the principles involved.

4.3.1 Regulation of pap in response to carbon source and
temperature

Pap fimbriae are not expressed in the presence of glucose, but are
expressed in media containing a poor carbon source such as glycerol. This
regulation requires binding of the catabolite-activating protein (CAP) in
complex with cyclic AMP (cAMP) to a site centred 215 bp upstream from the
pBA promoter (Fig. 4.1) (Goransson and Uhlin, 1984; Båga et al., 1985;
Goransson et al., 1989; Weyand et al., 2001). In a detailed in vivo and in vitro
analysis of transcription originating at pBA, Weyand and co-workers have
shown that cAMP-CAP is required for activation of the pBA promoter, inde-
pendently of a possible requirement of cAMP-CAP for PapI expression.
Activation of Pap by CAP requires a functional AR1 region in the pBA prox-
imal subunit of the CAP dimer (Weyand et al., 2001). The AR1 region was
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shown previously to interact with RNA polymerase in class I CAP-dependent
promoters (Zhou et al., 1993). For Pap, the AR1 region is required for activa-
tion even in the absence of H-NS (Weyand et al., 2001). Thus CAP plays a
more direct role in pap regulation than in disrupting H-NS-mediated repres-
sion (Forsman et al., 1992). In addition, cAMP-CAP-dependent activation of
pBA requires a whole number of helical turns between the CAP-binding site
and the pBA promoter, and is thus helical phase dependent. This cAMP-
CAP-dependent activation also requires Lrp, but CAP and Lrp bind indepen-
dently to the pap region. Together, these data show that CAP is directly
involved in transcriptional activation of pBA, possibly through a direct inter-
action of CAP with RNA polymerase (Weyand et al., 2001). Through the
PapB-mediated autoregulatory loop described above, cAMP-CAP will also
facilitate a switch to the ON phase.

Like the expression of many other virulence factors, Pap is a¤ected by
temperature. At 37 °C Pap phase variation occurs, whereas at temperatures
below 26 °C Pap is not expressed owing to transcriptional regulation
(Goransson and Uhlin, 1984; Blyn et al., 1989). This temperature-dependent
repression of transcription requires the histone-like protein H-NS
(Goransson et al., 1990; White-Ziegler et al., 1998). White-Ziegler and co-
workers showed that H-NS binds the pap regulatory region in vitro (White-
Ziegler et al., 1998). Transcription of pap is suppressed within one
generation following a temperature downshift. Furthermore, over a period
of 10 generations following a temperature shift, the DNA methylation state
of the GATC sequences of pap changes gradually from the pattern character-
istic of the ON phase to that of the OFF phase. These data imply that pBA is
inactivated at low temperature by H-NS even in cells that retain the methyl-
ation pattern characteristic of ON phase cells. In addition, these data suggest
that H-NS mediates repression by blocking Lrp binding at the GATCdist

region and thereby prevents the Lrp translocation that is required for the
switch to the ON phase (White-Ziegler et al., 1998). An hns mutation also
a¤ects expression of pap under growth conditions with varying osmolarity,
oxygen levels, and medium composition (White-Ziegler et al., 2000). H-NS
is not required for phase variation, and it remains to be determined whether
these e¤ects are direct or indirect (van der Woude et al., 1995).

4.3.2 Regulation of the fim inversion in response to the
branched-chain amino acids and alanine

The DNA inversion that controls the phase variation of type 1 fimbria-
tion in E.coli is, unlike Pap phase variation, stimulated by the presence of the
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branched-chain amino acids (leucine, and to a lesser extent, isoleucine and
valine) and alanine in growth media (Gally et al., 1993). Remarkably, both
FimB and FimE recombination are a¤ected, so that inversion from OFF to
ON and from ON to OFF is activated. Although the physiological significance
of the regulation is unclear, the amino acids involved are a major constituent
of type 1 fimbriae (40% of the major structural component, FimA (Klemm,
1984)). Since type 1 fimbriation must impose a significant drain on the cel-
lular pools of alanine and the branched-chain amino acids, it is tempting to
speculate that the regulation serves to control consumption of these nutri-
ents. Perhaps consistent with this hypothesis is the fact that fim is part of the
Lrp regulon (Blomfield et al., 1993). As described in more detail below,
control of fim by the branched-chain amino acids and leucine involves
changes in the interaction of the global regulatory protein Lrp with the fim
switch (Roesch and Blomfield, 1998).

Lrp binds with high aªnity to the fim-invertible element, and mutations
that diminish binding of the regulator to two adjacent sites within the fim
switch (sites 1 and 2, Fig. 4.3a) in vitro, produce a parallel decrease in recom-
bination in vivo (Gally et al., 1994). In contrast, a mutation that blocks Lrp
binding to a third site (site 3), proximal to site 1, stimulates recombination
(Roesch and Blomfield, 1998). Loss of Lrp binding to site 3 results in a loss
(for fimB) or a decrease (for fimE) in amino acid control of recombination
(Roesch and Blomfield, 1998). Lrp binds co-operatively to all three sites
within the fim switch (Lrp complex 1), but, in the presence of the amino
acids, also forms an alternative nucleoprotein complex in which the regula-
tor is bound to sites 1 and 2 only (Lrp complex 2).

Lrp complex 2 seems to be more proficient at supporting inversion of
the fim switch than is complex 1, and the stimulation of inversion by alanine
and the branched-chain amino acids may simply reflect this fact (Roesch and
Blomfield, 1998). If the binding of Lrp and IHF within the fim switch serves
to loop the DNA to bring the sites of recombination into a juxtaposition to
favour productive synapses, then Lrp complex 2may do this more e¤ectively
than complex 1 (Blomfield et al., 1997). If this hypothesis is correct, it seems
likely that synapse formation is a rate-limiting step in the fim recombina-
tions, and its control an important regulatory event in fim phase variation.

4.3.3 REGULATORY CROSS-TALK BETWEEN FIMBRIAL
OPERONS

The genomes of E. coli isolates often encode type 1 fimbriae, as well as
one or more members of the pap-like family of fimbriae. For example, the
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sfa and pap operons often coexist in isolates of uropathogenic E. coli
(Archambaud et al., 1988). On the basis of our current understanding of the
regulatory mechanisms it seems possible, and even likely, that phase varia-
tion of two members of the pap-like family of operons in a single cell are co-
ordinated. For example, it is known that artificial changes in levels of the
DNA methylase Dam repress expression of pap as well as of daa and sfa (van
der Woude and Low, 1994). Thus, if levels of the methylase are controlled,
then such regulation might produce co-ordinate regulation in fimbrial
expression in E. coli.

Co-ordinating regulation may also occur through cross-talk that does not
require a common global regulator. Cross-talk between the operons of the
pap-like family may be mediated through PapB and PapI homologues, since
functional complementation has been shown to occur (Goransson et al.,
1989; van der Woude and Low, 1994). Deletion of the pap-related prf operon
decreased expression of the sfa operon in a pathogenic isolate, suggesting
that this decrease occurs in natural isolates (Morschhäuser et al., 1994). In
addition, inversion of the fim element in the Nissle 1917 natural isolate from
the OFF to ON was observed even in the absence of the fimB and fimE rec-
ombinases (Stentebjerg-Olesen et al., 1999). This suggests that the phase
variation of type 1 fimbriae can be mediated by other, non-fim-encoded site-
specific recombinases.

It has been known for some time that the expression of pap and type 1
fimbriae is co-ordinately controlled (Nowicki et al., 1984). More recently, it
has been shown that the cross-regulation is mediated by the pap encoded
DNA-binding protein PapB (Xia et al., 2000). As discussed above, PapB is an
activator of the pI promoter in pap, thereby facilitating the switch to the ON
phase of the pap operon, as well as its own transcription. Xia et al. (2000)
showed that PapB also modulates both fimB and fimE recombination to
favour inversion to the OFF phase. The fim regulatory region contains PapB
binding sites, and FimB-mediated recombination is decreased in vitro in the
presence of PapB.

4.4 THE FUNCTION OF PHASE VARIATION OF ADHESINS

Control of a specific subset of genes by phase variation seems likely to
allow survival or optimum growth in environments in which key elements
in the bacterium’s milieu change entirely at random. Thus, faced with the
inability to judge whether or not expression of a specific phenotype will be
an advantage, bacteria produce a mixed population in which at least some
cells should thrive. If this hypothesis is indeed correct, then it seems that the
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expression of phase-variable phenotypes must be an advantage to the cell in
some circumstances, but a distinct disadvantage to the cell in others. After all,
if expression never conferred a disadvantage to the cell, then why not express
the gene(s) concerned constitutively or solely in response to environmental
cues? In the case of fimbrial adhesins, the advantages of attachment to the
host mucosa are well documented, but in what situation might expression of
the organelles be detrimental to the cell?

It has generally been assumed that phase variation is a mechanism of
immune avoidance, allowing bacteria to evade the alternative pathway for
complement activation and opsonin-enhanced phagocytosis. Since these
antibacterial defence mechanisms kill bacteria, it is not diªcult to under-
stand how suppressing the expression of an antigen by phase variation
might enhance survival of pathogenic microorganisms. In what is perhaps
the clearest example of how phase variation is important in immune
evasion, Norris and Baumler (1999) showed recently that phase variation of
fimbrial antigens contributes to coexistence of multiple serotypes of
Salmonella. Nevertheless, it is important to understand that the expression
of many adhesins, and of Ag43, is also controlled by phase variation in com-
mensal strains of E. coli. Such organisms may elicit the expression of secre-
tory IgA via a non-T-cell-dependent pathway. However, although relatively
little is known about the e¤ects of the host’s immune response on com-
mensal E. coli, such a response appears unlikely to be bactericidal. Secretory
IgA could block adhesin–receptor interactions by steric hindrance, so that
production of the bacterial antigen would be futile. If so, then the major dis-
advantage of producing the surface structures concerned in the presence of
neutralizing antibodies may be nothing more than wasted metabolic
resources.

In some instances phase variation plays a role in cellular specialization
as a key step in the interaction with the mammalian host. Although yet to be
reported in E. coli, phase variation leads to the co-ordinate control of a set of
cellular properties in both Bordetella, mediated by the BvgAS regulators. In
this organism, the Bvg� phase is required for virulence whereas the Bvg�

phase is needed for survival under nutrient deprivation (Stibitz et al., 1989;
Cotter and Miller, 1994; Akerley et al., 1995). In other situations it seems
likely that phase variation allows temporal control of gene expression when
there is a requirement for an alternation in expression of a particular struc-
ture. McCormick et al. (1993) suggested that the expression of type 1 fim-
briae in E. coli is an impediment to bacterial cell penetration of the mucosa,
even thought the adhesin helps in attachment to the epithelial cell layer once
it is reached. Furthermore, it also seems likely that phase variation from the
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ON-to-OFF phase could serve to allow detachment from a primary site of col-
onization to facilitate spread to a new location, or even to enhance intracel-
lular growth following invasion.

Bearing in mind the ideas discussed in this chapter, how can we inter-
pret the fact that many phase-variable systems in E. coli are regulated in
response to specific signals in the environment? For example, why should
pap phase variation be stimulated in the OFF to ON direction, but not in the
opposite direction, in the absence of glucose? Even if phase variation has
evolved as a strategy to counteract variability in the environment, it still
remains possible that microorganisms can, by monitoring key signals in the
host milieu, acquire limited information about the probable benefits of
switching the genes concerned on or o¤. According to this hypothesis, the
enhanced phase variation of pap to the OFF phase in the presence of glucose
occurs because the probable net benefit of producing the adhesin is lower in
environments in which the sugar is present. Likewise, the increased frequen-
cies of phase switching from the OFF to the ON phase that is seen for most
fimbrial types in E. coli at 37 °C, as opposed to lower temperatures, seems to
be an obvious adaptive response to growth in the mammalian host.

In one instance identified thus far (the control of the fim switch by the
branched-chain amino acids and alanine), the environmental signal stimu-
lates the frequency of phase switching in both directions. The existence of
such a pattern of control seems to indicate that phase variation of type 1 fim-
briation per se is important. Thus, as suggested above, the phase variation of
type 1 fimbriation may be one step in a pathway in which both fimbriate and
afimbriate cells participate to allow colonization of the mammalian host.

4.5. SUMMARY AND FUTURE DIRECTIONS

Phase variation in E. coli is commonly determined by the action of Dam
in combination with DNA-binding proteins, at very specific Dam target sites
in the regulatory region of the controlled operon. More unusually in this
organism, this mode of gene regulation is determined by site-specific recom-
bination. Thus far in E. coli, the identified examples of phase variation have
been restricted to the control of cell surface adhesins (fimbriae and an auto-
agglutinin, Ag43). However, phase-variable systems are not easy to identify,
particularly when they control factors other than cell surface structures, and
when the frequency of switching is so rapid that bacteria do not form ON and
OFF colony types on agar plates. Are there many unidentified phase-variable
systems in E. coli and, if so, how will we recognize them? Phase variation,
which produces heterogeneity in the bacterial population, may simply be a
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strategy to ensure that a fraction of the population is prepared for di¤erent
eventualities at any given time. However, it seems likely that it also allows, at
least in some instances, temporal control of gene expression when first one
phase and then the other participate in di¤erent stages in host–parasite inter-
actions. To what extent does phase variation play a role in temporal regulation
in the di¤erent systems identified thus far? Moreover, if temporal control is a
key function of phase variation, are additional factors co-ordinately controlled,
and, if so, what are these? Phase variation seems to be a strategy to counter-
act unpredictability in the environment; yet the systems studied in E. coli are
still a¤ected by environmental factors such as temperature, carbon source
and other nutrients. This being the case, it appears that bacteria alter the fre-
quencies of phase variation in the light of the likely net benefit/disadvantage
of producing the structures concerned. Phase variation does not seem to be
regulated as a general rule in most bacterial species, however, and control of
the process in E. coli could reflect the complex niche occupied by this micro-
organism. What exactly are the factors (both positive and negative) that E. coli
(including commensal strains), as well as other bacteria, encounter within the
mammalian host that drives phase variation? Phase variation appears to be
an important property for bacteria, and the answers to these questions should
enable us to develop better strategies to combat bacterial infection.
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CHAPTER 5

The regulation of capsule expression

Clare Taylor and Ian S. Roberts

5.1 BACTERIAL CAPSULES

The production of extracellular polysaccharide (EPS) molecules is a
common feature of many bacteria (Whitfield and Valvano, 1993; Roberts,
1996). These molecules may be linked to the cell surface and organized into
a discrete structure termed the capsule or, alternatively, may comprise an
amorphous slime layer that is easily sloughed o¤ from the cell surface. In
essence, EPS provides a hydrated negatively charged gel that surrounds the
bacterium and it is the physicochemical properties of this gel that account
for the biological properties of bacterial capsules. A striking feature of bacte-
rial capsular polysaccharides is their diversity, both in terms of component
sugars and the glycosidic bond between repeating sugar residues. Even
within a single bacterial species, there can be enormous structural diversity.
For instance, in the case of Streptococcus pneumoniae there are in excess of 90
capsular serotypes. This diversity has important implications for the design
of vaccine formulations that are based on capsular polysaccharides.
Paradoxically, amongst this array of structural diversity, there are capsular
polysaccharide molecules that are conserved across di¤erent bacterial
species, such as the Escherichia coli K1 and Neisseria meningitidis serogroup
B capsular polysaccharide (Jennings, 1990). Both the diversity of capsular
polysaccharides and the conservation of certain polysaccharide structures
across species barriers raise questions about the evolution of capsule gene
clusters and the selective pressures that drive structural diversity.

For nearly 70 years, from the pioneering experiments of F. Griªth on
the transformation of avirulent unencapsulated pneumococci to encapsula-
tion and virulence (Griªth, 1928), it has been known that the expression of
a capsule is an essential virulence factor. In invasive bacterial infections,
interactions between the capsule and the host’s immune system may be vital
in deciding the outcome of an infection (Moxon and Kroll, 1990). In the
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absence of specific antibody, a capsule o¤ers protection against the non-
specific arm of the host’s immune system by conferring increased resistance
to complement-mediated killing and complement-mediated opsonophago-
cytosis (Michalek et al., 1988; Moxon and Kroll, 1990). As a consequence of
similarity to polysaccharide moieties present within the host (Vann et al.,
1981; Finne, 1982), a small set of capsular polysaccharides are poorly immu-
nogenic and elicit a poor antibody response in infected individuals. As such,
these capsules also confer some measure of resistance to the host’s adaptive
humoral response and cannot be used as possible vaccine candidates.

In addition to mediating interactions with the host, it has been sug-
gested that expression of a hydrated capsule around the cell surface may
protect the bacteria from the harmful e¤ects of desiccation and aid in the
transmission of encapsulated pathogens from one host to the next (Ophir
and Gutnick, 1994). This may be particularly important in highly host-
adapted pathogens for which there are no alternative hosts and which are
unable to survive in the environment.

5.2 BACTERIAL CAPSULES AND ADHESION

The polysaccharide capsule represents the outermost layer of the cell
that mediates interactions between the bacterium and its immediate envi-
ronment. In the case of abiotic surfaces, it has been demonstrated that EPS
may promote the formation of biofilms and stimulate interspecies coaggre-
gation, thereby enhancing the colonization of a variety of ecological niches.
These include the colonization of industrial pipelines, food preparation
machinery, waterpipes, indwelling catheters and prostheses (Costerton et al.,
1987). In such instances, the extracellular polysaccharide may present a
permeability barrier to decontaminating agents and antibiotics and hinder
the e¤ective eradication of the bacteria (Costerton et al., 1999).

5.2.1 Staphylococcus epidermidis

In the case of Staph. epidermidis, the expression of a capsular polysaccha-
ride has been shown to be vital for initial attachment to abiotic and medical
surfaces (Müller et al., 1993a,b; Shiro et al., 1994). The polysaccharide
termed PS/A is a polymer of �-1,6-linked N-acetylglucosamine residues sub-
stituted at the amino group with succinate residues (McKenney et al., 1998).
The identification of a second lower molecular weight polysaccharide intra-
cellular adhesin (PIA) believed to be involved in intercellular adhesion
(Heilmann et al., 1996; Ziebuhr et al., 1997) has lead to some confusion with
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respect to the role of PS/A in biofilm formation. However, it is now clear that
expression of PS/A is correlated with initial adherence of Staph. epidermidis
to biomaterials, while the development of cellular aggregates is associated
with the establishment of a biofilm (McKenney et al., 1998). The expression
of PS/A also conveys resistance to phagocytosis and virulence in animal
models of infection (Shiro et al., 1995). In the case of other human patho-
gens, the role of capsular polysaccharides in the initial adhesion to abiotic
surfaces is less well proven. In the case of Pseudomonas aeruginosa, Vibrio
cholerae El Tor and Escherichia coli, the expression of a capsular polysaccha-
ride has been implicated post initial adhesion in stabilizing the three-
dimensional stratified biofilm architecture rather than being essential for
bacterial attachment (Davies et al., 1993; Watnick and Kolter, 1999; Danese
et al., 2000).

The regulation of polysaccharide capsule expression during the di¤erent
stages of a successful infection cycle represents a paradox to invasive patho-
gens of humans. On the one hand, during the initial stages of colonization
when bacteria–host cell interactions are vital for adhesion, the expression of
a polysaccharide capsule may be disadvantageous by hindering the recep-
tor–ligand interactions vital for binding to host tissue. Indeed, it has been
demonstrated for a number of human pathogens that capsule-minus
mutants bind to epithelial cell lines to a greater degree than does the encap-
sulated progenitor strain (Runnels and Moon, 1984; Virji et al., 1992;
Stephens et al., 1993; St Geme and Cutter, 1996). However, following trans-
gression of the epithelial surface and the development of a subsequent bac-
teraemia during dissemination from the initial focus of infection, then
maximum capsule expression will be essential to confer resistance to non-
specific host defences (Moxon and Kroll, 1990). As such, an ability to down-
or up-regulate the level of cell surface capsular polysaccharide will be vital in
ensuring the successful outcome of di¤erent stages of an infection.

5.2.2 Streptococcus pyogenes

Adhesion to host tissues is likely to be a multifactorial process involving
a number of bacterial cell surface structures that may act co-operatively in the
binding of bacteria to host cells. Capsules have been implicated in the adhe-
sion of a number of human pathogens to host tissue and successful coloni-
zation of infected animals. Streptococcus pyogenes or group A Streptococcus
(GAS) is responsible for a large number of infections including streptococ-
cal pharyngitis, skin infections, acute rheumatic fever, streptococcal toxic
shock syndrome and invasive syndromes such as necrotizing fasciitis (Hoge
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et al., 1993; Kaul et al., 1997). Colonization of the pharynx is not only the first
stage in the development of pharyngitis, but also serves as a possible reser-
voir for GAS, from which it can cause invasive infections and be dissemi-
nated to other non-carriers. As a consequence, colonization of pharyngeal
epithelial cells is a vital stage in the life cycle of GAS. It has been demon-
strated that the hyaluronic acid capsule of GAS can bind to the CD44mole-
cule on the surface of keratinocytes and act as a receptor for colonization of
the pharynx by GAS (Cywes et al., 2000). The binding in vitro to keratinocytes
and pharyngeal colonization of mice could be blocked by exogenous hyalu-
ronic acid and by the administration of anti-CD44 monoclonal antibody
(Cywes et al., 2000). In addition, transgenic mice lacking CD44were not col-
onized by GAS and GAS failed to adhere to keratinocytes lacking CD44
(Cywes et al., 2000). These data provide strong evidence for a role for the
hyaluronic acid capsule in the adhesion of GAS to host tissue and the colo-
nization of the orthopharynx. A number of putative adhesins have been
described for GAS (Jenkinson and Lamont, 1997) and it is likely that adhe-
sion will be multifactorial involving cell surface structures in addition to the
hyaluronic acid capsule. Indeed, acapsular mutants of GAS do bind to the
pharynx via CD44-independent mechanisms, although, in contrast to
encapsulated strains, the acapsular mutants were rapidly cleared, probably
as a consequence of increased sensitivity to phagocytosis. It is likely that the
hyaluronic acid capsule is involved in the initial interactions with the CD44
receptor and, subsequently, other receptor–ligand interactions involving a
number of cell surface adhesins may then stabilize the interactions (Cywes
et al., 2000). Following tissue damage, CD44 expression is increased and it
is possible that this provides additional binding sites for hyaluronic acid
capsule-mediated attachment of GAS during invasion of damaged host
tissue. Hyaluronic acid capsule expression is regulated by the CsrR/CsrS
two-component system (Levin and Wessels, 1998), with CsrR acting to
repress transcription of the has (capsule biosynthesis) operon by binding to
has operon promoter (Bernish and van de Rijn 1999). The role of the
CsrR/CsrS two-component system in mediating hyaluronic acid capsule
expression following adhesion to, and invasion of, pharyngeal host tissue is
not, as yet, clear.

5.2.3 Klebsiella pneumoniae

In K. pneumoniae, it has been shown that expression of a polysaccharide
capsule is essential for the colonization of the large intestine of mice and that
an isogenic capsule-minus mutant was rapidly out-competed by the encap-
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sulated wild-type strain (Favre-Bonte et al., 1999b). Analysis of the interac-
tion between K. pneumoniae and epithelial cell lines in vitro demonstrated, as
predicted, that a capsule-minus mutant adhered to a greater extent than the
encapsulated wild-type strain to epithelial cells (Favre-Bonte et al., 1999a).
However, surprisingly, when adhesion to a mucus-producing cell line was
compared, then the encapsulated strain adhered to a greater extent than did
the capsule-minus mutant (Favre-Bonte et al., 1999a). One interpretation of
these data is that the capsule is required for the initial steps of colonization
by interacting with the mucus layer and this interaction is vital for success-
ful colonization in vivo. Subsequently, the interaction between the bacteria
and the underlying epithelial cell is inhibited, but not abolished, by the pres-
ence of a polysaccharide capsule. This suggests that, following initial inter-
action with the mucus layer, capsule expression may be down-regulated to
facilitate interactions between bacterial cell surface adhesins and the under-
lying epithelial cell. The observation that adhesin expression is inversely cor-
related to that of capsule expression (Favre-Bonte et al., 1995, 1999a)
supports the notion that there is some form of co-ordinated regulation of the
expression of these cell surface structures to maximize adhesion. In K. pneu-
moniae, capsule expression is regulated by the Rcs system, with additional
input in the highly mucoid strain from the ancillary activator RmpA
(Wacharotayankun et al., 1993). The central feature of this regulatory circuit
is a two-component regulatory system in which RcsC is the sensor and RcsB
is the response regulator whose activity is modulated by phosphorylation and
dephosphorylation by the RcsC protein in response to environmental stimuli
(Fig. 5.1) (Gottesman, 1995). The activity of the phosphorylated RcsB protein
is potentiated by the unstable RcsA protein, the availability of which is regu-
lated at the level of transcription and also by proteolytic degradation by the
Lon protease (Fig. 5.1) (Gottesman, 1995). Superimposed on this basic frame-
work, there are a number of other inputs which impinge on the regulation of
the capsule gene cps expression (Fig. 5.1). It is clear that such a myriad of
interacting regulatory pathways provides an opportunity to fine-tune the
expression of capsular polysaccharide in response to environmental signals.
In the case of colanic acid (slime) expression in E. coli, which is the best
studied Rcs-regulated system (Gottesman, 1995), temperature has been iden-
tified as the key environmental factor, with reduced colanic acid expression at
37 °C. However, at 37 °C K. pneumoniae expresses copious amounts of capsu-
lar polysaccharide indicating that, in this case, the RcsBC regulatory circuit is
not responding to growth at 37 °C to down-regulate capsule expression. One
possibility is that following the initial capsule-mediated interaction with host
mucus, the bacteria respond to the new environment (mucus) via the
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Rcs system and reduce capsule expression. The concomitant increase in
adhesin expression would have the net e¤ect of enhancing bacteria–
epithelial cell interactions essential for long-term colonization. There may be
a role for the Rcs system in co-ordinating the regulation of these di¤erent cell
surface structures in K. pneumoniae in response to environmental changes,
but it is still conjecture and needs to be established experimentally.

5.2.4 Salmonella typhi

In the case of expression of the Sal. typhi Vi capsular polysaccharide,
invasion proteins and flagellin are all di¤erentially regulated by the RscBC
two-component system (Arricau et al., 1998). In this case, under conditions
of low osmolarity that enhance Vi antigen expression, the transcription of the
iagA, invF and sipB genes encoding invasion-associated proteins is negatively
regulated by RcsB, probably acting in conjunction with TviA protein, which
activates Vi capsule gene expression (Virlogeux et al., 1996). In addition,
under these conditions the increased expression of a Vi capsule inhibits the
secretion of the Sip proteins and flagellin (Arricau et al., 1998). However,
increasing osmolarity in the growth medium results in enhanced transcrip-
tion of the iagA, invF and sipB genes, with reduced transcription of the Vi
capsule biosynthesis genes (Arricau et al., 1998). One interpretation of this
co-ordinated regulation of capsule, motility and invasion genes is that it
permits the adaptation of Sal. typhi to the di¤erent environments encoun-
tered during the infection cycle. When outside the host in a low osmolarity
environment (wastewater for instance), the Vi capsule is switched on to o¤er
protection from environmental insults, while functions required for host
invasion are switched o¤. Upon ingestion into the host, Sal. typhi in the intes-
tinal lumen will be exposed to increased osmolarity, causing a decease in Vi
capsule expression and a concomitant increase in expression of the genes
essential for adhesion and invasion of host cells. At this stage, it is unclear
what role, if any, the Vi antigen may play in mediating the interaction
between Sal. typhi and the mucus surrounding host epithelial cells.
Subsequently, following exit from the epithelial cells, blood-borne carriage of
Sal. typhi will occur. The osmolarity of blood is in the order of 150mM (Miller
and Mekalanos, 1988), under which conditions Vi capsule expression would
be increased while expression of invasion-associated proteins would
decrease. The net e¤ect of this will be to protect the systemic Sal. typhi from
the host’s specific and non-specific defences. As a consequence, the RcsBC
system provides a method for the co-ordinated expression of cell surface
structures involved in adhesion and survival in Sal. typhi.
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5.2.5 Neisseria meningitidis

In terms of capsule expression in N. meningitidis, a similar paradox
exists. Specifically, how to regulate the level of capsule expression apposite
for initial mucosal surface colonization and then subsequent systemic infec-
tion. Colonization is mediated by pili and two outer membrane proteins, Opa
and Opc, and adhesion is enhanced by a loss or reduction in capsule expres-
sion (Virji, 2000). Capsule expression in N. meningitidis is modulated in at
least three ways. First, phase variation through a poly(dC) repeat that intro-
duces a �1/�1 frameshift in the siaD gene, causing premature translation
(Hammerschmidt et al., 1996b). Second, Rho-dependent intracistronic
transcription termination in the siaD gene (Lavitola et al., 1999). Third, by
the site-specific insertion of IS1301 in the siaA gene encoding CMP-NeuNAc
synthetase (Hammerschmidt et al., 1996a). The consequence of the insertion
of IS1301 in the siaA gene is to abolish capsule expression and sialylation of
the LOS molecules, both of which will promote interaction with epithelial
cells. This stochastic approach to gene regulation, in which host selection
drives the emergence of mutated/reverted pathogens expressing the appro-
priate phenotype, is an approach typical of many highly adapted human
pathogens. These pathogens appear to rely less on complex regulatory
control mechanisms for sensing and responding to environmental stimuli,
which probably reflects the relatively small number of environments to
which these pathogens are exposed and in which they survive.

5.3 ESCHERICHIA COLI CAPSULES AND THEIR ROLE IN
ADHESION

Escherichia coli produces more than 80 chemically and serologically dis-
tinct capsules, called K antigens (Jann and Jann, 1992). These capsules have
been separated into four groups, 1, 2, 3 and 4 (Table 5.1), on the basis of
capsule gene organization, regulation of expression and the biosynthetic
mechanism (Whitfield and Roberts, 1999). The expression of particular K
antigens is associated with specific infections, with the majority of extra-
intestinal isolates of E. coli expressing group 2 capsules (Roberts, 1996).
Group 2 K antigens have been most intensively studied, both in terms of
their role in disease and the biochemistry and genetics of expression. This
chapter will focus on E. coli group 2 capsules and the reader is referred to
recent reviews that describe in detail the other E. coli capsule groups
(Roberts, 2000; Whitfield et al., 2000).

Group 2 capsules are very heterogeneous in composition and, in terms
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of structure and cell surface assembly, they closely resemble the capsular
polysaccharides of N. meningitidis and Haemophilus influenzae. Group 2 cap-
sular polysaccharides are linked via their reducing terminus to �-glycero-
phosphatidic acid, which is believed to play a role in the formation and
stabilization of the capsule structure, possibly by anchoring the polysaccha-
ride to the outer membrane via hydrophobic interactions (Jann and Jann,
1990). The most studied E. coli group 2 K antigens are K1 and K5, both of
which are frequently found among isolates causing extra-intestinal infec-
tions. Escherichia coli K1 isolates are commonly associated with neonatal
meningitis, while E. coli K5 strains are implicated in sepsis and urinary tract
infections (Gransden et al., 1990). Both polymers closely resemble host poly-
saccharide moieties. The K1 polysaccharide is a polymer of �-2,8-linked N-
acetyl neuraminic acid which is a mimic of sialic acid structures present on
host glyco-conjugates (Finne, 1982), while the K5 polymer of -4)-�GlcA-
(1,4)-�GlcNAc-(1– is identical with N-acetyl-heparosan a non-sulphated pre-
cursor of heparin (Vann et al., 1981). The similarity between these capsular
polysaccharides and host molecules results in a poor antibody response in
individuals with E. coli K1 or K5 infections (Jennings, 1990).

Studies using gnotobiotic rats have demonstrated that expression of a K5
capsule enhances persistence of E. coli in the large intestine of the rat (Herias
et al., 1997). The likely mechanism by which the expression of a K5 capsule
confers a selective advantage in colonization is, as yet, unclear. No increase
in adherence to mucus was observed when isogenic K5� and K5� strains
were compared (Herias et al., 1997), suggesting that the e¤ect of the K5
capsule is not in enhancing the interaction with the mucosal epithelium. It
will be interesting to see whether the expression of other group 2 capsular
polysaccharides confers an advantage to E. coli in the colonization of the host
large intestine.

5.4 THE GENETIC ORGANIZATION AND REGULATION OF
ESCHERICHIA COLI GROUP 2 CAPSULE GENE CLUSTERS

The cloning and analysis of a large number of E. coli group 2 capsule
gene clusters established that group 2 capsule gene clusters have a conserved
modular genetic organization consisting of three regions 1, 2 and 3 (Fig. 5.2)
(Silver et al., 1984; Roberts et al., 1986, 1988; Boulnois et al., 1987; Roberts,
1996). This modular organization, first demonstrated with E. coli group 2
capsule gene clusters, now appears to be applicable to capsule gene clusters
from other bacteria (Roberts, 1996). Regions 1 and 3 are conserved in all of
the group 2 capsule gene clusters analysed and encode proteins involved in
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the transport of group 2 polysaccharides from their site of synthesis on the
inner face of the cytoplasmic membrane onto the cell surface. Region 2 is
serotype specific and encodes enzymes for the polymerization of the polysac-
charide molecule and, where necessary, for the biosynthesis of the specific
monosaccharide components that make up the polysaccharide. The size of
the specific region 2 is variable and, in part, reflects the complexity of the
polysaccharide to be synthesized (Boulnois et al., 1992). The region 2 DNA
of the K5 and K1 capsule gene clusters have a high (66%) A�T content as
compared to that of regions 1 (50%) and 3 (57%) (Roberts, 1996). This is
typical of genes that encode enzymes for polysaccharide biosynthesis
(Roberts, 1995) and would suggest that group 2 capsule diversity has been
achieved, in part, through the acquisition of di¤erent region 2 sequences.
Amplification by polymerase chain reaction (PCR) of sequences between
regions 1 and 2, and between regions 2 and 3 from a number of group 2
capsule gene clusters, failed to find any evidence for insertion sequences or
site-specific recombination events playing a role in this process (Roberts,
1996). Rather, the acquisition of new region 2 sequences may occur through
homologous recombination between the flanking regions 1 and 3 of an
incoming and resident capsule gene cluster. The observation that 3�-ends of
the kpsS and kpsT genes that flank either side of region 2 (Fig. 5.2) show the
greatest divergence amongst the conserved region 1 and 3 kps genes (Roberts,
1996) supports this hypothesis for acquiring and losing region 2 sequences.
The mechanism by which region 2 diversity, and therefore the diversity of E.
coli group 2 capsular polysaccharides, has been achieved is still unknown.

Region 1 contains six genes, kpsFEDUCS, organized in a single
transcriptional unit (Fig. 5.2). The functions performed by these proteins in
the transport of group 2 capsular polysaccharides are shown in Table 5.2. A
single E. coli �70 promoter is located 225bp 5� of kpsF (Simpson et al., 1996).
Analysis of the promoter identified three integration host factor (IHF)
binding site consensus sequences. One of these is located 80bp 5� to the
initiation codon of kpsF, while the other two are 60bp and 110bp 5� to the
transcription start point. Gel retardation experiments using PCR fragments
spanning the region 1 promoter have confirmed that IHF binds to the pro-
moter (Rowe et al., 2000). The observation that mutations in the himA and
himD genes lead to a 20% reduction in expression of the KpsE protein
(Simpson et al., 1996) confirm that IHF plays a role in regulating the expres-
sion of region 1 at 37 °C. Transcription from the region 1 promoter generates
an 8.0kb polycistronic transcript that is subsequently processed to give a
stable 1.3kb kpsS-specific transcript. (Simpson et al., 1996). The processing
of this transcript would appear to be independent of either RNaseIII or
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RNaseE (Simpson et al., 1996). The processing of mRNA has been impli-
cated in the di¤erential expression of bacterial genes (Bilge et al., 1993; Klug,
1993), and it is possible that the generation of a separate kpsS-specific tran-
script may enable the di¤erential expression of KpsS from the other region
1 proteins. An intragenic Rho-dependent transcriptional terminator is
located with the kpsF gene. Such intragenic terminators have been impli-
cated in regulating transcription in response to physiological stress

reg
u

latio
n

 o
f capsu

le expressio
n

127

Table 5.2. The functions of Kps proteins in group 2 capsular polysaccharide
expression

Protein Function Reference

KpsF Regulator of capsule expression? Cieslewicz and Vimr, 

1997

KpsE Inner membrane protein involved Arrecubieta et al., 2001

in the transport of group 2

polysaccharides across the 

periplasmic space

KpsD Periplasmic protein that cycles Arrecubieta et al., 2001

between the inner and outer 

membrane in the export of group 

2 polysaccharides across the 

periplasmic space

KpsU CMP-Kdo synthetase Pazzani et al., 1993

KpsC, KpsS Synthesis and attachment of Rigg et al., 1998

phosphatidyl-Kdo to the reducing 

end of the nascent polysaccharide 

chain prior to export across the 

inner membrane

KpsT ATPase component of the inner Bliss and Silver, 1996

membrane ABC transporter for the 

export of group 2 polysaccharides 

across the inner membrane

KpsM Integral inner membrane component Bliss and Silver, 1996

of the ABC transporter for the export

of group 2 polysaccharides across the

inner membrane.



(Richardson, 1991). In the case of region 1, under conditions of physiologi-
cal stress in which the mRNA message is not being eªciently translated,
transcription would cease at the intragenic terminator within kpsF, thereby
switching o¤ expression of region 1. The observation that mutations in
region 1 genes that abolish polysaccharide export out of the cell reduce mem-
brane transferase activity (Bronner et al., 1993) means that the overall e¤ect
of terminating transcription within kpsF would be to reduce capsule expres-
sion under physiological stressful conditions.

Region 3 contains two genes, kpsT and kpsM organized in a single
transcriptional unit (Fig. 5.2) (Bliss and Silver, 1996; Roberts, 1996). The pro-
moter has been mapped to 741bp 5� to the initiation codon of the kpsM gene
and the promoter has a typical E. coli �70-10 consensus sequence but no �35
region (Stevens et al., 1997). No consensus binding sequences for other �
factors were detectable and no IHF binding sites were present in the region
3 promoter (Stevens et al., 1997). However a cis-acting regulatory sequence
termed ops, which is essential for the action of RfaH, was identified 33bp 5�
to the initiation codon of the kpsM gene (Stevens et al., 1997). The ops
sequence of GGCGGTAG is contained within a larger 39bp regulatory
element called JUMPstart (Just Upstream from Many Polysaccharide-
associated gene starts) (Hobbs and Reeves, 1994). RfaH regulates a number
of gene clusters in E. coli, including the cps, hly, rfa, rfb and tra operons (Bailey
et al., 1997; Whitfield and Roberts, 1999). RfaH is a homologue of the essen-
tial transcription elongation factor, NusG, that is required for Rho-dependent
transcription termination and bacteriophage 
N-mediated antitermination.
RfaH is believed to act as a transcriptional elongation factor that permits
transcription to proceed over long distances. As such, mutations in rfaH
result in increased transcription polarity throughout RfaH-regulated
operons without a¤ecting the initiation from the operon promoters (Bailey
et al., 1997). It is believed that ops sequence in the nascent mRNA molecule
recruits RfaH, and possibly other proteins, to the transcription complex to
promote transcriptional elongation. Recently, it has been proposed that the
larger JUMPstart sequence may permit the formation of stem–loop struc-
tures in the 5� mRNA that mediate the interactions between the mRNA mole-
cule and RfaH (Marolda and Valvano, 1998). The observations that either a
mutation in the rfaH gene or deletion of the JUMPstart sequence abolished
K5 and K1 capsule production confirmed a role for RfaH in regulating group
2 capsule expression in E. coli (Stevens et al., 1997). Analysis of the pheno-
type of an rfaH mutant demonstrated that expression of region 2 genes was
dramatically reduced and, by quantitative reverse transcriptase (RT)/PCR, it
was possible to show that this e¤ect was due to a reduction in readthrough
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transcription across a Rho-dependent terminator in the kpsT-kfiA junction
(Fig. 5.2) (Stevens et al., 1997). This is in keeping with RfaH regulating group
2 capsule expression by permitting transcription originating from the region
3 promoter to proceed through into region 2. The co-regulation of a number
of cell surface factors by RfaH is curious and it will be interesting to see how
the expression of rfaH is regulated and how this relates to the expression of
particular cell surface structures under specific environmental conditions.

The genetic organization of region 2 is serotype specific. In the case of
the K5 capsule gene cluster, region 2 comprises four genes kfiABCD (Petit et
al., 1995), while there are six genes in region 2 of the K1 capsule gene cluster
(Bliss and Silver, 1996). In both cases, transcription of region 2 is in the same
direction as that of region 3, which is important in permitting the regulation
of region 2 expression by RfaH (Stevens et al., 1997; Whitfield and Roberts,
1999). In the K5 capsule gene cluster, promoters have been mapped, 5� to
kfiA, kfiB and kfiC genes. Transcription from the kfiA promoter generates a
polycistronic transcript of 8.0kb, while transcription from the kfiB or kfiC
promoter results in transcripts of 6.5 and 3.0kb, respectively (Petit et al.,
1995). This transcriptional organization is surprising, since it generates
transcripts with two large untranslated intergenic regions, a gap of 340bp
between the kfiA and kfiB genes and a gap of 1293bp between kfiB and kfiC
genes – both of which appear to be untranslated (Petit et al., 1995). The role,
if any, of these regions in the mRNA molecule in regulating expression of
the region 2 genes is currently unknown. The three region 2 promoters are
not temperature regulated, with equivalent transcription at both 37 °C and
18 °C (Roberts, 1996). However, the region 2 promoters are weak and gener-
ate low levels of expression of the region 2 genes, which, in the absence of
RfaH-mediated readthrough transcription from the region 3 promoter, is
insuªcient for synthesis of detectable K5 polysaccharide (Stevens et al.,
1997). This complex pattern of transcription raises the question of the role
of these promoters in the expression of the K5 capsule. One possibility is that
these promoters play a role in fine-tuning the expression of the kfi genes, or
in allowing the bacteria to respond rapidly to temperature changes by main-
taining a pool of kfi-specific mRNA. Equally, it is possible that these promot-
ers play no role in regulating kfi gene expression, rather they may be
remnants following the evolution of the K5 capsule gene cluster and the
acquisition of the K5-specific region 2. This process may have occurred
either in a single event from another bacterial species in which these promot-
ers were functionally important, or in a piecemeal fashion, with each incom-
ing region 2 gene(s) bringing with it its own promoter. Ultimately, provided
the transcription of the acquired K5 region 2 was in the same direction as
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that of region 3, then whatever promoters were also inherited would be irrel-
evant. If the region 2 promoters play no functional role, it would suggest that
acquisition by E. coli of the K5 region 2 was a relatively recent event.

Expression of group 2 capsules is temperature regulated, with capsule
expression at 37 °C but not at 18 °C. Transcription from the region, 1 and 3
promoters is temperature regulated, with no transcription detectable at 18
0C (Cieslewicz and Vimr, 1996; Simpson et al., 1996). Temperature regula-
tion is in part controlled by the global regulatory protein H-NS (histone-like
non-structural protein), since hns mutants show detectable transcription
from the regions 1 and 3 promoters at 18 0C, albeit lower than that seen at
37 °C (S. Rowe and I.S. Roberts, unpublished data). This is analogous to the
H-NS-mediated thermoregulation of the virB promoter in Shigella flexneri
(Dorman and Porter, 1998). In this system, activation of the virB promoter
has an absolute requirement for the AraC-like protein VirF (Dorman and
Porter, 1998). Whether an AraC-like transcriptional activator is involved in
mediating transcription from the regions 1 and 3 promoters is as yet unclear.

Recently, it has been shown that mutations in bipA result in an increase
in transcription of the capsule genes at 20 °C and a reduction in transcrip-
tion of the capsule genes at 37 °C (Rowe et al., 2000). Although this pheno-
type is analogous to that of a hns mutant, the e¤ects of a bipA mutation
cannot be accounted for by loss of H-NS function that is unaltered in a bipA
mutant (Rowe et al., 2000). In enteropathogenic E. coli (EPEC), bipA
mutants do not trigger cytoskeletal rearrangements in host cells typical of
EPEC, are hypersensitive to the host defence protein BPI, (bacterici-
dal/p

–
ermeability increasing protein) and demonstrate increased mobility

and flagella expression (Farris et al., 1998). BipA is a GTPase with homology
to elongation factor G (EF-G) and the TetO resistance protein, both of which
interact with the ribosome (Farris et al., 1998). This has led to the sugges-
tion that BipA may represent a new class of regulators that function at the
level of the ribosome by regulating translation elongation (Farris et al.,
1998). If this is the case, then the e¤ects on transcription from the regions
1 and 3 promoters at 37 °C and 20 °C are fascinating and are currently under
investigation.

At 37 °C the situation is further complicated by the interaction of IHF
with the region 1 promoter. IHF tends to act as a facilitator, potentiating the
activity of other regulatory proteins (Freundlich et al., 1992) and, as such, it
is likely that IHF interacts with as yet unidentified transcriptional activators
that control transcription from the regions 1 and 3 promoters at 37 °C. The
lack of any IHF consensus binding sequences in the region 3 promoter
(Stevens et al., 1997) confirms that there is no absolute requirement for IHF.
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Therefore, in summary, the control of expression of group 2 capsule
gene clusters in E. coli is complex, involving several overlapping regulatory
circuits (Fig. 5.2). The temperature regulation is achieved by temperature-
dependent transcription from the regions 1 and 3 promoters (Fig. 5.2). This
is mediated, at least in part, by H-NS and BipA. Superimposed on this system
at 37 °C is IHF acting at the region 1 promoter, the intragenic terminator
within the kpsF gene and the processing of the region 1 mRNA to generate
a stable kpsS-specific transcript. In addition, RfaH acts to allow transcription
from the region 3 promoter to extend into region 2 and thereby results in
suªcient expression of region 2 genes for capsular polysaccharide biosyn-
thesis. The net e¤ect of this is that expression of group 2 capsule gene clus-
ters is regulated by two convergent promoters (Fig. 5.2). However, there are
still many unanswered questions concerning the regulation of group 2
capsule gene clusters. In particular, what are the functions of the large
untranslated regions of 225bp and 741bp in the 5� end of the respective
regions 1 and 3mRNA molecules? How are changes in temperature sensed
and transduced to induce changes in gene expression? How is the expression
of group 2 capsule gene clusters mediated in response to attachment to, and
interaction with, host cells?

5.5. CONCLUSIONS

In summary, it is clear that the expression of a polysaccharide capsule
plays a key role in the colonization of host animals. In certain cases, the
capsule plays a significant role in mediating the initial bacteria–host interac-
tions that are essential for any subsequent receptor–ligand interactions and
intimate contact with the host epithelial cell. As such, encapsulation may par-
ticipate directly in the initial attachment process. In addition, encapsulation
is vital in resisting the subsequent host responses to attachment and thereby
is essential for the maintenance of the adhered bacteria. Where a significant
biofilm is established, then the expression of extracellular polysaccharides
will be instrumental in the development of the correct three dimensional
spatial architecture of the biofilm. Understanding the regulation of capsule
expression under these di¤erent environmental conditions encountered
during an infection is a fascinating challenge.
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CHAPTER 6

Role of pili in Haemophilus influenzae
adherence, colonization and disease

Janet R. Gilsdorf

6.1 INTRODUCTION

Haemophilus influenzae is a Gram-negative bacillus that causes signifi-
cant human disease. This organism is classified on the basis of the presence
and serological specificity (serotypes a through f) of its polysaccharide
capsule. Systemic infections such as bacteraemia, meningitis, septic arthri-
tis and pneumonia in young children are caused primarily by H. influenzae
possessing the type b capsule (Hib), while respiratory infections such as
pneumonia in patients with chronic pulmonary disease, otitis media, sinus-
itis, and bronchitis are caused primarily by non-encapsulated strains (the so-
called non-typeable H. influenzae).

The organism lives exclusively on human mucosal surfaces, most com-
monly in the nasopharynx and occasionally on the conjunctivae or in the
female genital tract, where it is carried asymptomatically. Respiratory tract
colonization rates in children vary between 30% and 100% (Gratten et al.,
1989; Trottier et al., 1989; Harabuchi et al., 1994; Faden et al., 1995; Fontanals
et al., 2000; St Sauver et al., 2000), with point prevalence rates of about 25%
(Bou et al., 2000) to 77–84% (St Sauver et al., 2000), and are higher among
children as compared with adults (Turk, 1984).

The pathogenesis of H. influenzae infections is a complex, and incom-
pletely understood, process. Transmission to new hosts is presumed to be via
infected respiratory droplets, and the bacterial factors important in success-
ful transmission are poorly defined (Lipsitch and Moxon, 1997). Upon entry
into a new host, the organism adheres to respiratory tract structures by
means of a number of adhesins that prevent removal of the bacteria by res-
piratory tract cleansing mechanisms such as mucin trapping and ciliary
action. Among the bacterial factors that have been shown to facilitate adher-
ence of the organism to respiratory tract tissues are fimbrial structures, such
as haemagglutinating pili (sometimes called fimbriae) (Gilsdorf et al., 1997),
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P5 fimbriae (Bakaletz et al., 1988; Sirakova et al., 1994), and Hia (St Geme
and Cutter, 1995; St Geme et al., 1996a), as well as non-fimbrial structures,
such as the high molecular adhesins HMW1 and HMW2 (St Geme et al.,
1993; Barenkamp and St Geme, 1996), Hap (St Geme et al., 1994) a 46 kDa
surface protein (Busse et al., 1997), and OapA (Weiser et al., 1995; Weiser,
2000). Of these adhesins, pili were the first described and have been most
extensively studied.

6.2 PREVALENCE OF PILIATION OF HAEMOPHILUS
INFLUENZAE STRAINS

The prevalance of pili on H. influenzae clinical isolates varies, depending
on the source of the organisms studied and the technique used for determin-
ing pili. Upon subculture, most clinical isolates do not express pili. Within the
population of bacteria from clinical isolates, however, piliated variants may be
identified, selected for, and enriched by their agglutination of human eryth-
rocytes (Connor and Loeb, 1983; Gilsdorf et al., 1992), which is strongly cor-
related with the presence of pili (Guerina et al., 1982; LiPuma and Gilsdorf,
1988). Of 25Hib strains isolated from cerebral spinal fluid (Stull et al., 1984),
22 could be enriched for haemagglutination. Gilsdorf et al. found that 12 of
38 randomly selected non-typeable isolates expressed haemagglutinating pili
(Gilsdorf et al., 1992), four de novo and eight more after red blood cell selec-
tion. On electron microscopy, Scott and Old (1981) detected fimbrial struc-
tures on three of six respiratory and four of five conjunctival isolates. Krasan
et al. (2000) studied nasopharyngeal and middle ear isolates from 17 children
with non-typeable acute otitis media due to H. influenzae and, by electron
microscopy and Southern hybridization analysis, found that two of the 17
nasopharyngeal isolates and none of the 17middle ear isolates expressed pili,
in spite of the presence of the entire pilus gene cluster in the ear isolates from
the two patients with piliated nasopharyngeal isolates. On the other hand, St
Geme et al. (1991) identified pilus genes in all eight H. influenzae biogroup
aegyptius (a subset of H. influenzae associated with conjunctivitis) strains
studied; pili were expressed (as shown on electron microscopy and antibody
reactivity) on four of these strains. Using Southern blotting with probes
derived from Hib strains, Geluk et al. (1998) demonstrated pilus genes in
18% of non-typeable strains tested, ranging from 8% of strains colonizing
healthy individuals, 13% of patients with otitis media, to 13–50% of patients
with chronic bronchitis. These techniques may underestimate the presence
of pilus genes because of strain-to-strain sequence variation, particularly if
high stringency conditions were used in the assays.
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Apicella et al. (1984) evaluated 21H. influenzae strains from the sputa of
adult patients; two of the strains possessed fimbrial structures on electron
microscopy. Interestingly, 40–50% of the bacterial cells from the fresh iso-
lates possessed these structures, and, after five serial passages on laboratory
media, <1% of the cells did, demonstrating that pilus expression may be lost
during passage on laboratory media. The number of pili per bacterium varies
from none on non-piliated isolates to at least 100 on some piliated isolates
(Scott and Old, 1981; Stull et al., 1984; Gilsdorf et al., 1992).

The data showing rapid loss of pili with laboratory passage and the ability
of the bacteria to regain pilus expression with red blood enrichment con-
firms that, like the pili of other Gram-negative organisms, H. influenzae pili
are phase variable. Environmental factors that may regulate the phase varia-
tion of pilus expression in this organism have not been identified.

6.3 HAEMOPHILUS INFLUENZAE PILUS STRUCTURE

Brinton et al. (1989) described four families of H. influenzae pili on the
basis of their appearance on electron microscopy and characterized them on
the basis of width and length. Only pili of the long, thick phenotype (LKP)
were associated with haemagglutination. Electron microscopic measure-
ments have shown haemagglutinating pili to be 4.7–18.0 nm in diameter
and 200–1500 nm in length (Scott and Old, 1981; Stull et al., 1984; Guerina
et al., 1985) (Fig. 6.1). When examined by most investigators by electron
microscopy, the pili appear in a uniform, peritrichous distribution around
the bacterial surface (Scott and Old, 1981; Pichichero et al., 1982; Stull et al.,
1984; Brinton et al., 1989; Gilsdorf et al., 1992). Apicella et al. (1984),
however, described polar distribution of pili.

Comparison of piliated and non-piliated variants of the same H. influen-
zae strains by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of their outer membrane proteins revealed an approx-
imately 24 kDa band unique to piliated strains (Pichichero et al., 1982; Stull
et al., 1984; Gilsdorf et al., 1989a, 1992), which represents pilin, the major
structural subunit of pili. Pili have been purified by mechanically shearing
them from the bacterial cells, followed by repeated cycles of pilus precipita-
tion at low pH and pilus resolubilization at high pH, on the basis of the
ability of soluble pili to reassemble into insoluble pili under pilus-specific
ionic strength and pH conditions (Stull et al., 1984; Guerina et al., 1985;
Brinton et al., 1989; Armes and Forney, 1990). Amino acid analysis of pur-
ified pili of H. influenzae strain Eagan revealed the pilin subunits to possess
a molecular mass of 21152 Da with 196 amino acid residues (Armes and
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Forney, 1990). This sequence determination was corroborated by the amino
acid sequence derived by gene analysis (Forney et al., 1991). These data are
consistent with the structural models of other bacterial pili, in which pilus
subunits (pilins) are assembled into long, multimeric pilus structures (pili)
on the bacterial surface.

On negative stain electron microscopy of pili of H. influenzae strain
Eagan, Stull et al. (1984) observed that pili possess a hollow core. On high
magnification, quick-freeze, deep-etch electron microscopy, St Geme et al.
(1996b) showed that pili are two-stranded, helical structures with regularly
spaced horizontal striations with cross-over repeats. In addition, they possess
a short, thin fibrillum at the tip, reminiscent of the fibrillar structure at the
tip of Escherichia coli pap pili.

Early analysis of H. influenzae pili suggested that these proteins are
complex structures, composed of three proteins (McCrea et al., 1994, 1997;
Watson et al., 1994; St Geme et al., 1996b). Pilins (also known as HifA) are
the major structural subunit. HifD proteins are located at the pilus tip in
short, thin, fibrillar structures, and HifE, also located at the pilus tip, pos-
sesses the epithelial cell adhesive domain (McCrea et al., 1997).

Haemophilus influenzae pilins are members of so-called class I major
fimbrial subunits (Low et al., 1992), and, as such, possess the structural fea-
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Figure 6.1. Transmission electron micrographs of H. influenzae strains stained with

phosphotungstic acid. (A) Non-piliated strain AAr176, 41600	. (B) Piliated strain

AAr176, 31200	.



tures common to these proteins, including two similarly placed cysteine res-
idues in the N-terminal region (McCrea et al., 1994). Recent analysis of the
predicted two-dimensional structure of pilins of a variety of Gram-negative
strains (Girardeau et al., 2000) demonstrated that H. influenzae pilins are
structurally related to the other class I major fimbrial subunits, sharing sim-
ilarities in their secondary structure, and comprise one (type IE) of seven
subfamilies of these fimbrial subunits.

Biogenesis of H. influenzae pili, like that of other members of the class
I family such as type 1 and pap pili of E. coli, is dependent on a periplasmic
chaperone (called HifB), which is a member of the E. coli pap pilus chape-
rone PapD family of immunoglobulin-like chaperones (Holmgren et al.,
1992; Hultgren et al., 1993; St Geme et al., 1996b). Although the crystal struc-
tures of the proteins involved in H. influenzae pilus biogenesis have not been
solved to date, presumably the structure of HifB will resemble that of PapD
(Sauer et al., 1999) and will function similarly to PapD in pilus biogenesis,
with the C-termini of the structural subunits binding to the conserved crevice
of the PapD cleft via �-zipper interactions. In this configuration, PapD caps
the interactive surfaces of the subunits, preventing their inappropriate aggre-
gation and proteolytic degradation (Kuehn et al., 1991, 1993). Crystal struc-
tural analysis of PapD complexed with PapK (a tip adapter of E. coli Pap pili)
demonstrated both donor strand complementation, in which the G1� strand
of PapD completes the immunoglobulin-like folding of the subunit by pro-
viding the integral G7� strand, as well as donor strand exchange, in which
subunit strands complete the folding of neighbouring subunits (Sauer et al.,
1999; Barnhart et al., 2000). Modelling of the H. influenzae HifA subunit
structure based on the E. coli PapD-PapK stucture showed high levels of
sequence conservation in regions predicted to interact with HifB, the H.
influenzae chaperone (Girardeau et al., 2000; Krasan et al., 2000).

6.4 FUNCTION OF HAEMOPHILUS INFLUENZAE PILI IN
ADHERENCE AND COLONIZATION

The ability of H. influenzae to agglutinate human erythrocytes was first
demonstrated in 1950 (Davis et al., 1950), and red cell agglutination was sub-
sequently shown to correlate strongly with adherence to human buccal epi-
thelial cells and with the presence of pili detected by electron microscopy
(Scott and Old, 1981; Guerina et al., 1982). In 1986, van Alphen et al. iden-
tified the Anton antigen (now called AnWj antigen) as the red cell receptor
for piliated H. influenzae. AnWj is borne on CD44, a member of the cartil-
age link protein family that is expressed on almost all tissues (Telen, 1995).
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AnWj is present on the red cells of most individuals, except those possess-
ing the dominant In(Lu) gene, which inhibits its expression (Gilsdorf et al.,
1989b). Expression of AnWj by red cells is developmentally regulated, as it
is not expressed by cord erythrocytes (van Alphen et al., 1986), is present in
only a minority of babies during the first 15 days of age, and is present in the
majority of babies by age 40 days. AnWj, or a similar molecule that also binds
Haemophilus influenzae pili, is also expressed on the buccal epithelial cells of
human individuals whose erythrocytes express AnWj (van Alphen et al.,
1987). H. influenzae possessing pili of varying antigenic specificities recog-
nize the same red cell receptor, AnWj, suggesting that the adhesin is con-
served among antigenically distinct pili (Gilsdorf et al., 1989b).

Although the red cell and buccal cell pilus receptors appear to be
related to the AnWj and CD44 antigens, the precise pilus-binding sites on
human cells remain to be defined. Several investigators (van Alphen et al.,
1991; Gilsdorf et al., 1996) have demonstrated that sialylated glycosphingo-
lipids, including the gangliosides GM1, GM2, GM3 and GD1a, inhibit
pilus-mediated binding of the organism to human respiratory cells. In addi-
tion, Fakih et al. (1997) showed by thin-layer chromatography that piliated
H. influenzae did not bind to desialylated HEp-2 gangliosides. Thus H.
influenzae pilus receptors on human epithelial cells appear to possess sial-
ylated ganglioside moities. Electron microscopy of human respiratory
tissues in organ culture that were infected with piliated and non-piliated H.
influenzae revealed that piliated strains preferentially attached to non-cili-
ated cells (Loeb et al., 1988; Farley et al., 1990) and to damaged cells (Read
et al., 1991).

Early studies of adherence of H. influenzae documented the ability of pili
to mediate binding of the organism to human respiratory cells, using human
buccal epithelial cells as the model (Guerina et al., 1982; Gilsdorf and
Ferrieri, 1984). Subsequent adherence studies have demonstrated cell type
specificity of pilus-mediated binding: pili facilitate binding of the organism
to human buccal epithelial cells and human bronchial epithelial cells but not
to HeLa cells (of human cervical carcinoma origin), A549 cells (of human
alveolar epithelial carcinoma origin), human nasal epithelial cells, human
tracheal fibroblasts, KB cells (of human oral epithelial carcinoma origin),
HEp-2 cells (of human laryngeal carcinoma origin), Chang epithelial cells (of
human conjunctival origin), HaCaT cells (human keratinocytes), and human
foreskin fibroblasts (Sable et al., 1985; Gilsdorf et al., 1996; St Geme and
Cutter, 1996). Furthermore, pili do not mediate adherence to animal cells,
including Bu¤alo green monkey cells, Madin–Darby canine kidney cells,
mink epithelial cells, rat buccal or nasal epithelial cells (Kaplan et al., 1983;
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Sable et al., 1985; Gilsdorf et al., 1996), which is synchronous with the obser-
vation that H. influenzae lives only in the respiratory tracts of humans.

In addition to its role in adherence to human respiratory cells, pili have
also been shown to facilitate adherence of the organism to human respira-
tory mucins (Kubiet et al., 2000), which may be an additional mechanism by
which the organism adheres to respiratory tract tissues.

Although the contribution of pili to the adherence of H. influenzae to res-
piratory epithelial cells has been well established, their contribution to the
establishment or maintenance of respiratory tract colonization is more diª-
cult to document, particularly in the absence of adherence, a prerequisite of
colonization, to respiratory cells of animal origin. Nevertheless, pili have
been shown to facilitate the initiation of nasopharyngeal colonization of rats
(Anderson et al., 1985) and rhesus monkeys (Weber et al., 1991).

6.5 FUNCTION OF PILI IN DISEASE DUE TO HAEMOPHILUS
INFLUENZAE

Haemophilus influenzae appears to be able to invade respiratory tissues
by both intracellular and intercellular routes, but pili seem to play little role
in these processes (Farley et al., 1990; Gilsdorf et al., 1996; Ketterer et al.,
1999). Virkola et al. (2000), however, showed that pili from a type b strain of
the organism bound to the heparin-binding extracellular matrix proteins
fibronectin and heparin-binding growth-associated molecule. Indeed, fol-
lowing intranasal, intraperitoneal or intravascular inoculation of the organ-
ism, rats receiving non-piliated cells were more likely to develop bacteraemia
and meningitis, and to die than those receiving piliated cells (Kaplan et al.,
1983; Gutierrez et al., 1990; Miyazaki et al., 1999). Furthermore, the organ-
isms recovered from the blood of animals inoculated with piliated strains
were non-piliated. This observation suggests that piliated cells are cleared
from the bloodstream more eªciently than are non-piliated cells. Two pos-
sible mechanisms have been proposed to explain this increased clearance –
increased antibody killing of piliated cells and increased opsonophagocyto-
sis of piliated cells. Indeed, non-piliated cells have been shown to be more
resistant to human serum and to bind complement less eªciently than do
piliated cells (Miyazaki et al., 1999). In addition, antibodies directed against
non-pilus surface antigens bind to piliated H. influenzae more readily than
to non-piliated cells, and these antibodies show greater complement-
mediated bactericidal activity against piliated bacteria than against non-
piliated organisms (Gilsdorf et al., 1993). Also, piliated H. influenzae
stimulates enhanced opsonization-dependent phagocytosis by neutrophils
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as compared with non-piliated cells (Tosi et al., 1985). Thus, although pili
appear to play an important role in the adherence of the organism to the
human respiratory tract and possibly to facilitate respiratory tract coloniza-
tion, they appear to play little or no role in invasion of the respiratory tract
and to predispose the organisms to increased serum and neutrophilic killing.

Few studies have investigated the role of pili in the development of acute
otitis media due to H. influenzae. Recently, however, Melhus et al. (1998)
showed that pili appeared to play no role in the frequency or intensity of acute
otitis media in a rat model using direct instillation of the organism into the
middle ear space.

While the major role of pili in respiratory cell adherence is, most likely,
to prevent the organism from being washed away by respiratory secretions,
pilus-mediated adherence to respiratory cells may stimulate other biological
processes related to immunity or disease. Clemans et al. (2000) demon-
strated that respiratory epithelial cells respond to stimulation with the organ-
ism by secreting interleukins 6 and 8. Although lipopolysaccharide (LOS)
accounted for only a portion of the stimulation, bacteria–epithelial cell inter-
actions with the adhesins pili, Hia, HMW 1 or 2, or Hap could not explain
the non-LOS stimulated response.

6.6 GENETICS OF HAEMOPHILUS INFLUENZAE PILI

Haemophilus influenzae pili are generated from the products of five
genes, hifA to E, located contiguously in the pilus gene cluster between
homologues of the E. coli housekeeping genes purE and pepN (van Ham et
al., 1989, 1994; Watson et al., 1994; McCrea et al., 1997; Gilsdorf, 1998) (Fig.
6.2). Most piliated strains possess one copy of the gene cluster; the exception
is the H. influenzae biogroup aegyptius (Hae) strains, which are associated
with conjunctivitis and include the Brazilian purpuric fever strains. Hae
strains possess two complete pilus gene clusters (Read et al., 1996), although
variation in individual genes between these copies occurs (Read et al., 1998).
One copy is inserted in the same genomic location as the gene clusters of
other H. influenzae strains – between the E. coli purE and pepN homologues
– while the other copy is inserted between the E. coli pmbA and hpt homo-
logues. The genomic DNA of H. influenzae strain Rd has been completely
sequenced and does not contain the pilus gene cluster (Fleischmann et al.,
1995).

hifA, located upstream from purE, is approximately 650 bp in length and
encodes the major pilus subunit pilin protein HifA. Each pilin possesses a
leader sequence of between 18 and 20 amino acid residues, followed by a
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mature protein of between 191 and 196 amino acid residues (Clemans et al.,
1998). Haemophilus influenzae pilins show sequence homology to pilins of E.
coli F17, type 1c, and Pap pili as well as pili of Klebsiella pneumoniae, Bordetella
pertussis and Serratia marcescens (Gilsdorf et al., 1990a). Among di¤erent
strains of the organism, hifA shows significant amino acid sequence hetero-
geneity, ranging from 59% to 100% identity by pairwise comparison
(Clemans et al., 1998). When hifAs of 26 strains were subjected to restriction
fragment length polymorphism (RFLP) analysis using the restriction
enzymes AluI and RsaI, 10 unique patterns were identified, with moderate
correlation between serotype and hifA genotype. On the basis of the adher-
ence of E. coli transformed with hifA gene sequences, some investigators
suggest that an epithelial cell-binding region of H. influenzae pili resides on
HifA (van Ham et al., 1995).

Upstream from hifA, but transcribed in the opposite direction, is hifB,
which is 711 bp in length and encodes a 214 amino acid residue protein with
strong nucleotide sequence homology to the immunoglobulin-like E. coli
chaperone protein, PapD (Hultgren et al., 1993). Like other bacterial pilus
chaperones, HifB binds to pilus subunits, including pilin (HifA) and HifD
(St Geme et al., 1996b), capping these proteins to prevent premature assem-
bly and stabilizing them against degradation. HifB possesses the Arg-8 and
Lys-112 residues critical to the binding pocket domain that lends stability to
the chaperone–subunit complex (Kuehn et al., 1993). Haemophilus influen-
zae with mutations in hifB express neither pilin (HifA) in periplasmic and
whole cell lysates nor pili on their surfaces and lack haemagglutinating activ-
ity (McCrea et al., 1994; van Ham et al., 1994; Watson et al., 1994; St Geme
et al., 1996b). HifB proteins show a high level of amino acid sequence homol-
ogy (95–98%) among di¤erent strains of the organism (Gilsdorf et al., 1997).

Downstream from hifB, and transcribed in the same direction, is a 2514
bp open reading frame, hifC, that encodes a 837 amino acid residue protein
with sequence homology to members of the pilus assembly platform (usher)
protein family, including FhaA of Bordetella pertussis, MrkC of Klebsiella pneu-
moniae, and FimD and PapC of E. coli (Watson et al., 1994). The usher proteins
escort pilus subunits from chaperone–subunit complexes into pili as they
become assembled, directing the correct order of the subunits (Dodson et al.,
1993). Mutations in hifC result in bacteria that produce pilins (HifAs), but not
pili. In addition, these mutants do not agglutinate human red cells, suggest-
ing that the function of the pilus adhesin has been altered (Watson et al., 1994),
possibly by failure of the HifE adhesin to be properly incorporated into the
assembling pili. HifC proteins show a high level of amino acid sequence
homology (97–98%) among strains of the organism (Gilsdorf et al., 1997).
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Immediately (16 bp) downstream from hifC is a 645 bp open reading
frame, hifD, that encodes a 216 amino acid residue lipoprotein-like protein
(van Ham et al., 1994). Its gene product, HifD, is incorporated into pili, and
is located at the pilus tip (St Geme et al., 1996b; McCrea et al., 1997). Mutants
possessing in-frame deletions in hifD express pilins (HifAs), but are unable
to assemble pilins into pili or to haemagglutinate (McCrea et al., 1994). HifD
has significant amino acid sequence homology to HifA, but not to pilus pro-
teins of other organisms (McCrea et al., 1994). The function of HifD has not
been defined, but may serve adapter/initiator functions, similar to those of
the PapK and PapF pilus tip proteins of E. coli (Hultgren et al., 1993). HifD
proteins show a modest level of amino acid sequence homology (74–92%)
among di¤erent strains of the organism (McCrea et al., 1998).

Downstream from hifD (27 bp) is a 1305 bp open reading frame, hifE,
that encodes a 435 amino acid residue protein located at the pilus tip
(McCrea et al., 1994; 1997). Mutations in hifE result in mutants that express
pilin, show reduced pilus expression, and exhibit no haemagglutination nor
buccal epithelial cell adherence (McCrea et al., 1994; van Ham et al., 1994).
These observations, plus the data showing that antibodies raised against
HifE completely block binding of piliated H. influenzae to human red cells
while antisera against HifA only partially blocks red cell binding (McCrea et
al., 1997), provide compelling evidence that the epithelial cell-binding
domain resides in HifE. HifE proteins show a modest level of amino acid
sequence homology (35–99%) among strains of the organism (McCrea et al.,
1998; Read et al., 1998).

Hif A, D and E, the subunits of mature, surface-assembled pili, show rel-
atively high amino acid sequence conservation at their C-termini, and
possess the chaperone-binding motif common to class I pili (Hacker, 1990;
Low et al., 1992; McCrea et al., 1994), including the penultimate tyrosine res-
idues that fit into the cleft between the two chaperone �-barrel domains and
the alternating hydrophobic residues in the C-terminal domain that, in inter-
actions with complementary structures on the chaperone, form the �-zipper
motif (McCrea et al., 1994). Mutation of the penultimate tyrosine residue of
HifA abrogates its binding to HifB (Krasan et al., 2000). In addition, Hif A,
D and E all possess the glycine located 14 residues from their C-termini that
appears to be important in subunit–subunit interactions (Clemans et al.,
1998; McCrea et al., 1998). Mutation of this glycine residue of HifA abrogates
HifA oligomerization, but has no impact on HifA-HifB binding (Krasan et
al., 2000).

Three recent studies have detailed by DNA sequence analysis the genomic
regions surrounding the pilus gene cluster from a variety of H. influenzae
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(Geluk et al., 1998; Mhlanga-Mutangadura et al., 1998; Read et al., 2000). All
of these analyses have documented the hypervariable, complex genetic organ-
ization of these regions, identifying insertions and/or deletions and multiple
direct and inverted repeat sequences. In addition, several strains displayed
partial deletions of HifE (seen in all type f strains tested) and HifD. The asso-
ciation of these genetic rearrangements with repeat sequences suggest that
these sequences may be recombination hot spots (Geluk et al., 1998; Read et
al., 2000). Analysis of C�G content of the pilus gene cluster shows it to be
39%, similar to that of the H. influenzae genome (Fleischmann et al., 1995),
suggesting that it is not a ‘pathogenicity island’, nor has it been incorporated
recently, in evolutionary terms, into H. influenzae from another bacterial
species. Approximately 90% of strains of the organism possess open reading
frames, named hicA and hicB, located between purE and hifA (Mhlanga-
Mutangadura et al., 1998; Read et al., 2000); whether the gene products of
these coding regions are expressed is unclear, as are their function.

Like some other bacterial pili, H. influenzae pili exhibit phase variation,
with a piliated to non-piliated switch frequency of 3	10�4 per bacterium
per generation and a non-piliated to piliated switch frequency of 7	10�4

per bacterium per generation (Farley et al., 1990). The genetic mechanism
governing pilus phase variation in this organism (van Ham et al., 1993)
appears to be slipped-strand mispairing occurring at a sequence of TA
repeats in the bidirectional pilus promoter located between hifA and hifB.
Haemophilus influenzae possessing 10, 11, or 12 TA repeats express pili,
while those expressing nine repeats do not. Geluk et al. (1988) showed that
red cell enrichment of non-piliated H. influenzae possessing nine TA repeats
yielded piliated variants that possessed 10 TA repeats. In addition, one strain
possessing four TA repeats was non-piliated. These data suggest that the
overlapping �10 and �35 sequences in this region are optimally oriented
for eªcient transcription when the promoter region contains 10 to 12 TA
repeats and fails to transcribe with nine or fewer TA repeats.

6.7 STRAIN TO STRAIN VARIATION OF HAEMOPHILUS
INFLUENZAE PILI

Haemophilus influenzae pili, like other surface structures of the organ-
ism, di¤er greatly from strain to strain, a characteristic that may facilitate
avoidance of local immunity and allow its survival in its environmental
niche, which is restricted to the antibody-laden, human nasopharyngeal
mucosa (Gilsdorf, 1998; Weiser, 2000). Rather than responding to changing
environmental cues through two-component or other complex regulatory
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systems, the organism appears to rely on the principles of population genet-
ics and evolutionary selection to survive. The large variety of genetic rear-
rangements described for the pilus gene cluster suggests a stochastic process
in which gene rearrangements occur frequently, potentially arming each
population of organisms with a number of variant types that possess survi-
val advantage under varied circumstances.

Non-piliated organisms may lack the entire pilus gene cluster, may
possess deletions in the pilus cluster genes, or may lack the optimal number
of TA repeats in the hifA-hifB promoter region to e¤ectively allow transcrip-
tion of the pilus genes (i.e. in the phase-variable ‘o¤’ position) (Geluk et al.,
1998; Mhlanga-Mutangadura et al., 1998; Read et al., 2000). Type f strains,
which appear to be fairly clonal on the basis of their HifA sequences
(Clemans et al., 1998), possess a conserved deletion encompassing most of
hifE (Read et al., 2000). On the other hand, Brazilian purpuric fever strains,
a subset of H. influenzae biogroup aegyptius, show complete duplication of
the pilus gene cluster, which explains why these strains are commonly pili-
ated – phase variation of both clusters to the ‘o¤’ motif is required for the
non-piliated phenotype. The circumstances for selection and persistence of
these genetic mutations are unclear. Data showing that piliated isolates are
selected against during mucosal colonization and bacteraemia (Kaplan et al.,
1983; Weber et al., 1991; Miyazaki et al., 1999) suggest that pili may play a
role in transmission from host to host or in the early stages of microbial
adherence to, and colonization of, mucosal sites.

In addition to heterogeneity of pilus genes from strain to strain, the
organism demonstrates mosaicism among genes in the pilus cluster.
Comparison of RFLP patterns of hifA and hifD/E from a number of strains
revealed discordance – i.e. among strains whose hifA patterns were alike,
their hifE patterns were variable and vice versa (McCrea et al., 1998). This
apparent ‘mixing and matching’ of pilus genes may be explained by horizon-
tal gene transfer in which DNA is taken up by the organism by natural trans-
formation (a well-known characteristic of H. influenzae) and incorporated
into the bacterial genome by homologous recombination. Data showing
similar rearrangements in the purE-hifA region among strains from dispar-
ate genetic backgrounds, such as typeable and non-typeable strains, as well
as very di¤erent rearrangements in this region among type b strains that
have identical hifE genes, is further evidence of possible horizontal gene
transfer (Read et al., 2000). Mosaicism within pilus genes, facilitated by hor-
izontal transfer, may explain regional similarities of hifE gene sequence
among strains with di¤erent leader sequences (McCrea et al., 1998).

Besides demonstrating genetic heterogeneity, pili also demonstrate
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antigenic heterogeneity. Antibodies raised to Hib strain Eagan denatured
pilins (HifA) – the 24 kDa protein cut from SDS-PAGE gels – bound to pilins
of all type b and non-typeable strains tested (Gilsdorf et al., 1992). On the
other hand, antibodies raised to Hib strain Eagan native pili (which are
directed at pilin/ HifA) (Forney et al., 1992; McCrea et al., 1997) bound to
50% of 22 piliated Hib strains, while antibodies raised to Hib strain M43
native pili bound to 82% of 22 piliated Hib strains; neither of these antisera
bound to 12 piliated non-typeable strains (Gilsdorf et al., 1992). Furthermore,
these antibodies raised to native pili did not bind to denatured pilins of any
strains, including the homologous strains, on Western blot assays, demon-
strating that their antigenic specificity was directed at conformational epi-
topes not present on the denatured antigens (Gilsdorf et al., 1990b).

Antisera raised to native HifD and HifE of Hib strain Eagan bound to all
piliated type b strains and to none of the non-typeable strains tested, suggest-
ing that HifE epitopes are conserved on type b strains and heterogeneous on
non-typeable strains (McCrea et al., 1998). This finding corroborates the
finding that the RFLP patterns of hifEs from type b strains were identical,
while those from non-typeable strains were variable (McCrea et al., 1998).

6.8 HAEMOPHILUS INFLUENZAE PILUS VACCINES

Because pili are located on the bacterial surface, are immunogenic, and
are the target of bactericidal antibodies (LiPuma and Gilsdorf, 1988), they are
attractive candidates for vaccines that inhibit bacterial adherence to the res-
piratory tract and/or stimulate bactericidal antibodies, thus preventing infec-
tion and disease. Indeed, antibodies against H. influenzae pili inhibit the
adherence of strains possessing immunologically homologous pili (LiPuma
and Gilsdorf, 1988; Forney et al., 1992). In animal studies using purified pili
as the immunogen, 40% of vaccinated chinchillas, compared with 93% of
control animals, developed otitis media after intrabullar challenge with the
homologous strain (Karasic et al., 1989). Similarly, after nasopharyngeal
challenge, 17% of vaccinated chinchillas, compared with 75% of control
animals, developed otitis media. This vaccine has not progressed in develop-
ment; on the basis of antibody binding data, it would not be expected to
protect against challenge with heterologous strains.

6.9 THE FUTURE

Haemophilus influenzae is a highly adaptable organism, well suited for
survival in its unique environment. The genetic mechanisms that foster this
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adaptability are being defined. Pili, which exhibit many of the basic mecha-
nisms that underly the diversity of the organism’s pathogenic factors, consti-
tute an excellent model for further understanding important evolutionary
aspects of bacterial survival.

Over the past two decades, considerable progress has been made in
understanding the structure and function of H. influenzae pili. Yet, impor-
tant questions remain. What is the epithelial cell receptor to which pili bind?
What is the epithelial cell-binding domain on HifE? Do pili, or their peptides,
have a place as vaccine antigens? What host epithelial cell responses do pili
stimulate, if any? What are the forces that drive the dramatic heterogeneity
of pili? What are the bacterial mechanisms that facilitate this heterogeneity?
Future studies will undoubtedly lead to answers to these important ques-
tions.
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PART II Effect of adhesion on bacterial
structure and function





CHAPTER 7

Transcriptional regulation of meningococcal
gene expression upon adhesion to target cells

Muhamed-Kheir Taha

7.1 INTRODUCTION

Initial interactions between pathogenic bacteria and target cells are
crucial events in cell infection. Bacteria have developed various regulatory
networks to interact with their hosts. These mechanisms tend to favour bac-
terial survival and multiplication in infectious sites.

In extracellular bacteria such as Neisseria meningitidis and Neisseria
gonorrhoeae, several structures have evolved to permit eªcient adhesion to
target cells. These two species are exclusive human pathogens. Neisseria
meningitidis–host cell interactions alternate between asymptomatic car-
riage and invasive infections. The organism provokes septicaemia and then
may invade the subarachnoidal space and causes meningitis. Other local-
izations are also observed, such as arthritis. Meningococcal infections
occur as sporadic or epidemic cases. Factors that provoke meningococcal
epidemics have not been fully elucidated. They are thought to be related to
both host and bacteria as well as to the environment. Meningococcal strains
involved in epidemics are usually di¤erent from those isolated from spo-
radic cases. Using genetic typing approaches, epidemic clones can be clus-
tered into a few groups (clonal complexes). The percentage of healthy
carriers in the general population is about 10%; however, very few individ-
uals develop invasive infections. Moreover, meningococcal strains isolated
from carriers are highly heterogeneous and di¤er genetically from invasive
strains.

Bacteria first adhere to the epithelium of the nasopharynx and may then
be translocated into the bloodstream. To gain entry into the cerebrospinal
fluid (CSF), N. meningitidis has to adhere to endothelial cells and to cross the
blood–CSF barrier. During the septicaemia phase, the organism interacts
with components of the host immune system. Meningococci, as well as
endotoxin released by the bacteria, are potent inducers of the inflammatory
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response. The production of cytokines, and particulary tumour necrosis
factor (TNF)�, is a key element in this process and in the outcome of menin-
gococcal infection. Subsequently, injury to endothelial cells leads to capillary
leakage. Coagulopathy and intravascular thrombosis also result from inap-
propriate activation of the coagulation system. Bacterium–host cell interac-
tion is therefore essential for N. meningitidis pathogenesis and adhesion of
the organism to epithelial and endothelial cells are crucial steps in the infec-
tion process.

7.2 MENINGOCOCCAL ADHESION: DESCRIPTIVE VIEW

This chapter will focus particularly on the modulation of the expression
of bacterial structures during adhesion. Modifications of target cells upon
bacterial adhesion will not be extensively described. Bacterial adhesion to
target cells often involves a multistep pathway consisting of (i) initial adhe-
sion and (ii) intimate adhesion involving close contact between the organism
and the target cell.

7.2.1 Structures involved in initial adhesion

Pili, filamentous structures on the bacterial surface, are composed
mainly of protein subunits called pilin. Meningococcal pili are type IV pili
and play a key role in mediating interactions with host cells. Non-piliated bac-
teria are not able to adhere eªciently to target cells. Pilin is encoded by the
chromosomal gene pilE. It undergoes phase and antigenic variation, phe-
nomena that are implicated in many aspects of meningococcal virulence.
Pilin antigenic variation has been shown to modulate adhesiveness to
human epithelial cells in both N. meningitidis and the closely-related species
N. gonorrhoeae (Rudel et al., 1992; Virji et al., 1992; Nassif et al., 1993; Jonsson
et al., 1994).

Pili make an essential contribution to N. meningitidis adhesion (particu-
larly in capsulated meningococci) by allowing initial (localized) adhesion to
target cells. Pili are the only structures able to transverse the capsule. The
negatively charged meningococcal capsule is expected to hinder bacte-
rium–host cell contact. Indeed, capsule- and/or lipo-oligosaccharide (LOS)-
associated sialic acid have been reported to interfere negatively with
adhesion of N. meningitidis (see below).

Two homologous proteins, PilC1 and PilC2, are also key elements in the
structure of pili, since the production of at least one PilC protein is required
for pilus assembly. In addition, PilC1 (but not PilC2) modulates adhesive-
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ness, most likely by being the adhesin (Jonsson et al., 1991; Nassif et al.,
1994; Rudel et al., 1995). These proteins have been shown to be the pilus tip-
located adhesins in N. gonorrhoeae (Rudel et al., 1992, 1995). However, PilC
proteins have also been reported to be localized in the outer membrane of
meningococci (Rahman et al., 1997). In N. meningitidis, mutants that do not
express PilC1 are non-adhesive, PilC2 alone is not capable of promoting bac-
terial interaction with cells (Nassif et al., 1994). This suggests that in this
organism, unlike N. gonorrhoeae, only PilC1 recognizes the eukaryotic
receptor. The PilC proteins are subject to phase variation. The mechanism
responsible for this event results from changes in the number of nucleotide
residues within a tract of poly(G) located in the signal peptide-encoding
sequence (Jonsson et al., 1991). Variations of both pilC and pilE are able to
modulate meningococcal pilus-mediated adhesion. Several components of
target cells have been proposed to participate in pilus-dependent interac-
tions between bacteria and cells, for example CD46, a complement regula-
tory glycoprotein. Subsequently, bacterial attachment causes a transient
increase in cytosolic free Ca2� in target cells (Källström et al., 1998).
Antibodies directed against CD46 and purified CD46 are able to block
binding of meningococci to target cells. Moreover, piliated but not non-pili-
ated Neisseria are able to bind to transfected Chinese hamster ovary cells
expressing human CD46 (Källström et al., 1997). In a recent study, neisse-
rial type IV pili were reported to be required for cortical plaque formation in
epithelial cells (Merz et al., 1999). These plaques are enriched with cellular
components that are involved in bacterial adhesion to target cells. This
recruitment of cellular components in plaques upon pili-mediated initial
adhesion may increase the concentration of local receptor(s) at the surface
of target cells. Subsequently, other adhesin-receptor pairs could bind eª-
ciently (Merz et al., 1999).

7.2.2 Structures involved in intimate adhesion

During this step, membranes of bacteria and target cells come into close
contact and microvilli seem to disappear from the surface of infected cells.
Several meningococcal surface structures have been proposed to play a role
during this step. Surface adhesins have been reported, for example the Opc
outer membrane protein and Opa outer membrane protein families ( Stern
et al., 1986; Achtman et al., 1988; Aho et al., 1991). Opc and Opa share many
features and may confer colonial opacity. The expression of the genes encod-
ing these proteins undergoes phase variation. For opa genes, the mechanism
responsible for this event results from changes in the number of pentamer
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repeats, CTCTT, within the signal peptide-encoding sequence (Stern et al.,
1986). The expression of opc is modified by changes in the number of nucle-
otide residues within a tract of poly(C) located within the promoter region
(Sarkari et al., 1994).

Cellular receptors for Opc and Opa have been reported. The Opa family
of neisserial proteins may interact with several members of the CD66 family
(Virji et al., 1996; Gray-Owen et al., 1997; Dehio et al., 1998). CD66 (CEA,
carcinoembryonic antigen) seems to mediate interactions between Opa-
expressing Neisseria and human cells such as endothelial cells, polymorpho-
nuclear phagocytes, and certain epithelial cells (Virji et al., 1996). However,
certain opa proteins are also able to use proteoglycans as substrates for bac-
terial adhesion (Duensing and van Putten, 1997). Opc was reported to inter-
act with integrins on endothelial cells via interaction with serum vitronectin
(Virji et al., 1994). Moreover, meningococci producing Opc also bind epithe-
lial cell proteoglycan receptors (de Vries et al., 1998). Opc� and/or Opa�

meningococci can be isolated from cases of invasive meningococcal infec-
tions, indicating that other structures could also participate in intimate adhe-
sion. Multiple glycolipid-binding adhesins have been reported in pathogenic
Neisseria; however, further characterization is needed to elucidate their role
in the adhesion process (Paruchuri et al., 1990).

7.3 MENINGOCOCCAL ADHESION: MECHANISTIC VIEW

If all surface structures of N. meningitidis were present at the same time
during the entire period of its interaction with a host cell, this interaction
would not be eªcient as steric hindrance would obviously prevent intimate
adhesion. Capsule and/or LOS-associated sialic acid have been reported to
interfere negatively with meningococcal adhesion (Virji et al., 1992; de Vries
et al., 1996; Hammerschmidt et al., 1996; Hardy et al., 2000). Indeed, it has
been reported that an Opc-expressing galE mutant (capsulated but lacking
sialic acid on LOS) was able to bind a soluble proteoglycan receptor but was
unable to interact eªciently with this receptor on the epithelial cell surface
(de Vries et al., 1998). An Opc-expressing siaD mutant (non-capsulated but
expressing sialic acid on LOS) was unable to interact with the soluble prote-
oglycan receptor or with this receptor on the epithelial cell surface. siaA and
cps mutants (non-capsulated and lacking sialic acid on LOS) were able to bind
the soluble proteoglycan receptor and to interact eªciently with epithelial
cell surfaces (de Vries et al., 1998). While capsulated non-piliated strains are
not able to adhere eªciently to target cells, non-capsulated meningococci are
able to adhere in a pili-independent manner.
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Neisseria meningitidis interacts with several cellular barriers during infec-
tion (epithelial and endothelial cells). These steps are separated by a dissemi-
nation step in the blood stream. It could be hypothesized that modulation of
the expression of genes encoding adhesion-involved structures is crucial
during this organism’s pathophysiological processes.

Contact between capsulated N. meningitidis and viable target cells seems
to be a signal that promotes e¤ective adhesion. This adhesion requires the
presence of pili and PilC1. Indeed, adhesion of the organism to viable epi-
thelial or endothelial cells is more eªcient than adhesion to glutaraldehyde-
treated cells (Taha et al., 1998). Moreover, the adhesion level (the percentage
of cell-associated bacteria) of capsulated meningococci seems to increase as
bacterium–host cell contact progresses (Fig. 7.1). These data indicate that
adhesion could be induced upon cell contact.
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Figure 7.1. Left: Extent of adhesion of N. meningitidis (strain 8013) to Hec-1-B epithelial

cells. Infection was performed with a multiplicity of infection of 1:10 as described by
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the plates and the extent of adhesion was measured. Right: Extent of adhesion of N.

meningitidis (strain 8013) to Hec-1-B epithelial cells. Infection was performed as above
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7.3.1 Optimal initial adhesion in meningococci necessitates the
induction of the expression of pilC1 but not that of pilE

In spite of the fact that PilC1 and PilC2 are highly homologous (80%
identity), only PilC1 is involved in meningococcal adhesion. While the C-ter-
minal halves of these two proteins are almost identical, sequence diversity is
located in the N-terminal parts of both proteins. The functional di¤erence
between PilC1 and PilC2 could be then due to this sequence diversity.
Moreover, pilC1 and pilC2 are also distinguishable at the transcriptional
level, since they are controlled by distinct promoters (Fig. 7.2). The di¤erence
between the organization of the regulatory regions of pilC1 and pilC2 loci is
in a good agreement with the di¤erent functions of these proteins. pilC2 is
expressed from a classical �35/�10 promoter, while pilC1 can be tran-
scribed from three promoters. One corresponds to PC1.1 and is in fact iden-
tical with the pilC2 promoter. Two others (PC1.2 and PC1.3) are located
further downstream in a DNA region (size 150bp) not found in pilC2. PC1.3
seems to be the major transcription start point (TSP) for pilC1. Transcription
from PC1.2 is quite minor. No canonical consensus sequence was found
upstream from PC1.3 (Taha et al., 1996, 1998).

The use of reporter genes (such as lacZ, which encodes �-galactosidase)
has facilitated the monitoring of the expression of meningococcal genes
involved in initial adhesion. The expression of pilC1, but not that of pilC2,
seems to be induced early, and temporarily, upon contact with viable cells but
not with glutaraldehyde-treated cells (Taha et al., 1998). Furthermore, no
induction of pilC1 expression was observed in the presence of extracts of epi-
thelial cells obtained by sonication. This induction depends on the expres-
sion of pilC1 from the major TSP that is located in the specific fragment in
the promoter region of pilC1 that is absent from pilC2 (Fig. 7.2; Taha et al.,
1996, 1998). The inactivation of this TSP abolished the induction of the
expression of pilC1 upon contact of the bacteria with the host cells and
caused a dramatic reduction in adhesion. These data indicate that the up-reg-
ulation of pilC1 expression is at the transcriptional level and is a result of
physical contact between the meningococcus and the surface of a viable
target cell. The fragment in the promoter region involved in the induction of
the transcription of pilC1 upon contact with target cells has been named
CREN for contact regulatory element of Neisseria. One obvious mechanism
by which this up-regulation might control adhesiveness is by increasing pil-
iation. The expression of pilE does not seem to be induced upon contact with
cells, and the pilE promoter region does not harbour a CREN-like element
(Taha et al., 1996; Deghmane et al., 2000). Taken together, these data demon-
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strate that the up-regulation of pilC1 does not increase meningococcal pilus-
mediated adhesion by increasing the number of pili, but suggest that this
e¤ect is linked directly to the adhesive function of PilC1. An intriguing
finding is the fact that up-regulation of PilC1 does not modify the piliation
of meningococci adhering to cells, thus raising the question of the mecha-
nism by which the increasing level of PilC1 up-regulates adhesiveness. One
explanation is that a basal level of PilC1may be suªcient to promote the for-
mation of pili whereas a higher production could be required to localize
PilC1 in the pilus and eventually at the tip of the fibre. This would explain
why PilC1 of bacteria grown on standard media were reported as being asso-
ciated with the outer membrane and not with the pili (Rahman et al., 1997),
in contrast to a previous report (Rudel et al., 1995).

In meningococci, the CREN element upstream from the pilC1 gene is
conserved in di¤erent strains belonging to di¤erent genetic lineages but
seems to be absent in commensal Neisseria strains (Deghmane et al., 2000).
As bacterial adhesion to target cells seems to involve several genes, the
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presence of such a regulatory fragment in the pilC1 promoter region might
suggest that other meningococcal genes may possess this fragment and
could be controlled co-ordinately during bacterium–host cell interactions.

7.3.2 Intimate adhesion: how to switch on?

Once initial adhesion has been established, a subsequent negative feed-
back on the expression of pilC1 is then observed and the level of expression
of pilC1 declines to its basal level at a late (intimate) step of bacterial adhe-
sion (Taha et al., 1998). pilE expression also seems to be down-regulated
during intimate adhesion as judged by the pilE-lacZ transcriptional fusion.
The level of pilin protein (encoded by the pilE gene) is also reduced and pili
seem to disappear (Fig. 7.3; Pujol et al., 1999). During the intimate adhesion
step, structures involved in initial adhesion seem to be modulated at the
transcriptional level (down-regulation for pilE and negative feedback for
pilC1). If this is a prerequisite to switch to intimate adhesion, it could be
hypothesized that a regulatory protein may be induced upon cell contact and
can then act on the expression of pilE, pilC1 and probably other genes inter-
fering with initial adhesion. To be induced by cell contact, the gene encoding
such a regulator may be under the control of a CREN-like element.
Consistent with this hypothesis is the fact that hybridization experiments
using the CREN fragment as a probe suggest that CREN homologues are
present in several chromosomal loci (Deghmane et al., 2000).

crgA (contact-regulated g
–
ene A) is a gene encoding a protein of 299

amino acid residues that is under the control of a CREN-like element.
Promoter mapping of crgA detected two TSPs: P1 and P2. They reside within
the CREN-like element in the promoter region of crgA (Fig. 7.2). As for pilC1,
crgA is also up-regulated by target cell contact by the induction of transcrip-
tion from P2 (Fig. 7.2; Deghmane et al., 2000). CrgA shares a strong homol-
ogy (between 47% and 77%) with LysR-type transcriptional regulators
(LTTR), possibly the most common type of transcriptional regulator in pro-
karyotes. LTTRs are involved in very diverse biological functions such as
amino acid biosynthesis and regulation of virulence factors (Schell, 1993).
CrgA seems to be a good candidate for the control of the switch between
initial and intimate adhesion.

Insertional inactivation of crgA results in a dramatic reduction of menin-
gococcal adhesion to target cells, particularly at the late stage of meningococ-
cal–host cell interaction (intimate adhesion) (Deghmane et al., 2000). While
the wild-type strain was able to establish intimate adhesion, the crgA mutant
showed a quite di¤erent interaction with target cells. Indeed, the crgA
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mutant was unable to adhere intimately to cells. Bacteria were always distant
from the cell surface; the bacterial and host cell membranes were never
observed to come into direct contact and microvilli were still present at the
surface of the cells (Fig. 7.4; Deghmane et al. 2000).

7.3.3 CrgA: mode of action

If CrgA is to control the switch from initial to intimate adhesion it should
be able to bind to the promoter regions of genes involved in initial and/or
intimate adhesion. Indeed, purified CrgA was used in gel mobility shift
assays and shown to be able to bind to pilC1, pilE, sia and crgA promoters
(Deghmane et al., 2000; A. Deghmane and M.-K. Taha, unpublished data).
sia genes are involved in the biosynthesis of sialic acid-containing capsules.

Alignment of the DNA sequences of these four promoters and analysis
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by gel mobility shift assays using di¤erent promoter fragments enabled the
identification of minimal CrgA-binding sequences in these promoters.
Interestingly, these latter fragments were found to contain several copies of
the T-N11-A motif, which has been suggested to be the recognition site for
LTTRs (Schell, 1993). Footprinting analysis using purified CrgA and target
promoter regions confirmed the binding site of CrgA (A. Deghmane and
M.-K. Taha, unpublished data). The CrgA binding site is located immediately
upstream from the CREN element in both pilC1 and crgA (no CREN element
is present in the pilE and sia promoter regions).

CrgA binds to its own promoter and has a negative autoregulatory e¤ect
(Deghmane et al., 2000). In a crgA mutant, the expression of pilC1 (as judged
by the pilC1-lacZ transcriptional fusion) showed an increase in �-
galactosidase activity in host cell-associated bacteria, reflecting the induction
of pilC1. However, in contrast to the wild-type strain, this induction was
maintained throughout the adhesion of the crgA mutant (no negative feed-
back). These results suggest that at least part of the e¤ect of crgA inactivation
(diminution of adhesion and absence of intimate adhesion) might be due to
the absence of the negative feedback regulation on pilC1 after initial adhe-
sion to target cells. CrgA could, therefore, be a negative regulator of pilC1
during the intimate phase of bacterial adhesion.

In meningococci, crgA seems to be expressed at a very low level in the
absence of contact with target cells. However, it is noteworthy that the expres-
sion of crgA, like that of pilC1, is induced upon bacterium–host cell contact.
The nature of the signal responsible for the induction of the expression of
crgA and pilC1, as well as the regulatory protein(s) required, remain to be
determined. However, this induction depends on the presence of CREN in
the promoter region. Once crgA is induced, it seems to repress the expres-
sion of pilC1 after the initial phase of induction. The fact that CrgA is able to
bind to the pilC1 promoter immediately upstream from CREN favours this
hypothesis. Indeed, the CrgA-binding site is distinct from the sequence nec-
essary for transcriptional stimulation by bacterium–host cell contact (Taha et
al., 1998; Deghmane et al., 2000). CrgA may modulate the function of CREN
by binding DNA in the near vicinity of the regulatory element.

As CrgA binds to the promoter region of sia, and as the capsule is known
to hinder bacterium–host cell contact, it is tempting to hypothesize that
capsule synthesis is also down-regulated during intimate meningococ-
cus–host cell interaction and, most likely, the expression of pilE. The e¤ect
of crgA on the expression of the capsule of other serogroups (not containing
sialic acid, such as serogroup A) remains to be tested.

Trans-acting regulators of the LTTR family that are able to modulate the
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expression of virulence factors have been reported in several bacteria. One
example is Salmonella typhimurium SpvR, which regulates the expression of
spv virulence genes involved in spleen invasion (Caldwell and Gulig, 1991;
Coynault et al., 1992). LTTRs are thought to act in a co-inducer-responsive
manner in order to permit optimal bacterial survival and adaptation to envi-
ronmental factors (Schell, 1993). Co-inducers are usually small compounds
that are specific to a particular environmental condition. Such a co-inducer
remains to be identified in N. meningitidis.

7.4 BACTERIUM–HOST CELL CROSS-TALK: THE BACTERIAL SIDE
OF THE STORY

Adhesion of N. meningitidis to target cells provokes bacterium–host cell
cross-talk. A new aspect of this meningococcus–host cell interaction is the
fact that the bacterium also undergoes an adaptive response through a signal
transduction pathway involving a network of regulators acting in cascade
(Fig. 7.4). CrgA could be a member of this network and could be involved in
a co-ordinated regulation of bacterial genes such as pilC1, pilE and sia. Other
bacterial regulators of this pathway remain to be identified, as well as other
targets of CrgA regulation.

Negative feedback of pilC1might be necessary for bacterial adhesion to
progress further to intimate adhesion. This latter may occur by the unmask-
ing of the structures involved. The fact that CrgA binds to the sia gene pro-
moter suggests that CrgA may directly repress capsule synthesis during
intimate adhesion. However, capsule diminution may be a consequence of
intimate adhesion rather than occurring prior to it. Alternatively, CrgA, once
induced, might stimulate the expression of gene(s) involved in intimate
adhesion. These genes remain to be identified, and the purification of CrgA
should facilitate this identification. According to the second hypothesis,
CrgA might act as both a positive and a negative regulator of the transcrip-
tion of target genes. Regulators of the LTTR family are very diverse. In
general, they are positive transcriptional regulators with a negative autoreg-
ulatory e¤ect (Schell, 1993). However, several LTTRs can act as repressors or
even as repressor-activators, such as the TfdS protein encoded by pJP4 in
Alcaligenes eutrophus (Kaphammer and Olsen, 1990). The identification of
crgA, which seems to be required for intimate adhesion, confirms that inti-
mate adhesion is dissociable from initial pilus-mediated meningococcal
attachment to target cells (Pujol et al., 1999; Deghmane et al., 2000). The fact
that crgA is needed for the negative feedback of pilC1 does not conflict with
the observed reduction in adhesion by the crgA mutant. Indeed, the reduc-
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tion in adhesion level is observed after 9 hours of meningococcus–host cell
interaction. After 1 hour of infection, the crgA mutant and the wild-type
strain showed comparable levels of induction of pilC1 and comparable levels
of adhesion to epithelial cells. CrgA would only reduce the level of PilC1 to
its initial level. pilC1 induction may be necessary in the early initial (focal)
adhesion but its high level may hinder intimate contact.

Target cells (particularly the cell cortex) seem to undergo several dra-
matic modifications (morphological and biochemical changes) such as loss
of microvilli and carbohydrate-containing surface structures, possibly as a
result of signal transduction in the cell. Whether these modifications are
induced by N. meningitidis or provoked by di¤erent physiological states of the
target cells remains to be analysed (Deghmane et al., 2000). These di¤erent
cellular states may be necessary for the bacteria to be able to infect target
cells.

Neisseria gonorrhoeae, which is closely related to N. meningitidis, has been
shown to induce the production of inflammatory cytokines by epithelial cells.
This induction is dependent on the activation of the transcriptional factor
NF-�B and requires the adhesion of N. gonorrhoeae to epithelial cells
(Naumann et al., 1997). Moreover, we have recently shown that piliated
(adhesive) meningococci, but not non-piliated (not adhesive) meningococci,
are able to induce the expression of the TNF-� encoding gene in target cells
(Taha, 2000). This induction could be provoked by a pilus-activated signal
transduction pathway in target cells. Interestingly, cortical plaque formation
in meningococcus-infected epithelial cells also required pilus-mediated
adhesion (Merz et al., 1999). Pili may play an inducer role in bacterial adap-
tation upon cell contact. Complex signalling pathways have evolved in many
bacterial systems to permit such an adaptation. Microbial adaptation to the
environment may resemble the physiological and genetic di¤erentiations
that are usually ascribed to higher organisms (Rosenzweig and Adams,
1994).

In pathogenic Neisseria, DNA rearrangements have been shown to allow
the appearance of genetically di¤erent bacteria. These phenomena would
enable the bacteria to escape the host immune response and to modulate bac-
terial adhesion and invasion to di¤erent cellular lines (Nassif and So, 1995).
These DNA arrangements appear at a relatively low frequency of 10�2 to 10�3

per cell per generation. Alternatively, a central and pleiotropic regulatory
system could allow these pathogens to adapt in a more co-ordinated and
responsive manner to environmental changes. In the latter case, all
members of the bacterial population could be involved in this response.

Contact with cells has recently been recognized as a signal for the
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transcription of bacterial genes (Cornelis, 1997). In uropathogenic
Escherichia coli, the expression of a gene essential for the response to iron
starvation has been shown to be induced by the interaction of P pili with their
receptors (Zhang and Normark, 1996). In Yersinia pseudotuberculosis, the
bacterium–host cell contact modulates the expression of Yop proteins
through a type III secretion system (Pettersson et al., 1996).

Epithelial cells are located at the interface between the external environ-
ment and the host. Pilus-mediated adhesion could be responsible for target-
ing the interaction of bacteria to these cells (Abraham et al., 1998). This
interaction would be expected to facilitate the passage of bacteria to internal
compartments of the host. The activation through signal transduction path-
ways of bacteria and these strategically located cells is therefore a key element
in neisserial pathogenesis.

Adhesion involves a sophisticated sequence of signalling pathways in
both the host and the bacterium. Several issues remain to be elucidated, in
particular the signal(s) recognized by bacteria upon contact with target cells.
Moreover, the identification of other regulatory proteins involved in signal-
ling pathways may help in understanding Neisseria–host cell interactions.
Indeed, several regulatory loci have been revealed among the neisserial
genomic sequences (Parkhill et al., 2000; Tettelin et al., 2000). For example,
density-dependent interactions (quorum sensing) may control modulation
of gene expression. Extensive adaptation within meningococcal populations
may confer upon them many advantages during their interactions with host
cells.
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CHAPTER 8

Induction of protein secretion by Yersinia
enterocolitica through contact with 
eukaryotic cells

Dorothy E. Pierson

8.1 INTRODUCTION

Contact-dependent secretion pathways, also known as type III secretion
pathways, have been identified in a large number of animal and plant path-
ogenic bacteria (Van Gijsegem et al., 1993; Cornelis and Van Gijsegem,
2000). The designation ‘contact dependent’ comes from the observation that
proteins are secreted from bacteria after they contact their particular eukar-
yotic cell target (Ginocchio et al., 1994; Ménard et al., 1994; Rosqvist et al.,
1994; Wol¤ et al., 1998; Vallis et al., 1999; van Dijk et al., 1999). The name
type III di¤erentiates this secretion pathway from the four other secretion
pathways that have been identified thus far in Gram-negative bacteria (for
recent reviews, see Henderson et al., 1998; Wandersman, 1998; Burns,
1999; Stathopoulos et al., 2000; Thanassi and Hultgren, 2000; ). Many of the
components of the type III secretion pathways of Gram-negative bacteria
resemble components of the flagellar assembly apparatus found in these
same organisms (Minamino and Macnab, 1999; Bennett and Hughes,
2000).

Yersinia enterocolitica, a pathogen of a variety of mammals, has three
apparently independent type III secretion pathways that are involved in vir-
ulence. The best studied of these (and probably the best-studied type III
secretion pathway in all bacteria), the plasmid-encoded Ysc secretion
pathway, is found in all three pathogenic species of Yersinia – Y. enterocolit-
ica, Y. pestis and Y. pseudotuberculosis (for a review, see Cornelis and Van
Gijsegem, 2000). This contact-dependent secretion pathway is involved in
the secretion of 11 proteins, termed Yops, most of which are translocated into
host cells, where they alter host cell functions, resulting in the inhibition of
antimicrobial activities of phagocytic cells (for a review, see Cornelis, 2000).
The action of individual e¤ector Yops on the mammalian cell has been well
covered in several recent reviews (e.g. Bliska, 2000; Cornelis, 2000) and will
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not be discussed here. The other two type III secretion pathways in Y. ente-
rocolitica, the Ysa and flagellar type III secretion systems are less well char-
acterized. The Ysa secretion pathway secretes at least eight proteins (Haller
et al., 2000). The functions of these secreted proteins are not known individ-
ually; however, it is clear that this pathway is required for virulence, possibly
in the early stages of infection, as strains containing mutations in this
pathway are slightly attenuated for virulence when given orally, but are as vir-
ulent as parental strains when given intraperitoneally (Haller et al., 2000).
The flagellar type III secretion pathway secretes 14 proteins (Young et al.,
1999). One of the targets of this pathway has been identified thus far, a phos-
pholipase, YplA, which contributes to host colonization by Y. enterocolitica
(Schmiel et al., 1998; Young et al., 1999). Evidence to date suggests these
three secretion pathways act independently. The in vitro signals that induce
secretion di¤er for each pathway (Portnoy et al., 1981; Straley and Brubaker,
1981; Young et al., 1999; Haller et al., 2000). Mutants in the Ysc secretion
pathway are unaltered in secretion of the targets of the Ysa secretion pathway
(Haller et al., 2000). Finally, a mutant in one component of the Ysa secretion
pathway is unaltered in Yop secretion as well as in phospholipase activity or
motility, two targets of the flagellar secretion pathway (Haller et al., 2000).

As described above, type III secretion pathways are also referred to as
contact dependent because, in the cases that have been examined, protein
secretion occurs when bacteria come in contact with eukaryotic cells. The
eukaryotic cell signal sensed by adherent bacteria that lets them know they
are attached has not been established. More is known about the bacterial
factors that sense this contact as well as the consequences of this contact on
gene expression and protein secretion. The Ysa and flagellar secretion path-
ways have not been demonstrated to be contact dependent. Therefore, this
chapter will focus on the Ysc secretion pathway and the consequences of host
contact on its expression and activity. Because there are excellent reviews on
the function of the secreted proteins, I will not touch on this topic. The work
described comes from studies on all three pathogenic species of Yersinia.
Gene names given are those for Y. enterocolitica, the names of their counter-
parts in Y. pestis and Y. pseudotuberculosis (where di¤erent) are given in paren-
theses.

Over 20 di¤erent proteins make up the Ysc secretion machinery (Hueck,
1998; Cheng and Schneewind, 2000a; Cornelis and Van Gijsegem, 2000).
These proteins make up a complex structure crossing the inner and outer
membrane of the bacterium, resulting in secretion of components from the
cell without a periplasmic intermediate (Van Gijsegem et al., 1993). The Ysc
proteins and their location and roles in production of the secretory appara-
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tus are discussed below and reviewed in greater detail elsewhere (Hueck,
1998; Cheng and Schneewind, 2000a; Cornelis and Van Gijsegem, 2000).
Several lines of evidence support the hypothesis that secretion and translo-
cation are coupled in Yersinia species. A strain that overexpresses a negative
regulator of pore size, YopQ (YopK), is blocked for Yop secretion (Hölmstrom
et al., 1997). In addition, in the presence of eukaryotic cells, secretion is
polarized – it occurs only where bacteria are in contact with cells, when
secreted proteins will be translocated into the host cell (Rosqvist et al., 1994;
Persson et al., 1995). Thus it appears that, upon contact, most secreted pro-
teins are released only at the site of contact with the host cell, where they are
translocated into the host cell. Only upon opening of both channels, the
secretion channel and the translocation channel, are Yops released, thus
ensuring their contact with their targets inside the eukaryotic cell.
Expression of Yops is also induced by contact, ensuring a continuing supply
of e¤ectors that target the host cell (Pettersson et al., 1996). In vitro, expres-
sion and secretion of Yops can be induced by growth at 37 °C in the absence
of calcium (referred to as the low calcium response; for a review, see Straley,
1988). Much of what we know about how the bacterium senses the eukar-
yotic cell, resulting in activation of expression and secretion, comes from
studies of mutants that are altered in the expression and secretion of Yops in
response to calcium in vitro (Portnoy et al., 1983; Goguen et al., 1984; Yother
and Goguen, 1985; Straley and Bowmer, 1986).

This chapter will focus primarily on the roles of five major players in the
regulation of expression and secretion of Yops upon contact with host cells,
YopN (LcrE), LcrG, LcrV, YscM (LcrQ) and YopD. Some of these are also
involved in the translocation process, either directly (YopD; Rosqvist et al.,
1991a,b; Hartland et al., 1994; Sory and Cornelis, 1994) or indirectly (LcrV;
Nilles et al., 1998; Sarker et al., 1998; Pettersson et al., 1999), whereas others
are themselves translocated (YopD; Francis and Wolf-Watz, 1998; and YscM;
Cambronne et al., 2000). Two of the major players act independently of trans-
location (YopN; Boland et al., 1996; and LcrG; Nilles et al., 1997).

8.2 THE PLAYERS

8.2.1 The Ysc secretion machinery

As mentioned above, the Ysc secretion apparatus is made up of over 20
proteins that form a complex that traverses the two membranes of the organ-
ism. YscC and perhaps YscW are in the outer membrane (Plano and Straley,
1995; Koster et al., 1997), YscD, R, U, V, and probably YscJ, S, and T are in
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the inner membrane (Michiels et al., 1991; Plano et al., 1991; Allaoui et al.,
1994; Plano and Straley, 1995; Payne and Straley, 1998). The locations of
some of the other components in this apparatus have not been established.
In addition to the complex, there are associated proteins found in the bacte-
rial cytoplasm. These include the putative ATPase that is thought to provide
the energy for translocation, YscN (Woestyn et al., 1994), as well as several
chaperones that bind to intracytoplasmic Yops (Wattiau and Cornelis, 1993;
Wattiau et al., 1994; Day and Plano, 1998, 2000; Iriarte and Cornelis, 1998;
Jackson et al., 1998; ). Each chaperone binds only one or two specific Yop
partners. There are likely to be multiple functions of these chaperone/Yop
interactions. Evidence from chaperone mutants suggests that they have a
role in preventing degradation of their partner Yops (Frithz-Lindsten et al.,
1995). A number of these chaperones aid in secretion of their partner Yops
(Cheng et al., 1997) and in some cases appear to help translocation as well
(Lee et al., 1998). Finally, it has been suggested that the chaperone binding
of Yops inside the bacterial cytoplasm prevents their premature association
with the components of the translocation apparatus, which would render
them secretion-incompetent (Woestyn et al., 1996).

The Ysc secretion machinery genes are expressed in bacteria grown at
37 °C, the host temperature (Cornelis et al., 1989). Thus the secretion appa-
ratus is in place when bacteria contact host cells. Upon contact, the secretion
apparatus opens and the majority of Yops are translocated into the host cell
cytoplasm. Several of the Yops, LcrV, and three Ysc proteins (YscO, YscP and
YscX) are secreted into the extracellular milieu where either they are directly
involved in the translocation process (the translocase components, as well as
proposed members of an ‘injectisome’ that helps introduce proteins into the
host cell) or they are involved in the regulation of secretion or translocation
in some other manner (Lawton et al., 1963; Payne and Straley, 1998; Lee and
Schneewind, 1999; Day and Plano, 2000; Stainier et al., 2000).

8.2.2 The translocation apparatus

Two of the Yops – YopB and YopD – are proposed to form the translo-
case that allows Yops to enter the eukaryotic cell. Strains containing a muta-
tion in either gene do not inject their Yops inside host cells, as detected by
three methods. First, the activity of particular Yops on host cell function (e.g.
YopE is cytotoxic) has been measured in yopB and yopD mutants in associa-
tion with host cells (Rosqvist et al., 1991a,b; Hartland et al., 1994; Håkansson
et al., 1996a,b; Iriarte and Cornelis, 1998). The second method that has been
used to detect the translocation of Yops is operon fusions of yop genes to the

d
. e

. p
ie

rs
o

n

186



cya gene of Bordetella pertussis (Sory and Cornelis, 1994; Sory et al., 1995;
Boland et al., 1996; Håkansson et al., 1996b; Iriarte and Cornelis, 1998).
Bordetella pertussis adenylate cyclase, the product of cya, is calmodulin acti-
vated (Wol¤ et al., 1980). Thus adenylate cyclase activity is only detected
when proteins are inside host cells, in the presence of calmodulin (Sory and
Cornelis, 1994). Finally, Yop translocation has been detected by immunoflu-
orescence (Persson et al., 1995; Håkansson et al., 1996a; Skrzypek et al.,
1998). YopB is proposed to form a pore; it shares homology with several pore-
forming toxins in the RTX family (Håkansson et al., 1993). In addition, YopB
has been shown to have contact-dependent cytolytic activity against macro-
phages and sheep erythrocytes (Håkansson et al., 1996b; Neyt and Cornelis,
1999a). YopD interacts with YopB and has been suggested to be part of the
pore (Håkansson et al., 1993; Neyt and Cornelis, 1999a,b). YopD is also trans-
located into the eukaryotic cell cytoplasm, leading to the suggestion that it
may be an extracellular chaperone that helps some or all of the e¤ector Yops
to enter the eukaryotic cell through the YopB pore (Francis and Wolf-Watz,
1998). It should be noted that recent data from Schneewind and colleagues
examining Yop location by digitonin extraction of eukaryotic cells suggests
that YopB is not involved in translocation and that YopD has its e¤ects on
translocation from its location inside the bacterial cell (Lee and Schneewind,
1999). These contradictory results are probably due to the di¤erent methods
used to examine localization of Yops and will need to be examined further to
resolve the discrepancies.

8.2.3 The regulators

8.2.3.1 YopN (LcrE)

The YopN protein is found on the bacterial cell surface (Forsberg et al.,
1991). It is secreted through the Ysc channel and requires two chaperones,
SycN and YscB, for its secretion (Day and Plano, 1998; Jackson et al., 1998).
Because of its location and the phenotypes of yopN mutants discussed below,
YopN is proposed to be the plug for the secretion channel. Additionally, it is
proposed to be the surface receptor for eukaryotic cells; the binding of YopN
to its putative receptor(s) is thought to unblock the secretion channel when
the bacterium has contacted a host cell (Rosqvist et al., 1994). yopN mutants
express and secrete Yops whether eukaryotic cells are present or not
(Forsberg et al., 1991). In the yopN mutant, secretion is random; although
some Yops are translocated into eukaryotic cells in contact with yopN
mutants, the majority of Yops are secreted into the medium by these strains
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(Rosqvist et al., 1994; Persson et al., 1995; Boland et al., 1996). YopN is thus
responsible for the polarized release of Yops from the bacterial cell, which
allows their translocation into the host cell. The host molecule(s) with which
YopN interacts to signal to the bacterium that it has contacted a host cell are
not known. Experiments designed to address this question using a glutathi-
one S-transferase (GST)-YopN fusion to pull out molecules from HeLa cells
that bind YopN were unsuccessful due to the instability of the GST-YopN
fusion protein (Boyd et al., 1998).

8.2.3.2 LcrG

lcrG mutants have the same phenotype as yopN mutants: they constitu-
tively express and secrete Yops at 37 °C (Skrzypek and Straley, 1993). Thus,
like YopN, LcrG is a negative regulator of secretion, it prevents Yop expres-
sion and release in the absence of host cells. The location of LcrG is less well
defined than that of YopN. The majority of LcrG appears to be inside the bac-
terial cytoplasm, leading to the suggestion that LcrG is the intrabacterial plug
for the Ysc secretion channel (Nilles et al., 1997). Some LcrG is also secreted
upon contact with eukaryotic cells (Skrzypek and Straley, 1993). The secreted
LcrG tends to remain associated with the cell, leading to the alternative sug-
gestion that LcrG is found on the bacterial surface in association with YopN,
helping to block the secretion channel there (Skrzypek and Straley, 1993).
Experiments using a GST-LcrG fusion to pick out molecules from HeLa cells
that bind LcrG pulled out heparin sulphate proteoglycans (Boyd et al., 1998).
Heparin does not inhibit expression and secretion of Yops; however, it does
a¤ect their translocation into the cell, perhaps suggesting an additional role
for LcrG in translocation (Boyd et al., 1998). These results suggest that LcrG
may have di¤ering roles inside and outside the cell. In this model, intrabac-
terial LcrG blocks secretion through the Ysc channel in the absence of host
cell contact, whereas surface-exposed LcrG is required for the translocation
of Yops into the host cell.

8.2.3.3 LcrV

LcrV (also known as V antigen) appears to have multiple roles in Yersinia.
LcrV is a secreted e¤ector that has the ability to suppress the immune
system. LcrV prevents the production of the pro-inflammatory cytokines
tumor necrosis factor (TNF)� and interferon (IFN)� (Nakajima et al., 1995)
and inhibits neutrophil chemotaxis (Welkos et al., 1998). Much of the
secreted LcrV is found located on the bacterial cell surface in discrete foci
even before contact with eukaryotic cells (Fields et al., 1999; Pettersson et al.,
1999). LcrV has been shown to a¤ect the abundance and secretion of YopB
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(Nilles et al., 1998), which may explain why lcrV mutants are defective in the
translocation of Yops into the eukaryotic cell (Nilles et al., 1998; Pettersson et
al., 1999; Lee et al., 2000). Antibodies raised against LcrV are protective
against Yersinia infection (Une and Brubaker, 1984). At least some of this
protection is likely to be due to the inhibition of suppression of inflamma-
tion that is induced by LcrV. An alternative explanation for protection by
these antibodies is that they inhibit Yop translocation. Some, but not all, of
these protective antibodies do indeed inhibit Yop translocation into host cells
(Fields et al., 1999; Pettersson et al., 1999). In addition to being a secreted
e¤ector of the Ysc secretion system, LcrV is found in the cytoplasm (Straley
and Brubaker, 1981), where it appears to a¤ect expression and secretion
through the Ysc channel via its e¤ects on LcrG (Nilles et al., 1997). LcrV binds
LcrG and the two can be cross-linked by a variety of chemical cross-linkers
(Nilles et al., 1997). lcrVlcrG double mutants have the same phenotype as
lcrG mutants, they are down-regulated for Yop expression and secretion,
indicating that lcrG is epistatic to lcrV (Skrzypek and Straley, 1995). As
expected from its role as a negative regulator, overexpression of LcrG in
Yersinia results in an inhibition of Yop expression and secretion (Nilles et al.,
1998). However, concurrent overexpression of LcrV in the presence of excess
LcrG results in a wild-type phenotype: Yops are expressed and secreted in
response to contact with cells or in media lacking calcium (Nilles et al., 1998).
Taken together, these observations suggest that LcrV has its actions through
the inhibition of the negative e¤ects of LcrG. It is proposed that by binding
LcrG, LcrV prevents LcrG from binding to the Ysc secretion machinery and
blocking secretion.

8.2.3.4 YscM (LcrQ)

Yersinia enterocolitica has two YscM proteins, YscM1 and YscM2 (Stainier
et al., 1997). They are homologous to a single protein produced by Y. pestis
and Y. pseudotuberculosis, LcrQ (Rimpiläinen et al., 1992). Overexpression of
YscM1 or YscM2 inhibits Yop synthesis and yscM1 yscM2 double mutants
constitutively express yop genes (Stainier et al., 1997). However, Yop secre-
tion and translocation are still dependent upon the presence of eukaryotic
cells in yscM1 yscM2 mutants (Stainier et al., 1997). So, although the YscM
and LcrQ proteins are negative regulators like YopN and LcrG, the YscM and
LcrQ proteins have their e¤ects inside the cell. Operon fusions of yopH to the
cat gene demonstrate that the e¤ect of the YscM proteins on yop expression
is at the level of transcription (Stainier et al., 1997). This control is indirect,
yscM1 alone does not prevent transcription, it requires other genes on the vir-
ulence plasmid (Stainier et al., 1997). There is no evidence that the YscM and

co
n

tact-in
d

u
ced

 pro
tein

 secretio
n

 by yersin
ia

189



LcrQ proteins bind DNA and they are thought to act through their e¤ects on
some other protein (Stainier et al., 1997; Cambronne et al., 2000). The YscM
and LcrQ proteins are secreted from bacteria when they contact eukaryotic
cells (Stainier et al., 1997). Digitonin extraction experiments suggest that
YscM1 and LcrQ are translocated into the eukaryotic cell cytoplasm, but
YscM2 is not translocated (Cambronne et al., 2000). The secretion of LcrQ is
rapid: secretion can be detected within three minutes of a shift to medium
without calcium and no LcrQ can be detected inside the bacterium by five
minutes after the shift (Pettersson et al., 1996). The secretion of the YscM and
LcrQ proteins leads to rapid expression of yop genes (Pettersson et al., 1996;
Stainier et al., 1997). This secretion of a negative regulator by the Ysc secre-
tion machinery is similar to the secretion of the anti-sigma factors that neg-
atively regulate flagellar gene expression by the flagellar apparatus in a
variety of bacteria, which results in an increase in flagellar gene expression
(Hughes et al., 1993; Kutsukake, 1994). The ultimate result of secretion
control of the negative regulator of gene expression in Yersinia is that Yops
are down-regulated until bacteria contact host cells, when they are needed to
carry out their anti-host activities.

8.2.3.5 YopD

As mentioned above, YopD appears to be part of the translocase that
brings the Yop e¤ectors into the eukaryotic cell (Håkansson et al., 1993; Neyt
and Cornelis, 1999a,b) and has been proposed to be the extracellular chape-
rone that aids in this process (Francis and Wolf-Watz, 1998). In addition to
its role in translocation, YopD has a role in the regulation of yop gene expres-
sion. The role of YopD in regulation was first noticed in an examination of
phenotypes of mutants that were defective in production of the intracellular
chaperone required for the stabilization and secretion of YopD, SycD (LcrH)
(Wattiau et al., 1994). sycD mutants constitutively express Yops (Price and
Straley, 1989; Bergman et al., 1991), raising the possibility that SycD or YopD
are involved in yop gene regulation. yopD mutants also constitutively express
Yops, although as expected, since YopD is important in formation of the
translocase, secreted Yops are not translocated into the eukaryotic cell
(Williams and Straley, 1998). The high-level expression of Yops occurs even
though LcrQ, the negative regulator of gene expression, is present in the
cytoplasm. As mentioned above, when LcrQ is overexpressed from a heterol-
ogous promoter in a wild-type strain, it down-regulates yop expression
(Stainier et al., 1997). However, yop gene expression is constitutive when
LcrQ is overexpressed in a yopD mutant (Williams and Straley, 1998). Thus,
although this negative regulator is present at high levels it did not down-

d
. e

. p
ie

rs
o

n

190



regulate yop gene expression in the yopD mutant, suggesting that YopD is
required for the negative regulatory activity of YscM (LcrQ).

8.2.4 Other components

8.2.4.1 Regulation of gene expression

As described above, yop gene expression is induced in bacteria at 37 °C
in the presence of eukaryotic cells (or absence of calcium in vitro). The regu-
lation of yop gene expression by temperature is controlled by a positive acti-
vator, VirF (LcrF) (Cornelis et al., 1989). The activity of VirF is, in turn,
controlled by a regulator of chromatin structure, YmoA (Cornelis et al.,
1991). VirF is a member of the AraC family of transcriptional activators
(Gallegos et al., 1997; Cornelis et al., 1989). The virF gene itself is tempera-
ture regulated; virF gene transcription is induced at 37 °C (Cornelis et al.,
1989). Overexpression of virF at 28 °C under control of a heterologous pro-
moter is insuªcient to induce yop gene transcription a temperature shift to
37 °C is required. This temperature dependence is controlled by the histone-
like protein YmoA (Lambert de Rouvroit et al., 1992). In a ymoA mutant, yop
gene transcription is activated by overexpression of VirF. Expression of yop
genes at 37 °C thus requires chromatin structure changes that allow VirF to
bind and activate transcription (Cornelis, 1993).

8.2.4.2 Control of translocation

In Salmonella enterica, Shigella flexneri and enterotoxigenic Escherichia
coli (ETEC), cell surface appendages can be observed by electron microscopy
in bacteria producing type III secretion machinery but not in mutants that
are lacking a type III secretion system (Knutton et al., 1998; Kubori et al.,
1998, 2000; Tamano et al., 2000). These cell surface appendages show some
similarities to flagella, in particular in the region of attachment to the bacte-
rial cell surface (Kubori et al., 1998). As it has been shown that some compo-
nents of the type III secretion pathways resemble the flagellar assembly
machinery, the similarities in appearance of the macromolecular structures
might be expected. It has been proposed that these cell surface appendages
are the injectisomes that introduce the type III e¤ector proteins from these
bacteria into their host cells (Knutton et al., 1998; Kubori et al., 1998; Tamano
et al., 2000). Electron microscopic analysis of the surface of Yersinia species
has not revealed similar macromolecular structures (Stainier et al., 2000).
However, several proteins in Yersinia are predicted to be part of an injecti-
some structure due to their surface location and/or the translocation-defect
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phenotypes seen in mutants lacking these proteins. Potential components of
an injectisome would include some of the previously described proteins that
a¤ect translocation, including LcrV, LcrG, YopB, and YopD. Additionally,
TyeA and YscP in particular have been proposed to be components of a cell
surface-localized injectisome structure in Yersinia (Iriarte et al., 1998;
Stainier et al., 2000). tyeA mutants are defective in translocation of a subset
of Yop e¤ectors (Iriarte et al., 1998; Cheng and Schneewind, 2000b).
Interestingly, only the Yops that have intrabacterial chaperones are a¤ected
by a tyeA mutant, suggesting that one role of TyeA might be in removing the
chaperone from the protein being secreted and translocated (Iriarte et al.,
1998). The TyeA protein binds both YopN and YopD, leading to the sugges-
tion that TyeA may serve as a tether between these two molecules, allowing
the coupling of secretion (induced by the release of the YopN block upon
contact) and translocation (aided by the YopD extracellular chaperone/trans-
locase component) (Iriarte et al., 1998; Cheng and Schneewind, 2000b).
YscP is required for Yop secretion (Stainier et al., 2000). The designation of
YscP as a member of the injectisome comes from the observations that the
protein is located on the bacterial cell surface and that it can be removed by
simple mechanical shearing, a procedure that removes extracellular orga-
nelles such as flagella and pili (Stainier et al., 2000). Due to their extracellu-
lar location, two components of the secretion machinery, YscO and YscX,
have also been proposed to be members of the injectisome (Iriarte and
Cornelis, 1999; Day and Plano, 2000), but this possibility has not been well
investigated.

8.3 THE MODEL

As shown in Figure 8.1, bacteria that have just entered the host produce
the Ysc secretion machinery and low levels of the Yop e¤ectors, as well as the
main players in the control of secretion described above. The expression of
this system is positively regulated by VirF at the host temperature of 37 °C.
No secretion occurs through the Ysc secretion channel because YopN blocks
secretion from the outside of the cell and LcrG blocks secretion from the
inside. Low levels of LcrV are found on the bacterial surface in discrete foci;
this LcrV is probably associated with the secretion channel. TyeA is also
found on the surface; because it is able to bind YopN it is presumed to be in
association with this protein. Inside the host, the VirF activator can bind to
yop genes and induce their transcription only if the negative regulatory signal
is removed. This negative regulatory signal is controlled by YscM1, YscM2
and YopD. As there is no evidence that these molecules bind DNA, they must
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(a)

(b)

(c)

Figure 8.1. Model for induction

of protein secretion by Yersinia

upon contact with host cells.

This process is described in

greater detail in the text. (a)

Before coming into close

contact with a eukaryotic cell,

Yersinia inside the host express

the Ysc secretion machinery but

proteins are secreted only at a

low level due to the presence of

YopN and LcrG, which plug the

machinery. (b) Upon contact,

sensed by YopN, the secretion

pore opens and the negative

regulators YscM1 and YscM2 are

released from the cell. This

release results in a lifting of the

repression, and the yop and lcrV

genes are expressed. (c) LcrV

protein binds LcrG, removing it

from the Ysc machinery, further

opening the secretion channel.

Proteins involved in injection of

Yops into the host cell are

secreted and perhaps assembled

into a macromolecular

injectisome structure on the

bacterial cell surface. Yops are

secreted directly from the

bacterium into the host cell

through this injectisome

structure. HSP, heparin

sulphate proteoglycans.



work through another molecule(s) to repress yop gene expression. This other
molecule (or molecules (‘?’ in Fig. 8.1]) may be an activator like VirF, in
which case YscM1, YscM2 and YopD negatively regulate its activity as shown
in Fig. 8.1. Alternatively, this other molecule could be a repressor which is
activated by the YscM1, YscM2, YopD negative regulatory system. Bacteria
that come into intimate contact with a host cell through the action of adhe-
sins such as YadA, Inv, Ail and pH6 antigen (Isberg and Falkow, 1985; Miller
and Falkow, 1988; Bliska et al., 1993; Yang and Isberg, 1993; Yang et al., 1996)
sense this contact through the YopN protein attached to the external portion
of the Ysc secretion machinery (Fig. 8.1b). This binding of YopN to its recep-
tor leads to opening of the channel that has contacted the cell through YopN,
and the negative regulator YscM is released from the bacterium. The level of
secretion from the channel at this point is low because the LcrG protein is
still blocking secretion from the inside of the bacterium. The removal of the
negative regulator leads to the up-regulation of yop and lcrV gene expression.
Increased levels of LcrV bind LcrG and remove it from its location blocking
the inside of the channel (Fig. 8.1c). LcrV also aids in YopB secretion. The
secretion of YopB and YopD results in the formation of the pore through
which the e¤ector Yops are translocated. Small amounts of LcrG are
secreted, aiding in translocation in some unknown manner. This transloca-
tion is dependent upon the binding of heparin sulphate proteoglycans.
Additionally YscO, YscP and YscX (not shown) are released into the extracel-
lular space, where they may be involved in forming an injectisome. The full
opening of the secretion channel and formation of the injectisome and trans-
location pore results in full secretion and translocation of the YscM proteins
such that yop and lcrV gene expression is elevated to even higher levels.
Ultimately, high levels of Yops are introduced into the eukaryotic cell cyto-
plasm, where they poison normal cell functions, and secreted LcrV sup-
presses the immune system. The bacterium senses its contact with a host cell
and only upon this contact does it release the proteins that can have their
e¤ects on host cell function. This tight coupling of gene expression, secre-
tion and translocation is useful to the bacterium as it allows the organism to
secrete the Yop e¤ector molecules when the target of the molecule (inside
the eukaryotic cell) is readily available.
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CHAPTER 9

Functional modulation of pathogenic bacteria
upon contact with host target cells

Andreas U. Kresse, Frank Ebel and Carlos A. Guzmán

9.1 INTRODUCTION

The list of prokaryotic microorganisms able to cause illness or death in
animals and plants is long. In fact, infectious diseases constitute the most
common cause of human morbidity and death in the world. Our fight against
these pathogens, however, started to become a serious scientific business
only in our very recent history. The experience gathered during the past
century has already demonstrated that even the initial hopes of the antibio-
tic era, namely to save uncountable lives by eradicating or limiting bacterial
infections, turned out to be idealistic dreams of a scientific generation rather
than deliverable promises. We now realize that the concept of either a patho-
gen-free world or the existence of a universally active therapeutic tool belongs
to the realms of science fiction.

The treatment of infected patients has been rendered complicated by the
constant emergence of multidrug-resistant strains. This is further impaired
by the appearance of novel infectious agents that are not treatable by conven-
tional therapies. Although it is expected that, as a result of the combined
e¤orts of pharmaceutical companies, we will see new antibiotics coming
onto the market, it has become clear that this strategy to combat pathogenic
bacteria is insuªcient and has limited value. In fact, a single point mutation
in a gene from a member of the microbial community can destroy the
outcome of many years of research and development. The identification of
novel molecular targets for therapeutic intervention, in combination with
high throughput screening for novel active compounds, will have a key role
in the discovery of new tools to address these problems. However, it is essen-
tial that we first of all gain a better understanding of microbial pathogenesis,
in order to identify the critical bottlenecks during the infection process. The
fine modulation of pathogenesis-related functions and structures during
infection constitutes a critical physiological event for infectious agents,
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providing a golden opportunity to devise novel strategies to attack pathogens,
and thereby counteracting their attempts to colonize host target tissues.

9.2 THE NEED FOR A TIGHT MODULATION OF BACTERIAL
VIRULENCE

Di¤erent portals of entry into the human body are exploited by di¤erent
pathogens. On the one hand, some bacteria cause infections of the skin or
lung epithelium that may progress to the underlying tissues. However, pre-
existing injury or host predisposition are usually a prerequisite. An example
for this group of opportunistic pathogens is Pseudomonas aeruginosa, which
is naturally present in the environment but triggers disease in immuno-
compromised individuals or patients su¤ering from cystic fibrosis. On the
other hand, a large number of pathogens target the intestinal tract as this rep-
resents the largest interface between the host and its external environment.
To reach the relatively friendly environment of their target areas in the gut,
bacteria have to survive harsh conditions in the stomach, overcome protec-
tive barriers (e.g. bile salts) and compete with the commensal flora. A large
inoculum, enclosure within and protection by food particles, and the pres-
ence of alkaline substances that may temporarily increase the pH in the
stomach are factors that facilitate an infection by otherwise-susceptible bac-
teria. Interestingly, some pathogens have developed extremely sophisticated
strategies to tolerate low pH. Examples of such highly infectious pathogens
are enterohaemorrhagic Escherichia coli (EHEC) and Shigella spp., for which
an incredibly small inoculum (10–100 bacteria) is suªcient for them to
reach their targets and promote disease, overcoming the non-specific host
clearance mechanisms.

The pathway from the external environment to a specific habitat within
the host can be long, dangerous and plagued by stress factors. In order to
survive, a microorganism has to adapt itself to rapidly changing environmen-
tal conditions. Certain virulence factors may be necessary to ensure survival
of a pathogen within a particular habitat, but it has been shown that their
untimely expression may have a devastating e¤ect on the pathogen (Akerley
and Miller, 1996). Virulence factors are often regulated at the transcriptional
level, but also they may be directly activated or else assembled from stored
components to form functional complexes. In all cases, this takes place in
response to a variety of environmental signals and is orchestrated by an
extremely complex cascade of regulatory factors (Mekalanos, 1992; Finlay
and Falkow, 1997).

The precise regulation of the pathogenic repertoire is essential for most
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bacterial pathogens and especially those that transit across several, and com-
pletely di¤erent, habitats on their way to and through the host. A finely tuned
regulation of protein expression requires the ability to sense external stimuli
in order to identify the actual environment in which the pathogen finds itself.
The major means by which this is accomplished is through the presence of
response regulators that are located in the bacterial envelope and can sense
a wide variety of signals (e.g. temperature, oxygen concentration, osmolarity,
ion and nutrient gradients, and cell density) and respond accordingly by acti-
vating the expression of appropriate genes. The larger the variety of environ-
ments a given pathogen has to encounter, the greater is its need to be able to
recognize its actual location. A pathogen like Helicobacter, which is special-
ized to colonize gastric epithelial cells, may achieve a clear identification of
its habitat by sensing temperature and pH, whereas an organism like
Salmonella typhi, which breaches the gut mucosal barrier spreading system-
ically via infected macrophages, is faced with a variety of situations and hab-
itats, thereby needing to integrate multiple signals to accurately identify the
actual environment in order to activate the appropriate set of genes.

9.3 TYPE III SECRETION SYSTEMS ARE COMPLEX STRUCTURES
WHICH ARE MODULATED DURING INFECTION

The bacterial flagellum enables motility and spread of the organism.
However, this organelle is generated at the expense of restricted energy and
nutrient resources and under certain conditions the possession of an active
flagellum may even be harmful to the organism. Hence, flagella can be excel-
lent targets for the host immune system or they may impair bacterial adhe-
sion to host cells. Therefore, in many pathogens, the expression of flagella is
tightly regulated, although the means by which such organisms down-
regulate the production of, or even shed, these organelles, are currently
poorly understood. However, the situation is more clear for Caulobacter cres-
centus, in which an active cell cycle-controlled degradation of a flagellar
motor protein has been reported that triggers the subsequent release of the
organelle (Jenal and Shapiro, 1996).

The so-called type III secretion system, which is found in many Gram-
negative bacteria such as EHEC, enteropathogenic E. coli (EPEC), Shigella,
Yersinia and Salmonella, facilitates the export of proteins in a one-step mech-
anism from the bacterial cytosol to either the surrounding medium (secre-
tion) or into the cytoplasm of a cell of the infected host (translocation).
Proteins of the type III secretion system show striking homologies to compo-
nents of the flagella basal body, and both systems share a similar structural
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organization (Stephens and Shapiro, 1996; Kubori et al., 1998; Blocker et al.,
1999). Because of this, it has been proposed that the flagellum basal body and
the pathogenic injection apparatus are designated ‘type III systems a and b’,
respectively (Stephens and Shapiro, 1996). However, for the sake of conven-
ience we will use the term ‘type III secretion system’ only for the injection
apparatus of pathogenic bacteria.

The core of the type III secretion machinery in the bacterial envelope
appears to be similar in most pathogens. In contrast, the surface-exposed
portions can di¤er significantly and may comprise specialized structures
that reflect di¤erent strategies to gain intimate contact with the target host
cell surface (Ebel et al., 1998; Knutton et al., 1998; Kubori et al., 1998). Like
the flagellum, type III secretion systems are assembled and disassembled in
a tightly regulated manner, thus providing an excellent model to study the
functional and structural modulation of pathogenic bacteria upon contact
with target cells.

9.4 THE TYPE III SECRETION MACHINERY OF EHEC IS
INVOLVED IN THE ATTACHMENT TO, AND MODIFICATION OF,
HOST CELLS

Our work in the last few years has focused on the assembly, structure and
function of the type III secretion system of EHEC, which belongs to the larger
group of Shiga toxin-producing E. coli (STEC). This microorganism can cause
food-borne epidemics of gastrointestinal illnesses that range from mild diar-
rhoea to severe diseases such as haemorrhagic colitis and haemolytic-uremic
syndrome (Boyce et al., 1995; Nataro and Kaper, 1998). The primary source
of EHEC infections in humans is livestock, particularly contaminated meat
or dairy products (Renwick et al. 1994; Gallien et al., 1997). Interestingly,
animals carrying EHEC are often asymptomatic, but it is so far unclear
whether EHEC actually might be a commensal in these hosts. Although con-
taminated food is the major source of infection, EHEC are also able to survive
for a long time in the environment, for example lakes or drinking water res-
ervoirs (Swerdlow et al., 1992; Keene et al., 1994). They can also survive at a
low pH and have a low infective dose – between 10 and 100 viable cells
(Gorden and Small, 1993). Treatment of EHEC infections is complicated, as
the administration of antibiotics can actually worsen the clinical symptoms
due to the induction of the massive release of Shiga toxins. Therefore an
improved knowledge of the function and regulation of the type III secretion
system, which is essential for this pathogen to establish an infection in the
gut, may facilitate the discovery of alternative therapeutic approaches.
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After their passage through the stomach, EHEC must quickly adhere to
the intestinal epithelium to avoid being shed. The colonization of the duode-
num by EHEC resembles the colonization of the small intestine by the closely
related EPEC, both infections being associated with histopathological
changes known as ‘attaching and e¤acing’ (A/E) lesions (Moon et al., 1983;
Tzipori et al., 1995). Bacteria penetrate the mucus layer in an unknown
manner, establish direct contact with the epithelial cells, induce an e¤ace-
ment of the microvilli, attach intimately, and trigger a locally restricted reor-
ganization of the cytoskeleton (Donnenberg et al., 1997). This massive
recruitment of cellular cytoskeletal elements leads to the formation of pro-
truding pedestal-like structures on which the organisms reside (see Plate 9.1).

9.5 THE LINKAGE BETWEEN THE TYPE III SECRETION
MACHINERY AND THE FORMATION OF A/E LESIONS

Most of the factors required to produce A/E lesions are encoded by a
large chromosomal locus called LEE (locus of enterocyte e¤acement). This
pathogenicity island comprises (i) the genes for a type III secretion system,
(ii) the outer membrane protein intimin (eae), (iii) the secreted proteins
EspA, EspD, EspB, and EspF, and (iv) the translocated intimin receptor Tir
(for STEC, this was originally designated EspE). Tir is injected (translocated)
into eukaryotic cells by bacteria via their type III-system and inserts itself into
the cellular membrane, where it binds to intimin (Deibel et al., 1998).
Evidence suggests that Tir is also directly involved in the reorganization of
filamentous actin, thereby linking the attached pathogen directly to the cyto-
skeleton (Goosney et al., 2000). Genetic experiments in which the LEE
element was transferred to E. coli K12 showed that the LEEEPEC is suªcient
to confer the capacity to cause A/E lesions (McDaniel and Kaper, 1997),
whereas the LEEEHEC is not (Elliott et al., 1999). This might in part be due to
the lack of a so far unknown essential accessory gene located outside of the
LEEEHEC or an altered transcriptional regulation of factors encoded by the
pathogenicity island.

Analysis of the LEE-encoded proteins secreted under di¤erent in vitro
conditions revealed that they are not (or only poorly) expressed after growth
at low temperatures or in bacterial media (e.g. Luria broth). In contrast,
supernatants collected after bacterial growth in cell culture media at 37 °C
contain nearly exclusively the three LEE-encoded proteins EspA, EspB and
EspD (Jarvis et al., 1995; Ebel et al., 1996). We and others have demonstrated
(by microscopy) that the EspA protein assembles into thread-like (Fig. 9.1
and 9.2) surface structures (Ebel et al., 1998; Knutton et al., 1998). Similar
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type III-dependent filaments have so far been described only for the plant
pathogen Pseudomonas syringae (Roine et al., 1997). Using isogenic deletion
mutants, it was shown that the EspA-filaments are essential for the translo-
cation of the e¤ector proteins EspB and Tir, whereas they are not required
for the in vitro secretion (Ebel et al., 1998; Knutton et al., 1998; Wol¤ et al.,
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Fig. 9.2. Scanning electron microscopic analysis of EDL933 infected cells. Some of the

bacterial filamentous appendages involved in bacteria–host cell contact via microvilli can

be more than 2 �m in length (A and B, see arrowheads). However, shorter filaments in

direct contact with the cellular surface (C) or thick filaments with round enlargements

(D) are also apparent.



1998). EspD was shown to be inserted into the host cell membrane and a
deletion in the espD gene led to the formation of shorter, or even abrogated,
EspA-filaments, which were not functional with respect to protein transloca-
tion (Knutton et al., 1998; Kresse et al., 1999). Both EspB and EspD share
structural features with some pore-forming proteins, and a haemolytic activ-
ity has been demonstrated for these proteins (Wawara et al., 1999; Shaw et
al., 2001). All of these data can be integrated into a model in which (i) EspB
and EspD are located at the tip of the EspA filament, (ii) they insert into the
eukaryotic membrane, and (iii) they form a pore that represents the most
distal part of the injection apparatus and the channel that allows transloca-
tion into the host cell. Interestingly, translocation of the EspB protein has
also been shown, which might therefore serve di¤erent functions during
infection (Wol¤ et al., 1998).

For EPEC (as described in greater detail in Chapter 12) the initial attach-
ment to host cells is, at least in in vitro tissue culture models of infection, facil-
itated by type IV pili. These so-called bundle-forming pili (Bfp) also support
the formation of microcolonies by cross-linking individual bacteria into a
three-dimensional network (Donnenberg et al., 1992; Rosenshine et al.,
1996). EHEC do not possess Bfp (Gunzburg et al., 1995), which certainly con-
tributes to the longer incubation time that is needed to initiate attachment
and the formation of microcolonies. The absence of additional adhesive struc-
tures in EHEC enabled us to hypothesize and then demonstrate that the
EspA-filaments are bi-functional, being not only an important part of the
injection apparatus, but also playing a crucial role in the initial binding of
EHEC to host cells (Ebel et al., 1998; Kresse et al., 2000). Mutations in espA
and espD both abrogated attachment of EHEC to HeLa cells, whereas similar
mutations in espB reduced, but did not abolish, binding, suggesting that the
EspD located at the tip of the filament may embed itself into the target mem-
brane to establish a first physical link between the pathogen and its host cell.

9.6 THE ESP OPERON AND ITS TRANSCRIPTIONAL
REGULATION

The genes encoding the putative components of the functional EHEC fil-
ament, EspA, B, and D, are clustered and part of an operon (Beltrametti et
al., 1999). This transcriptional linkage enables co-regulation of components
that build up a structure that is believed to be the ‘injection needle’ of the
translocation machinery. We have analysed the stimuli that control expres-
sion of the esp operon using a fusion of lacZ to the esp promoter, which is
localized 94bp upstream from the espA gene. Consistent with results
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obtained at the level of protein expression, we found that the esp promoter is
activated during growth at 37 °C in tissue culture medium (Beltrametti et al.,
1999). These conditions might somehow mimic an environmental cue, but
Hepes, which is commonly used to bu¤er these media, also triggers the
induction of the esp promoter in a pH-independent manner (Beltrametti et
al., 1999). Type III secretion is often referred to as a contact-induced translo-
cation process. Consistently, we found that the physical contact to target cells
is an important stimulus that leads to a 5- to 10-fold induction of the esp pro-
moter (Beltrametti et al., 1999).

Further studies revealed additional environmental stimuli that influ-
enced the activation of the esp promoter. The potential role in regulation of
micronutrients that are available in the intestine was also analysed. Ca2� was
found to strongly induce the esp promoter, supporting an earlier notion that
calcium is essential for signal transduction events triggered by EHEC to
induce the rearrangement of cytoskeletal proteins (Ismaili et al., 1995). A
recent study, however, provided evidence that the formation of A/E lesions is
not accompanied by Ca2� influxes (Bain et al., 1998). Nevertheless, the
results of the transcriptional studies are in agreement with the general role
played by Ca2� in the regulation of virulence genes from other pathogenic
microorganisms (Mekalanos, 1992; Puente et al., 1996; Kenny et al., 1997).
Similar activation levels were observed when media were supplemented with
manganese instead of calcium ions (Beltrametti et al., 1999). Regulation of
virulence factors by Mn2� has already been shown for unrelated pathogens
such as Streptococcus spp. and Yersinia spp. (Dintilhac et al., 1997; Bearden et
al., 1998). In all these cases, surface proteins were a¤ected, suggesting
common underlying processes, although the precise role of Mn2� in the
induction of the esp promoter remains to be investigated in more detail.

Surprisingly, when temperature was tested as a potential physiological
parameter, a relatively weak e¤ect on the activity of the esp promoter was
observed. However, when combined with high osmolarity, a significant
increment in promoter activation was achieved (Beltrametti et al., 1999).
Although EHEC can be confronted with any of these stimuli outside the host,
the combination of 37 °C and high osmotic pressure represents an excellent
indication that bacteria have reached their target site within the host intes-
tine. Interestingly, a similar global activation pattern in response to the tested
stimuli was observed also for the pas gene (Beltrametti et al., 2000), strength-
ening the concept of common regulatory cascades for the expression of vir-
ulence factors in EHEC. In fact, the Pas protein seems to play a key role in
pathogenesis, since it is apparently required for the secretion of Esp proteins
(Kresse et al., 1998).
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9.7 REGULATORY PROTEINS THAT CONTROL THE esp OPERON

In EPEC the expression of the esp genes as well as those coding for the
adhesin intimin and other virulence factors (e.g. Bfp pilus) are controlled by
the per locus, which is located on the 60 MDa plasmid pMAR2. The pres-
ence of this plasmid is required in EPEC to achieve full virulence (Gomez-
Duarte and Kaper, 1995). So far, a similar regulator has not been identified
in EHEC, but the presence of a megaplasmid, which is di¤erent from
pMAR2, results in a significant increment in the activation of the esp operon
(Beltrametti et al., 1999). This suggests a regulatory pattern in which the acti-
vation of the esp promoter is fine-tuned by a product(s) encoded by this meg-
aplasmid.

Which other regulatory factors are involved in the expression of the pro-
teins encoded by LEE that contribute to the initial attachment? The results
obtained with an rpoS mutant of EHEC and the high degree of homology
between putative consensus sequences located upstream from the esp
operon and the �S-dependent promoter of osmE (Conter et al., 1997) led to
the hypothesis that esp transcription is �S dependent. However, activation of
the esp promoter preferentially occurs during the exponential phase of
growth. On the other hand, the role of �S is more complex than that of other
alternative sigma factors, since it plays a role under various inducing condi-
tions of slow growth, such as those observed during the stationary phase or
osmotic shock (Hengge-Aronis et al., 1993; Hengge-Aronis, 1996). Although
the basal expression levels of the reporter were strongly reduced in the rpoS
mutant, osmoinduction was still preserved. Interestingly, Tanaka et al. (1993)
showed that several promoters can be recognized by both E�70 and E�S RNA
polymerase holoenzymes. Therefore, �S-independent transcription of the esp
promoter may be directly dependent on E�70. The esp promoter also exhibits
homology with the bfpA promoter of EPEC (Beltrametti et al., 1999), which
has been suggested to be �70 dependent. It is intriguing that promoters
driving the expression of di¤erent proteins involved in the synthesis of
surface appendages that are required for the initial bacterial attachment have
common motifs.

The H-NS protein is involved in the regulation of many genes activated
by environmental signals (Atlung and Ingmer, 1997). Our initial studies
demonstrated that the levels of transcription of the esp promoter are signifi-
cantly increased in an hns mutant (Beltrametti et al., 1999). The presence of
this regulator usually results in 2- to 20-fold repression, which is stronger
when H-NS both acts at the promoter level and a¤ects the expression of pos-
itive regulators (Atlung and Ingmer, 1997). Therefore, in the hns mutant, the
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observed influence of H-NS in activation of the esp promoter can be
explained by (i) hyperexpression of the �S factor, which is repressed by H-NS
(Atlung and Ingmer, 1997), and (ii) a direct e¤ect on the promoter itself,
since putative H-NS-binding regions have been identified. Subsequent
studies from Ogierman et al. (2000) resulted in the characterization of a LEE
gene coding for an EHEC H-NS homologue, Ler, which is not only involved
in the expression of proteins that are essential for the A/E lesions (e.g. the
type III secretion system, Esp proteins, Tir and intimin), but also other genes
not required for A/E lesions, which are located within and outside LEE
(Elliott et al., 2000). In EPEC, Ler is believed to be positively regulated by the
megaplasmid-encoded Per, thereby explaining one of the main di¤erences
between EPEC and EHEC in the regulatory cascades leading to the expres-
sion of LEE-encoded virulence factors (Elliott et al., 2000; Ogierman et al.,
2000). This dual regulatory cascade resembles the fine-tuning of the type III
secretion system and secreted proteins by VirF and VirB in Shigella flexneri
(Adler et al., 1989; Dorman and Porter, 1998).

9.8 SWITCHING PROPERTIES IN THE RIGHT PLACE AT THE
RIGHT TIME

After their passage through the stomach, EHEC encounter their pre-
ferred habitat within the host and the expression of LEE-encoded pathogenic
factors is activated. The biosynthesis of EspA filaments is necessary to enable
bacterial attachment to the host tissues. The luminal surface of the intestinal
epithelial cells is highly organized and microvilli are the major architectural
element. They can represent a morphological barrier for the formation of
actin pedestals, thereby hindering the colonization process. EspA filaments
may enable EHEC both to establish distant contact with epithelial cells and
to promote a subsequent alteration of the cellular surface by the injection of
e¤ector proteins. This notion is in agreement with the recent finding that
type III-mediated haemolysis of red blood cells by EHEC and EPEC does not
require an intimate physical contact (Shaw et al., 2001). This is in contrast to
the Shigella and Yersinia systems in which such intimate contact has first to
be established by centrifugation (Håkansson et al., 1996; Blocker et al., 1999).
The fact that EPEC are able to induce haemolysis at a distance, suggests that
the translocation apparatus is fully functional at this stage, although translo-
cation into red blood cells has not yet been demonstrated.

A very interesting finding is that the EspA filaments disappear when bac-
teria are in intimate contact with their target cells (Knutton et al., 1998). How
their disassembly takes place is unknown, but it is tempting to speculate that
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these structures may be retractable, as has been reported for type IV pili (Wall
and Kaiser, 1999). The ability to actively reduce the length of the EspA fila-
ments, once the initial contact has been made, would (i) reduce the distance
to the target cell surface and lead to an intimate contact, (ii) enable the bac-
teria to recycle a certain percentage of their secreted proteins, and (iii) mini-
mize epitope presentation to the host defence system by removing surface
structures that are not needed any more. The phenotypic changes in this
organelle are accompanied by a sequential up- and down-regulation of the
esp promoter. This shows the tight time frame in which the EspA filaments
are formed to fulfil the requirements of initial adherence, protein transloca-
tion and intimate attachment, and their subsequent disappearance to mini-
mize the exposition of potential antigens and the additional energetic cost
associated with their synthesis. However, it is important to keep in mind that
the colonization of the intestinal epithelium by EHEC is a dynamic process
characterized by the formation and growth of microcolonies. Consequently,
bacterial multiplication will provide the need for establishing new transloca-
tion machinery in daughter cells. However, due to the already intimate
attachment, the required quantities of Esp proteins might be much smaller
during this phase than in the initial infection.

Interestingly, it has been shown that intimin also disappears in a later
phase of infection when actin pedestals have already been formed (Knutton
et al., 1997) and that bacterial de novo protein synthesis is not required to
maintain these structures. Taken together, these data suggest a co-ordinated
induction and subsequent stepwise down-regulation of LEE-encoded prod-
ucts during the formation of the A/E lesion, indicating that bacteria are able
to sense the morphological changes that they are promoting in the infected
host cells.

9.9 CONCLUSIONS

We are at the dawn of an era in which we will gain a global understand-
ing of the modulation of pathogenic factors and functions during infection.
During the complex cross-talk between pathogens and target cells, the
expression of the relevant genes is tightly controlled and fine-tuned. The type
III secretion apparatus provides an excellent model to study this vital physio-
logical process in pathogenic bacteria. The mechanisms for the assembly
and disassembly of the type III machinery are still an enigma, and even the
organization and functional modulation of EspA filaments are not yet fully
understood. Further studies are needed to investigate the stability of the type
III apparatus and its potential substructures. It would also be important to
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elucidate whether the disappearance of EspA filaments is linked to a disas-
sembly of the secretion apparatus or if the intimately attached bacteria
simply do not need elongated filaments.

The emerging picture shows us that the products encoded by the LEE are
integrated into extremely complex regulatory networks. However, the co-ordi-
nated expression of two type III secretion systems in Salmonella provides an
example of an even more complex system. Salmonella pathogenicity island 1
(SPI1) is required for the invasion of epithelial cells, whereas SPI2 is essen-
tial for the intracellular survival in macrophages (Hensel, 2000). These two
pathogenicity islands seem to be expressed in a highly organized manner to
avoid unproductive interference of di¤erent type III-mediated processes. It
has been shown that mutations in SPI2 substantially reduce expression of
SPI1 genes (Deiwick et al., 1998) and that genes encoding secreted e¤ector
proteins are not necessarily located on the same island as their secretion
system (Mirold et al., 1999). Di¤erent gene clusters coding for pathogenic
functions have been independently acquired by horizontal gene transfer and
are located at di¤erent topologies within the genome. These genes have been
finally integrated into global regulatory networks that orchestrate their har-
monious expression and integration during the complex dynamics of the
infection process. The clear understanding of the regulatory cascades and
their interplay during infection remains as a major challenge for future
research in the field of bacterial pathogenesis. The fulfilment of this task
would enable us not only to understand the pathophysiology of bacterial infec-
tions but also to identify new molecular targets for therapeutic interventions.

ACKNOWLEDGEMENTS

We thank M. Rohde for providing the electron microscopy pictures pre-
sented in this work.

REFERENCES

Adler, B., Sasakawa, C., Tobe, T., Makino, K., Komatsu, K. and Yoshikawa, M.

(1989). A dual transcriptional activation system for the 230kb plasmid genes

coding for virulence-associated antigens of Shigella flexneri. Molecular

Microbiology 3, 627–635.

Akerley, B.J. and Miller, J.F. (1996). Understanding signal transduction during

bacterial infection. Trends in Microbiology 4, 141–146.

Atlung, T. and Ingmer, H. (1997). H-NS: a modulator of environmentally regu-

lated gene expression. Molecular Microbiology 24, 7–17.

fu
n

ctio
n

al m
o

d
u

latio
n

 o
f path

o
g

en
ic bacteria

215



Bain, C., Keller, R., Collington, G.K., Trabulsi, L.R. and Knutton, S. (1998).

Increased levels of intracellular calcium are not required for the formation

of attaching and e¤acing lesions by enteropathogenic and enterohaemor-

rhagic Escherichia coli. Infection and Immunity 66, 3900–3908.

Bearden, S.W., Staggs, T.M. and Perry, R.D. (1998). An ABC transporter system

of Yersinia pestis allows utilization of chelated iron by Escherichia coli SAB11.

Journal of Bacteriology 180, 1135–1147.

Beltrametti, F., Kresse, A.U. and Guzmán, C.A. (1999). Transcriptional regula-

tion of the esp genes of enterohemorrhagic Escherichia coli. Journal of

Bacteriology 181, 3409–3418.

Beltrametti, F., Kresse, A.U. and Guzmán, C.A. (2000). Transcriptional regula-

tion of the pas gene of enterohemorrhagic Escherichia coli. FEMS

Microbiology Letters, 184, 119–125.

Blocker, A., Gounon, P., Larquet, E., Niebuhr, K., Cabiaux, V., Parsot, C. and

Sansonetti, P. (1999). The tripartite type III secreton of Shigella flexneri inserts

IpaB and IpaC into host membranes. Journal of Cellular Biology 147, 683–693.

Boyce, T.G., Swerdlow, D.L. and Griªn, P.M. (1995). Escherichia coli O157:H7

and the hemolytic-uremic syndrome. New England Journal of Medicine 333,

364–368.

Conter, A., Menchon, C. and Gutierrez, C. (1997). Role of DNA supercoiling and

RpoS sigma factor in the osmotic and growth phase-dependent induction of

the gene osmE of Escherichia coli K12. Journal of Molecular Biology 273, 75–83.

Deibel, C., Kramer, S., Chakraborty, T. and Ebel, F. (1998). EspE, a novel secreted

protein of attaching and e¤acing bacteria, is directly translocated into

infected host cells, where it appears as a tyrosine-phosphorylated 90kDa

protein. Molecular Microbiology 28, 463–474.

Deiwick, J., Nikolaus, T., Shea, J.E., Gleeson, C., Holden, D.W. and Hensel, M.

(1998). Mutations in Salmonella pathogenicity island 2 (SPI2) genes a¤ect-

ing transcription of SPI1 genes and resistance to antimicrobial agents.

Journal of Bacteriology 180, 4775–4780.

Dintilhac, A., Alloing, G., Granadel, C. and Claverys, J. (1997). Competence and

virulence of Streptococcus pneumoniae: Adc and PsaA mutants exhibit a

requirement for Zn and Mn resulting from inactivation of putative ABC

metal permeases. Molecular Microbiology 25, 727–739.

Donnenberg, M.S., Giròn, J.A., Nataro, J.P. and Kaper, J.B. (1992). A plasmid-

encoded type IV fimbrial gene of enteropathogenic Escherichia coli associated

with localized adherence. Molecular Microbiology 6, 3427–3437.

Donnenberg, M.S., Kaper, J.B. and Finlay, B.B. (1997). Interaction between enter-

opathogenic Escherichia coli and host epithelial cells. Trends in Microbiology

5, 109–114.

a.
 u

. k
re

ss
e 

et
 a

l.

216



Dorman, C.J. and Porter, M.E. (1998). The Shigella virulence gene regulatory

cascade: a paradigm of bacterial gene control mechanisms. Molecular

Microbiology 29, 677–684.

Ebel, F., Deibel, C., Kresse, A.U., Guzmán, C.A. and Chakraborty, T. (1996).

Temperature- and medium-dependent secretion of proteins by Shiga toxin-

producing Escherichia coli. Infection and Immunity 64, 4472–4479.

Ebel, F., Podzadel, T., Rohde, M., Kresse, A.U., Krämer, S., Deibel, C., Guzmán,

C.A. and Chakraborty, T. (1998). Initial binding of Shiga toxin-producing

Escherichia coli to host cells and subsequent induction of actin rearrange-

ments depend on filamentous EspA-containing surface appendages.

Molecular Microbiology 30,147–161.

Elliott, S.J., Yu, J. and Kaper, J.B. (1999). The cloned locus of enterocyte e¤ace-

ment from enterohemorrhagic Escherichia coli O157:H7 is unable to confer

the attaching and e¤acing phenotype upon E. coli K-12. Infection and

Immunity 67, 4260–4263.

Elliott, S.J., Sperandio, V., Giron, J.A., Shin, S., Mellies J.L., Wainwright, L.,

Hutcheson, S.W., McDaniel, T.K. and Kaper, J.B. (2000). The locus of enter-

ocyte e¤acement (LEE)-encoded regulator controls expression of both LEE-

and non-LEE-encoded virulence factors in enteropathogenic and entero-

hemorrhagic Escherichia coli. Infection and Immunity 68, 6115–6126.

Finlay, B.B. and Falkow, S. (1997). Common themes in microbial pathogenicity

revisited. Microbiology and Molecular Biology Reviews 61, 136–139.

Gallien, P., Richter, H., Klie, H., Timm, M., Karch, H., Perlberg, K.W., Steinruck,

H., Riemer, S., Djuren, M. and Protz, D. (1997). Detection of STEC and epi-

demiological investigations in surrounding of a HUS patient. Berliner und

Muenchner Tieraerztliche Wochenschrift 110, 342–346.

Gomez-Duarte, O. and Kaper, J.B. (1995). A plasmid-encoded regulatory region

activates chromosomal eaeA expression in enteropathogenic Escherichia coli.

Infection and Immunity 63, 1767–1776.

Goosney, D.L., DeVinney, R., Pfuetzner, R.A., Frey, E.A., Strynadka, N.C. and

Finlay, B.B. (2000). Enteropathogenic E. coli translocated intimin receptor

Tir interacts directly with alpha-actinin. Current Biology 10, 735–738.

Gorden, J. and Small, P.L.C. (1993). Acid resistance in enteric bacteria. Infection

and Immunity 61, 364–367.

Gunzburg, S.T., Tornieporth, N.G. and Riley, L.W. (1995). Identification of enter-

opathogenic Escherichia coli by PCR-based detection of the bundle-forming

pilus gene. Journal of Clinical Microbiology 33, 1375–1377.

Håkansson, S., Schesser, K., Persson, C., Galyov, E.E., Rosqvist, R. and Wolf-

Watz, H. (1996). The YopB protein of Yersinia pseudotuberculosis is essential

for the translocation of Yop e¤ector proteins across the target cell membrane

fu
n

ctio
n

al m
o

d
u

latio
n

 o
f path

o
g

en
ic bacteria

217



and displays a contact-dependent membrane disrupting activity. EMBO

Journal 15, 5812–5823.

Hengge-Aronis, R. (1996). Back to the log phase: �S as a global regulator in the

osmotic control of gene expression in Escherichia coli. Molecular Microbiology

21, 887–893.

Hengge-Aronis, R., Lange, R., Henneberg, N. and Fisher, D. (1993). Osmotic reg-

ulation of rpoS-dependent genes in Escherichia coli. Journal of Bacteriology

175, 259–265.

Hensel, M. (2000). Salmonella pathogenicity island 2. Molecular Microbiology 36,

1015–1023.

Ismaili, A., Philpott, D.J., Dytoc, M.T. and Sherman, P.M. (1995). Signal trans-

duction responses following adhesion of verocytotoxin-producing

Escherichia coli. Infection and Immunity 63, 3316–3326.

Jarvis, K.G., Giròn, J.A., Jerse, A.E., McDaniel, T.K., Donnenberg, M.S. and

Kaper, J.B. (1995). Enteropathogenic Escherichia coli contains a putative type

III secretion system necessary for the export of proteins involved in attach-

ing and e¤acing lesion formation. Proceedings of the National Academy of

Sciences, USA 92, 7996–8000.

Jenal, U. and Shapiro, L. (1996). Cell cycle-controlled proteolysis of a flagellar

motor protein that is asymmetrically distributed in the Caulobacter predivi-

sional cell. EMBO Journal 15, 2393–2406.

Keene, W.E., McAnulty, J.M. and Hoesly, F.C. (1994). A swimming-associated

outbreak of hemorrhagic colitis caused by Escherichia coli O157:H7 and

Shigella sonnei. New England Journal of Medicine 331, 579–584.

Kenny, B., De Vinney, R., Stein, M., Reinsheid, D.J., Frey, E.A. and Finlay, B.B.

(1997). Enteropathogenic Escherichia coli (EPEC) transfer its receptor for inti-

mate adherence to mammalian cells. Cell 91, 511–520.

Knutton, S., Adu-Bobie, J., Bain, C., Phillips, A.D., Dougan, G. and Frankel, G.

(1997). Down regulation of intimin expression during attaching and e¤ac-

ing Escherichia coli adhesion. Infection and Immunity 65, 1644–1652.

Knutton S., Rosenshine, I., Pallen, M.J., Nisan, I., Neves, B.C., Bain, C., Wol¤,

C., Dougan, G. and Frankel, G. (1998). A novel EspA-associated surface orga-

nelle of enteropathogenic Escherichia coli involved in protein translocation

into epithelial cells. EMBO Journal 17, 2166–2176.

Kresse, A.U., Schulze, K., Deibel, C., Ebel, F., Rohde, M., Chakraborty, T. and

Guzmán, C.A. (1998). Pas, a novel protein required for protein secretion and

attaching and e¤acing activities of enterohemorrhagic Escherichia coli.

Journal of Bacteriology 180, 4370–4379.

Kresse A.U., Rohde, M. and Guzmán, C.A. (1999). The EspD protein of entero-

hemorrhagic Escherichia coli is required for the formation of bacterial surface

a.
 u

. k
re

ss
e 

et
 a

l.

218



appendages and is incorporated in the cytoplasmic membranes of target

cells. Infection and Immunity 67, 4834–4842.

Kresse, A.U., Beltrametti, F., Müller, A., Ebel, F. and Guzmán, C.A. (2000).

Characterization of SepL of enterohemorrhagic Escherichia coli. Journal of

Bacteriology 182, 6490–6498.

Kubori, T., Matsushima, Y., Nakamura, D., Uralil, J., Lara-Tejero, M., Sukhan, A.,

Galan, J.E. and Aizawa, S.I. (1998). Supramolecular structure of the

Salmonella typhimurium type III secretion system, Science 280, 602–605.

McDaniel, T.K. and Kaper, J.B. (1997). A cloned pathogenicity island from enter-

opathogenic Escherichia coli confers the attaching and e¤acing phenotype on

E. coli K-12. Molecular Microbiology 23, 399–407.

Mekalanos, J.J. (1992). Environmental signals controlling expression of virulence

determinants in bacteria. Journal of Bacteriology 174, 1–7.

Mirold, S., Rabsch, W., Rohde, M., Stender, S., Tschäpe, H., Rüssmann, H., Jgwe,

E. and Hardt, W.D. (1999). Isolation of a temperent bacteriophage encoding

the type III e¤ector protein SopE from an epidemic Salmonella typhimurium

strain. Proceedings of the National Academy of Sciences, USA 96, 9845–9850.

Moon, H.V., Whipp, S.C., Argenzio, R.A., Levine, M.M. and Ginnella, R.A.

(1983). Attaching and e¤acing activities of rabbit and human enteropatho-

genic Escherichia coli in pig and rabbit intestines. Infection and Immunity 41,

1340–1351.

Nataro, J.P. and Kaper, J.B. (1998). Diarrheagenic Escherichia coli. Clinical

Microbiology Reviews 11, 142–201.

Ogierman, M.A., Paton, A.W. and Paton, J.C. (2000). Up-regulation of both

intimin and eae-independent adherence of Shiga toxigenic Escherichia coli

O157 by ler and phenotypic impact of a naturally occurring ler mutation.

Infection and Immunity 68, 5344–5353.

Puente, J.L., Bieber, D., Ramer, S.W., Murray, W. and Schoolnik, G.K. (1996). The

bundle-forming pili of enteropathogenic Escherichia coli: transcriptional reg-

ulation by environmental signals. Molecular Microbiology 20, 87–100.

Renwick, S.A., Wilson, J.B., Clarke, R.C., Lior, H., Borczyck, A., Spika, J.S., Rahn,

K., McFadden, K., Brouwer, A. and Copps, A. (1994). Evidence of direct trans-

mission of Escherichia coli O157:H7 infection between calves and a human

— Ontario. Canada Communicable Disease Report 20, 73–75.

Roine, E., Wei, W., Yuan, J., Nurmiaho-Lassila, E.-L., Kalkkinen, N.,

Romantschuk, M. and He, S. Y. (1997). Hrp pilus: an hrp-dependent bacte-

rial surface appendage produced by Pseudomonas syringae pv. tomato

DC3000. Proceedings of the National Academy of Sciences, USA 94, 3459–3464.

Rosenshine, I., Ruschkowski, S., Stein, M., Reinscheid, D.J., Mills, S.D. and

Finlay, B.B. (1996). A pathogenic bacterium triggers epithelial signals to

fu
n

ctio
n

al m
o

d
u

latio
n

 o
f path

o
g

en
ic bacteria

219



form a functional bacterial receptor that mediates actin pseudopod forma-

tion. EMBO Journal 15, 2613–2624.

Shaw, R.K., Daniell, S., Ebel, F., Frankel, G. and Knutton, S. (2001). EspA

filament-mediated protein translocation into red blood cells. Cellular

Microbiology 3, 213–222.

Stephens, C. and Shapiro, L. (1996). Bacterial pathogenesis: delivering of the

payload. Current Biology 6, 927–930.

Swerdlow, D.L., Woodru¤, B.A., Brady, R.C., Griªn, P.M., Tippen, S., Donnell,

H.D., Jr., Geldreich, E., Payne, B.J., Meyer, A., Jr, Wells, J.G. et al. (1992). A

waterborne outbreak in Missouri of Escherichia coli O157:H7 associated with

bloody diarrhea and death. Annals of Internal Medicine 117, 812–819.

Tanaka, K., Takayanagi, Y., Fujita, N., Ishihama, A. and Takahashi, H. (1993).

Heterogeneity of the principal � factor in Escherichia coli: the rpoS gene

product �38 is a secondary principal � factor of RNA polymerase in station-

ary-phase. Proceedings of the National Academy of Sciences, USA, 90,

3511–3515.

Tzipori, S., Gunzer, F., Donnenberg, M.S., de Montigny, L., Kaper, J.B. and

Donohue Rolfe, A. (1995). The role of the eaeA gene in diarrhea and neuro-

logical complications in a gnotobiotic piglet model of enterohemorrhagic

Escherichia coli infection. Infection and Immunity 63, 3621–3627.

Wall, D. and Kaiser, D. (1999). Type IV pili and cell motility. Molecular

Microbiology 32, 1–10.

Wawara, J., Finlay, B.B. and Kenny, B. (1999). Type III secretion-dependent hemo-

lytic activity of enteropathogenic Escherichia coli. Infection and Immunity 67,

5538–5540.

Wol¤, C., Nisan, I., Hanski, E., Frankel, G. and Rosenshine, I. (1998). Protein

translocation into host epithelial cells by infecting enteropathogenic

Escherichia coli. Molecular Microbiology 28, 143–155.

a.
 u

. k
re

ss
e 

et
 a

l.

220



PART III Consequences of bacterial
adhesion for the host





CHAPTER 10

Adhesion, signal transduction and mucosal
inflammation

Catharina Svanborg, Goran Bergsten, Hans Fischer, Björn Frendéus,
Gabriela Godaly, Erika Gustafsson, Long Hang, Maria Hedlund, Ann-
Charl0tte Lundstedt, Martin Samuelsson, Patrik Samuelsson, Majlis
Svensson and Björn Wullt

10.1 INTRODUCTION

Mucosal surfaces continue where the skin leaves o¤, completing the boun-
daries between the environment and internal tissues. It is to the mucosal barrier
that pathogens first attach, and the ensuing molecular interactions determine
whether the pathogens will cause infection or if health will be maintained.

The di¤erent cell populations in the mucosal barrier are equipped to
sense and respond to the molecular contents in the lumen and to translate
this molecular information into signals that can reach local or distant tissue
sites. Inflammatory cascades are often the first to be activated by bacteria or
viruses, and explain many aspects of acute disease. It is not the presence of
microbes in the tissues that makes us sick. Vast numbers of bacteria may
colonize di¤erent sites in the body, and viruses may persist for long periods
of time, while the host remains perfectly healthy. It is the host response to
the infecting agents that causes the symptoms and tissue damage.
Inflammatory mediators thus provide a direct link between the microbe and
the host in disease pathogenesis (for a review, see Svanborg et al., 1999).

It is commonly accepted that the most virulent bacteria cause the most
severe acute symptoms and long-term e¤ects, but the mechanisms used to
trigger acute disease manifestations are less clear. Pathogens elicit the
strongest host response, even though members of the indigenous microflora
contain many of the same molecules. This is quite puzzling, but at least two
factors may explain the di¤erence. First, pathogens may have a broader rep-
ertoire of host-activating molecules than do the commensals or they may
express molecular variants with a better specificity for the host response
pathways. Second, the pathogens may present the host-activating molecules
more eªciently to the cells in the mucosa (Smith and Linggood, 1972;
Svanborg et al., 1999; Hedlund et al., 2001). Finally, it has been suggested
that commensals inactivate the host response in order to enhance their own
survival (Neish et al. 2000).
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Bacterial attachment serves a number of basic functions. Early studies
emphasized the importance of attachment for bacterial persistence at sites
of colonization or infection (Freter, 1969; Smith and Linggood, 1972;
Gibbons, 1973). The attached state was thought to promote nutrient uptake
and to allow bacteria to multiply (Zobell, 1943). The e¤ect on persistence,
however, does not explain why adherence is linked to the severity of infec-
tion. Smith and Linggood (1972) showed that adherence promotes the deliv-
ery of toxins, and we have demonstrated that pathogens use adherence as a
direct tissue attack mechanism, to initiate the local host response to infec-
tion (Svanborg-Edén et al., 1976; Linder et al., 1988; Svanborg et al., 1999).
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Figure 10.1. The ‘two-signal model’ for host response induction by attaching bacteria.

Signal 1: Bacterial attachment to epithelial cell receptors triggers cell activation through

specific transmembrane signalling pathways. Patients with a dysfunctional first signal

have no response, leading to an asymptomatic carrier state.

Signal 2: Cell activation causes inflammation through the activation of the second

signal. Chemokines are secreted and inflammatory cells are recruited to the mucosa.

Adherence and the fimbrial receptor specificity direct the cellular infiltrate through the

repertoire of mediators that is produced as a consequence. In the patients with a well-

functioning inflammatory response the cells first migrate into and then exit from the

tissues, and in the process infection is cleared. These inividuals may develop symptoms

of acute disease but no tissue pathology. Defective inflammation leads to tissue damage

and renal scarring, owing to poor bacterial clearance and tissue destruction by cells

trapped in the tissues (see Plate 10.2).



Figure 10.1 illustrates the ‘two-signal’ model for host response induction
by attaching bacteria. Attachment of bacterial adhesins to cell surface recep-
tors triggers the first signal. Specific signal transduction pathways are acti-
vated, and host response-activating virulence factors are delivered to the
tissues. This interaction determines whether bacteria will remain surface
associated, cross the mucosal barrier through or between the cells, or export
their virulence products to modify the behaviour of the cells. The second
signal involves the release of pro-inflammatory mediators by the activated
cells. Chemokines recruit inflammatory cells and chemokine receptors
direct their interaction with the mucosal barrier. The inflammation is
amplified by the recruited cells and their mediators determine subsequent
steps in the inflammatory process.

The e¤ects of bacterial adhesion depend on the host. In the ‘high respon-
ders’ both the first and the second signal are very active. If the resulting
inflammatory response is fully functional, the patient may develop transient
symptoms and clear the infection, but if the response is dysfunctional, clear-
ance is impaired and chronic tissue pathology may follow (see below).

The ‘low responders’, on the other hand, have a suppressed ‘first signal’,
and do not mount an inflammatory response or a defence. This allows bacteria
to establish without causing inflammation, and the patients become asympto-
matic carriers, due to their refractoriness to activation by attaching bacteria.

This chapter describes how bacterial attachment influences the signal
transduction pathways involved in cell activation and directs pathogenesis
through the inflammatory response, and indirectly the resistance to mucosal
infection. We will use P fimbriated Escherichia coli urinary tract infection
(UTI), as a model to illustrate the link between bacterial attachment and cell
activation. Many mechanisms are common to the di¤erent fimbrial types on
uropathogens, and to mucosal pathogens infecting other sites.

10.2 THE ‘FIRST SIGNAL’: ATTACHMENT – MECHANISMS AND
CONSEQUENCES FOR CELL ACTIVATION

Adherence is a virulence factor for uropathogenic E. coli. Strains causing
severe disease (acute pyelonephritis, urosepsis) are more highly adhesive
than strains causing less severe forms of UTI (asymptomatic bacteriuria,
ABU) or in the faecal flora of healthy controls (Fig. 10.2). In epidemiological
studies, P fimbriae show the strongest association with acute disease severity,
with at least 90% of acute pyelonephritis isolates but fewer than 20% of ABU
strains expressing this phenotype (Svanborg-Edén et al. 1976; Svanborg-Edén
and Hansson, 1978; Leºer and Svanborg-Edén, 1981; Plos et al., 1995).
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10.2.1 Receptor specificity of P fimbriae

For many years, adherence was regarded as a non-specific process,
involving simply charge and hydrophobicity. We were unable to reconcile our
findings with this concept, as uropathogens showed di¤erential adherence
depending on the individual host and tissue where the cells had been
obtained. We demonstrated that adherence is a specific process involving
bacterial surface ligands and host cell receptors, and that fimbriae-associated
lectins use cell surface glycoconjugate receptors to target sites where they ini-
tiate infection (C. Svanborg, oral presentation, 1979; Leºer and Svanborg-
Edén, 1980; Svanborg-Edén et al., 1981).

P fimbriae attach to epithelial cells through specific receptors composed
of Gal�1–4Gal�-oligosaccharide sequences in the globoseries of glycosphin-
golipids (GSLs) (Leºer and Svanborg-Edén, 1980). The receptor specificity
of P fimbriae has been extensively characterized. P fimbriated bacteria fail to
adhere to cells from host individuals of blood group P (Källenius et al., 1980;
Leºer and Svanborg-Edén 1980), who lack these receptors, but bind to
receptor-coated inert surfaces, showing that the receptors are necessary, and
suªcient for attachment. Furthermore, in vivo attachment is inhibited by
soluble receptor analogues (Svanborg-Edén et al., 1982).

10.2.2 P fimbriae, colonization and host response induction

P fimbriae augment the virulence of uropathogenic E. coli at di¤erent
stages during the pathogenesis of UTIs. Prior to infection of the urinary
tract, P fimbriated strains establish in the intestinal flora of UTI-prone
patients and spread more eªciently than other bacteria to the urinary tract
(Wold et al., 1988; Plos et al., 1995). P fimbriae enhance the establishment of
bacteriuria and the cytokine response to E. coli in the murine urinary tract
(Hagberg et al., 1983; Hedges et al., 1991; Hedlund et al., 1996; Godaly et al.,
1998; Frendéus et al., 2001; Wullt et al., 2001).

The role of P fimbriae in bacterial persistence and host response induc-
tion has recently been studied in the human urinary tract (Wullt et al., 2000,
2001). As carriage of avirulent bacteria may prevent symptomatic superin-
fections, we have developed a protocol for deliberate colonization of the
human urinary tract with an avirulent ABU strain, and have used P fimbri-
ated transformants of this strain for comparison. The pap� transformant
expressed P fimbriae, as shown by electron microscopy and receptor-specific
haemagglutination assays (Fig. 10.3). Patients with recurrent UTI were
invited to participate, and were inoculated intravesically with 105
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Figure 10.3. Role of P fimbriae in bacterial persistence and host response induction in

the human urinary tract. ABU has been shown to prevent symptomatic UTI (Hanson et

al., 1972; Lindberg, 1975). In the patients who do not develop ABU, a protocol for

deliberate colonization has been developed. An avirulent ABU strain was used (�) and it

was transformed with the pap sequences in an attempt to enhance bacterial

establishment (–�–). The pap� transformant expressed P fimbriae, as shown by electron

microscopy. (a) Patients with recurrent UTI were inoculated intravesically with 105

c.f.u./ml of either strain on three consecutive days (denoted by arrows). The figure

illustrates the kinetics of bacterial establishment for the P fimbriated transformant and

the non-fimbriated ABU strain. (b) The columns show cumulative bacterial counts from

the first three days. Open columns, non-fimbriated ABU strain; shaded columns,

fimbriated transformant. (c) Host response induction, quantified by urine neutrophil

counts and IL-6 and IL-8 concentrations in the urine. The P fimbriated transformant was

shown to trigger the local host responses more eªciently than the ABU host strain. (Data

from Wullt et al., 2000, 2001.)



colony-forming units (c.f.u.) of the ABU strain or the P fimbriated transfor-
mant per millilitre. The P fimbriated transformants established bacteriuria
more rapidly than did the ABU host strain, and triggered the local host
responses more eªciently, as shown by the neutrophil, interleukin (IL)-6
and IL-8 measurements (Fig. 10.3d). These results demonstrate that P fim-
briae fulfil the molecular Koch postulates as a colonization enhancer and
host response inducer in the human urinary tract.

10.2.3 Mechanisms of cell activation

Two general mechanisms have been proposed to explain the link
between attachment and inflammation. First, the coupling of fimbriae to
their receptors activates receptor-determined signalling pathways in the host
cell (de Man et al., 1989; Hedges et al., 1992; Hedlund et al., 1996, 1998,
1999, 2001). Second, fimbriated bacteria deliver to the tissues other viru-
lence factors that themselves lack specific targeting mechanisms, and the
ensuing tissue responses are due mainly to the delivered virulence factor
with attachment as a facilitator.

10.2.3.1 Fimbriae, transmembrane signalling and cell activation

P fimbriae are directly involved in host cell activation. Coupling of fim-
briated bacteria or isolated fimbriae to their receptors elicits a cytokine
response in the target cell (Plate 10.1).

10.2.3.1.1 P fimbriae and transmembrane signalling through ceramide

Membrane sphingolipids play an important role in signal transduction.
While the carbohydrate head groups are essential for ligand recognition, the
membrane domain determines signalling and cell activation. After binding
of P fimbriae to their Gal�1–4Gal� receptor epitopes, ceramide is released
(Hedlund et al., 1996) and downstream signalling involves Ser/Thr kinases,
consistent with the ceramide signalling pathway being activated.

Other exogenous ligands such as vitamin D3, IL-1, tumour necrosis
factor (TNF) or interferon (IFN)-� (Kim et al., 1991) release ceramide from
sphingomyelin and the released ceramide activates CAPP (ceramide-
activated protein phosphatase), a heterotrimeric protein phosphatase, and
Ser/Thr specific protein kinases (Schütze et al., 1992). P fimbriae di¤er from
these activators by binding directly to ceramide-anchored receptors and trig-
gering the release of ceramide from the glycosphingolipid (Hedlund et al.,
1996, 1998).

Receptor fragmentation into ceramide and free oligosaccharide may rep-
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resent a highly eªcient strategy of the host defence (Hedlund et al., 1996,
1998). Release of the carbohydrate receptor makes the bacteria ‘lose their
grip’, and the host cells probably remain refractory to further adherence until
new receptors are expressed. Soluble receptors may competitively inhibit
further attachment as shown by the prevention of experimental UTI by
receptor analogues in vivo (Svanborg-Edén et al., 1982). Inflammation is the
second and more obvious advantage to the host defence, as released cera-
mide may activate mediators involved in the recruitment of inflammatory
cells that clear the infection.

10.2.3.1.2 P fimbriae recruit Toll-like receptor 4 as a co-receptor

Recent studies have demonstrated that P fimbriae recruit Toll-like recep-
tor 4 (TLR4) as co-receptor in cell activation (Svanborg et al., 2001; Frendéus
et al., 2001). The involvement of TLR4 was first suggested from results of
experimental UTI in TLR4-deficient mice (Shahin et al., 1987; Svanborg-
Edén et al., 1987), carrying a mutation in TLR4 that renders them unrespon-
sive to lipopolysaccharide (LPS) (Poltorak et al., 1998). Recombinant P
fimbriated strains triggered inflammation in C3H/HeN mice but responses
were virtually absent in the TLR4-deficient mice. The possible relevance to
human disease was shown by expression in uro-epithelial cells of several
TLR mRNAs, including TLR4, and by the up-regulation of TLR4 following
exposure to the P fimbriated strains. By confocal microscopy, TLR4 was
shown to co-localize with the GSL receptors in caveoli. We proposed that P
fimbriae bind to the receptor GSLs and recruit TLR4 for signal transduction
(Fig. 10.4) (Frendéus et al., 2001).

LPS is thought to be the principal component of Gram-negative bacteria
that alerts the host to systemic infection. LPS-binding protein transfers LPS
to a binding site on CD14, and cell activation occurs through the recruitment
of TLRs (Ulevitch and Tobias, 1995) (Fig. 10.4). Most epithelial cells are
CD14-negative, however, and do not become activated by free LPS but they
respond to whole Gram-negative bacteria and secrete cytokines and other
pro-inflammatory mediators (Hedges et al., 1992; Hedlund et al., 1996,
1999). LPS might still play a role in this response, if delivered to CD14-
independent signalling pathways.

The possible involvement of LPS in P fimbrial responses was investi-
gated by mutational inactivation of lipid A. The msbB gene encodes an acyl
transferase that couples myristic acid to the lipid IVA precursor (Somerville
et al., 1996). Bacteria expressing the mutated lipid A lose their toxicity for
CD14-positive cells. We used mutant strains expressing normal (msbB�) or
mutated (msbB�) lipidA as hosts for recombinant plasmids carrying the pap
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sequences encoding P fimbriae. The recombinant strains expressing P fim-
briae in the two LPS backgrounds were then used for cell activation. The P
fimbriated strains elicited strong cellular responses, but the non-fimbriated
controls were poor host response inducers, demonstrating the importance of
the fimbriae for cell activation in this model (Hedlund et al., 1999; Frendéus
et al., 2001). Responses to the P fimbriated transformants were independent
of the msbB mutation. Furthermore, known inhibitors of LPS responses in
CD14-positive cells showed no inhibitory e¤ect.

The results suggest that the TLR4-dependent signalling pathway allows
P fimbriae to overcome the LPS refractoriness of the CD14-negative epithe-
lial cells, and that P fimbriae recruit TLR4 by molecular mechanisms di¤er-
ent from those involved in cell activation by LPS in CD14-positive cells.

10.2.3.2 Difference in LPS delivery between P and type 1 fimbriated
Escherichia coli

Type 1 fimbriae recognize mannosylated glycoprotein receptors on a
variety of cells (Fig. 10.4). Uroplakins are one candidate on epithelial cells,
and the Tamm–Horsfall protein may bind type 1 fimbriae in the lumen, but
the exact structure of the uro-epithelial cell receptors is not known (Orskov
et al., 1980; Wu et al., 1996). Like P fimbriae, type 1 fimbriae mediate attach-
ment and activate the production of inflammatory mediators in the target cell
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Figure 10.4. Di¤erence in TLR4 recruitment and LPS delivery between P and type 1

fimbriae. (a) The uro-epithelial cells are CD14-negative. Still, their response to P fimbriae

is TLR4 dependent, but with no detectable influence of LPS. Addition of LPS inhibitors

such as polymyxin B or BPI did not reduce the cellular responses to P fimbriated E. coli.

Also, mutational inactivation of the msbB sequences that encode lipidA myristoylation

and reduce the responses to Gram-negative bacteria in CD14-positive cells had no e¤ect

on responses to P fimbriated bacteria (Hedlund et al., 1999; Frendéus et al., 2000). The

results suggest that P fimbriae overcome the LPS refractoriness of the epithelial cells and

activate them through mechanisms that converge at the level of TLR4. Interestingly, both

the LPS receptor CD14 and the glycosphingolipid receptor for P fimbriae are lipid

anchored, lack a transmembrane signalling domain and may thus activate TLR4 via

similar mechanisms. (b) The epithelial cell responses to type 1 fimbriated E. coli are

partially TLR4 and LPS dependent. Type 1 fimbriated bacteria deliver a weak LPS/TLR4

signal accounting for about 25% of the cellular response. The remaining response is

lectin-dependent, requiring the binding to mannosylated glycoprotein receptors

(Hedlund et al., 2001). Both responses are inhibited by �-methyl-d-mannoside, which

blocks the binding of type 1 fimbriae to their receptors, demonstrating the importance of

adhesion for the LPS-dependent as well as the lectin-dependent signal.



(Fig. 10.4). They contribute to virulence in the murine urinary tract, as
shown by the loss of virulence in adhesin-negative fimH gene knockouts
(Connell et al., 1996).

Type 1 fimbriae use di¤erent mechanisms for cell activation. They
trigger both a lectin-dependent/TLR4-independent and an LPS/TLR4-depen-
dent signal (Fig. 10.5). Mutational inactivation of lipid A caused about a 20%
reduction in the host response, and polymyxin B and bacterial permeability-
inducing (BPI) protein gave a similar reduction of cellular responses to type
1 fimbriated bacteria. The type 1 fimbriated bacteria elicited a strong inflam-
matory response in TLR4-proficient mice, but the responses were slower and
lower in the TLR4-deficient mice. Still, the type 1 fimbriated strains caused
a significant and fimbriae-dependent response also in these mice, which was
not seen for the P fimbriae. These results demonstrate that type 1 fimbriated
E. coli trigger both an LPS-dependent and a lectin-dependent cytokine
response (Hedlund et al., 2001).

These studies illustrate that bacterial fimbriae target LPS and other
microbial molecules to the host cells and that they activate host responses via
LPS-dependent and LPS-independent mechanisms. LPS is released from the
surface of Gram-negative bacteria as membrane ‘blebs’ containing most of
the outer membrane components. Host cells probably see such membrane
blebs rather than LPS monomers. It is not just a question of the molecules
involved and their concentration at the cell surface, but of the molecular
context into which these molecules are delivered to the cell surface.
Fimbriae-mediated attachment provides an interesting example where the
delivery mechanism itself determines the pathway of cell activation and
where an additional microbial product may contribute to this process if deliv-
ered to the appropriate target.

10.2.3.3 Host receptor variation

There exist great individual di¤erences in the expression of receptors for
P fimbriae, and they influence the susceptibility to infection. Patients prone
to UTI show a higher density of epithelial cell receptors (Stamey and Sexton,
1975). Furthermore individuals of blood-group P

1
run an increased risk of

developing recurrent pyelonephritis (Lomberg et al., 1986), and the A
1
P
1

blood group predisposes to infection with bacteria recognizing the globo A
receptor (Lindstedt et al., 1991). One may predict that a host lacking recep-
tors would be resistant to UTI, but there are too few receptor-negative indi-
viduals to enable investigation of this hypothesis.
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10.2.4 Summary of the first signal

Mucosal responses to infectious agents depend on the delivery of micro-
bial components and on the activation of signalling pathways in the respond-
ing cell(s). Fimbriae-mediated attachment is an important mechanism for
tissue targeting of Gram-negative bacteria, and enhances mucosal inflam-
mation. While fimbriae themselves can trigger cell activation, they also dock
the bacteria to sites where receptors are expressed, and may initiate the host
response. Furthermore, attachment is the delivery mechanism for other vir-
ulence-associated molecules, causing, for example, membrane perturbation,
invasion or apoptosis.

10.3 THE SECOND SIGNAL: EPITHELIAL CELL MEDIATORS AND
THE INFLAMMATORY RESPONSE

10.3.1 Epithelial cell cytokine production

For a long time epithelial cells were regarded mainly as mechanical
building blocks in the mucosal barrier, with the sole duty to secrete immu-
noglobulin (Ig) A. We proposed that the link between attachment and disease
severity could be explained if the bacteria were able to elicit a response in the
epithelial cells. We proposed that epithelial cells sense external danger, and
showed that uro-epithelial cells produce an array of mediators that transmit
signals across the mucosal barrier to adjacent cells or underlying tissues (for
a review, see Svanborg et al., 1999). More specifically, bacteria elicit mucosal
cytokine production. By enhancing epithelial cell cytokine responses, bacte-
rial adherence provides a direct link between adherence, inflammation and
disease severity (de Man et al., 1989; Hedges et al., 1990, 1991; Linder et al.,
1991; Agace et al., 1993a; Svensson et al., 1994).

10.3.1.1 Attachment and the chemokine repertoire

Attachment influences the magnitude of the chemokine response as well
as the uro-epithelial chemokine repertoire (Fig. 10.5). The type 1 fimbriated bac-
teria stimulated chemokines fairly selective for neutrophils, including IL-8 and
GRO-�, while P fimbriated bacteria stimulated a response that should favour
the recruitment of lymphocytes and monocytes, in addition to neutrophils.

The in vitro data on the chemokine repertoire were confirmed by clini-
cal studies. The CXC chemokines IL-8, IP-10, GRO-� and ENA-78 were
found in the urine of most patients with febrile UTI, as were the CC chemo-
kines MCP-1, MIP-1� and RANTES. The CXC or CC chemokine responses
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of the patients were also shown to di¤er with the pap genotype of the infect-
ing strain. Patients infected with the pap� E. coli isolates had higher MCP-1
responses, and patients infected with prs� strains had higher RANTES
responses (Otto et al., 1999; G. Godaly et al., unpublished data).

10.3.1.2 Infection up-regulates chemokine receptor expression

Chemokines mediate their biological e¤ects by binding to chemokine
receptors belonging to the large serpentine receptor family with seven trans-
membrane loops, linked to a G-protein for signal transduction (Baggiolini et
al., 1997; Damaj et al., 1996; Laudanna et al., 1998). Human uro-epithelial
cells express both CXCR1 and CXCR2 (Godaly et al., 2000). Thus the molec-
ular basis for CXCR-dependent neutrophil–epithelial cell interactions is in
place along the mucosal lining of the human urinary tract. Experimental
infection caused a rapid increase in the expression of the murine IL-8 recep-
tor by epithelial cells in kidney and bladders in vivo. CXCR1, but not CXCR2,
was shown to account for the increased binding of IL-8 to infected cells and
for the increased neutrophil migration across infected cell layers in vitro. The
epithelial cells thus present IL-8 to incoming neutrophils and lead them
through the cell layer into the lumen (Fig. 10.5).

10.3.2 Neutrophil recruitment to the urinary tract

The recruitment of neutrophils to the urinary tract results in so-called
‘pyuria’. The di¤erent steps involved in neutrophil migration to the urinary
tract (Agace et al., 1993a,b; Godaly et al., 1997) have been identified, using
the Transwell model system (Parkos et al., 1991; McCormick et al., 1993).
Bacteria first stimulate the epithelial cells to secrete chemokines, and a gra-
dient is established. Neutrophils leave the bloodstream, migrate through the
tissues and cross the epithelial barrier into the lumen, and IL-8 appears to be
the main force that drives neutrophil migration across epithelial cell layers.
In the mouse UTI model, MIP-2was shown to be one IL-8 equivalent, direct-
ing neutrophil migration through the lamina propria and across the epithe-
lium (Hang et al., 1999).

10.3.2.1 Dysfunctional neutrophil migration in the mIL-8Rh knockout
mice.

The in vivo relevance of epithelial CXCR expression was studied in IL-
8Rh knockout (KO) mice. While no single rodent homologue for human IL-
8 has been identified (Cochran et al., 1983; Tekamp-Olson et al., 1990) several
CXC and CC chemokines are produced in response to UTI in vivo (Hang et
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al., 1999). These chemokines converge on the single murine IL-8 receptor
homologue, which was deleted in the mIL-8Rh KO mouse (Cacalano et al.,
1994). A dysfunctional neutrophil response was found in the IL-8R KO mice
as compared with the Balb/c controls. The IL-8R mutant mice had an intact
mucosal chemokine response to infection and, by immunohistochemistry,
neutrophils were shown to accumulate in bladder and kidney tissue (Godaly
et al., 2000; Hang et al., 2000). The neutrophils were unable to cross the epi-
thelium into the lumen, resulting in low urine neutrophil numbers at all
times (Plate 10.2). The influx of neutrophils showed that the chemotactic gra-
dient was intact despite the lack of IL-8 receptors, and demonstrated that the
epithelium formed a virtually impermeable barrier when the chemokine
receptor was absent.

10.3.2.2 Innate defences are important in the urinary tract

Specific immune functions and innate host defences have converged at
mucosal sites (for a review, see Kagno¤ and Kiyono, 1996). While specific
immunity can be particularly e¤ective in preventing systemic infections by
invading pathogens, innate immune mechanisms provide the most potent
defence against UTI, and neutrophils are important local e¤ectors of the
mucosal defence (Shahin et al., 1987; Haraoka et al., 1999). The work was
based on earlier observations in C3H/HeJ (lpsd, lpsd) mice that lack a neu-
trophil response to UTI, and fail to clear bacteria from the tissues (Shahin et
al., 1987; Svanborg-Edén et al., 1987). To prove that neutrophils were the crit-
ical e¤ector cells, C3H/HeN mice were depleted of neutrophils with the
granulocyte-specific antibody RB6-8C5. As a consequence, bacterial clear-
ance from kidneys and bladders was drastically impaired (Haraoka et al.,
1999). The results demonstrate that neutrophils are essential for bacterial
clearance from the urinary tract and that the neutrophil recruitment defi-
ciency in C3H/HeJ mice explains their susceptibility to Gram-negative
mucosal infection.

10.3.2.3 The IL-8R deficiency confers susceptibility to acute
pyelonephritis and renal scarring

Even though the IL-8 receptor KO mice recruited neutrophils into the
tissues, they were highly susceptible to infection (Plate 10.2b) (Frendéus et
al., 2000). The mutant mice were unable to clear the bacteria from kidney
and bladder tissues and eventually developed bacteraemia and symptoms of
systemic disease. This is the first case of an animal model where disruption
of a single gene causes a disease closely resembling acute pyelonephritis in
humans, as well as long-term tissue pathology with the characteristics of
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renal scarring. These results emphasize the role of innate immunity, neu-
trophils and IL-8 receptor function in resistance to acute urinary tract infec-
tion and in renal tissue integrity.

10.3.2.4 Neutrophils recognize type 1 but not P fimbriated bacteria

Fimbriae influence the interactions of E. coli with neutrophils and the
susceptibility to phagocytosis and killing. Type 1 fimbriae bind neutrophils,
utilizing mannosylated glycoproteins as receptors, elicit an oxidative burst,
and bacteria are taken into the cells and killed depending on other factors
such as the capsule, outer membrane proteins LPS and P fimbriae bind
poorly to human neutrophils, owing to the paucity of GSL receptors on these
cells (Svanborg-Edén et al., 1984; Tewari et al., 1994), and the bacteria are
phagocytosed quite poorly (Öhman et al., 1982; Goetz, 1989).

Taken together with the chemokine response profile, the results suggest
that while bacteria with type 1 fimbriae mainly trigger a cellular response
leading to their own destruction, bacteria with P fimbriae enhance their vir-
ulence by activating a cellular infiltrate that they can evade.

10.3.3 Summary of the second signal

Epithelial cells secrete inflammatory mediators that set the stage for sub-
sequent recruitment of inflammatory and lymphoid cells. Attachment regu-
lates this response by influencing the chemokine repertoire and chemokine
receptor expression.

Neutrophils are essential for the antibacterial defence, and IL-8 and IL-
8 receptors are crucial in order for neutrophils to cross the epithelial barriers.
In the absence of functional chemokine receptors, mice become highly sus-
ceptible to infection and develop systemic disease resembling acute pyelo-
nephritis in humans (Frendéus et al., 2000). Neutrophils accumulate in the
tissues and the animals develop renal scarring (Hang et al., 2000). These
findings illustrate the need to regulate neutrophil migration across epithelial
barriers and explain why resident cells have developed mechanisms for di¤e-
rential expression of chemokines and their receptors.

10.4 LOW CXCR1 EXPRESSION IN CHILDREN WITH ACUTE
PYELONEPHRITIS

The phenotypes of the mIL-8Rh KO mice suggested that susceptibility
to UTI in humans might reflect poor IL-8 receptor expression. This was,
indeed, shown to be the case (Frendéus et al., 2000). Children with recurrent
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UTI and acute pyelonephritis were compared with age-matched children
without a history of UTI. Samples for CXCR1 quantification were obtained
twice during an infection-free interval, with one year in between. CXCR1
expression was examined by fluorescence-activated cell sorting (FACS) using
monoclonal antibodies, and mRNA levels were determined by RNA display.
The children with recurrent UTI and acute pyelonephritis were shown to
have reduced CXCR1 expression, and their CXCR1 mRNA levels were low
as compared with the controls (Plate 10.3). Ongoing studies have suggested
that the UTI-prone children have sequence heterogeneity in the CXCR1 pro-
moter region as compared to controls.

These results suggest that the susceptibility to attaching bacteria can be
regulated by mutations influencing the expression of molecules involved in
host defence. The results illustrate how attachment triggers mucosal inflam-
mation and determines the disease through control of the host response.
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CHAPTER 11

Adhesion of oral spirochaetes to host cells and
its cytopathogenic consequences

Richard P. Ellen

11.1 INTRODUCTION

Oral spirochaetes colonize the gingival crevice and periodontal pocket
adjacent to inflamed gingival tissues as their primary habitat. They are found
most often as part of a loosely adherent mass of motile bacteria at the inter-
face of the biofilm known as subgingival dental plaque and the sulcular and
junctional epithelium lining the pocket. This location o¤ers the opportunity
to co-adhere with other bacteria and to adhere to a variety of host cells and
extracellular matrix (ECM) components. Spirochaetes are motile, and they
can translocate between epithelial cells, through the basement membrane,
and even into the viscous ECM of the lamina propria of the gingiva. En route,
whole cells or fragments shed from their outer sheath may become attached
to epithelial cells, gingival fibroblasts, endothelial cells, and leukocytes, and
thereby may initiate cascades of cellular responses that a¤ect the normal
functions of host cells and the remodelling of the periodontal tissues. Thus
the adhesion of oral spirochaetes to ECM components and cells probably
contributes to the exacerbation of periodontal lesions and to the chronicity
of lesions by interfering with wound healing in sites where infections are not
suªciently suppressed by host defences or by therapy.

Most oral spirochaetes have not yet been cultivated in the microbiology
laboratory (Qui et al., 1994). Until the advent of methodology based on
molecular genetics, there was little understanding of the great diversity rep-
resented by this group, which was traditionally classified by cell size and by
the number of periplasmic flagella originating at the poles of these long,
slender bacteria. Only 10 species have been cultivated and described in
enough phenotypic detail to be assigned species names according to conven-
tions in nomenclature. All have been classified in the genus Treponema. Yet
over 50 clusters, or phylotypes, in 10 major groups have been described on
the basis of 16 S rRNA sequence diversity (Choi et al., 1996; Dewhirst et al.,
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2000). Presumably, most humans are colonized early in life by a variety of
these phylotypes. It apparently takes the enriched, anaerobic environment of
chronically inflamed periodontal pockets to support the emergence of the
most diverse variety of spirochaetes at a population density suªcient for
detection and discrimination (Choi et al., 1994; Riviere et al., 1995; Moter et
al., 1998; Willis et al., 1999).

Treponema denticola is the most frequently isolated species of oral spiro-
chaete and the species most successfully cultivated long term in the labora-
tory (Chan et al., 1993). Therefore it has become a convenient model
organism for the investigation of mechanisms of treponemal adhesion to
host ligands and pathways by which host cells respond to oral treponemes.
Moreover, routine cultivation of T. denticola provided the opportunity for it to
serve as a model vector for the first studies of genetic transformation and
construction of genetic mutants in treponemes (Chi et al., 1999). The com-
plete genome of the type strain ATCC 35405 is presently being sequenced
(see URL http://www.tigr.org/cgi-bin/BlastSearch/blast.cgi?). This chapter
will examine the state of knowledge of the mechanisms and cytopathogenic
consequences of adhesion of oral treponemes to ECM components and to
human cells. By necessity, almost all the information was derived from the
literature on T. denticola (for reviews, see Thomas, 1996; Fenno and McBride,
1998). New investigations that include some of the other cultivable oral
species are just beginning to emerge, and these will appear in the chapter
where relevant.

11.2 SURFACE STRUCTURE OF TREPONEMA DENTICOLA

Like all spirochaetes, treponemes are spiral-shaped, motile bacteria.
External to the cytoplasmic membrane are a periplasm and an outer sheath
that are analogous to the periplasm and outer membrane of Gram-negative
bacteria. Flagella, varying in number according to species, originate at each
pole and extend in the periplasm for more than half the cell length; the fla-
gella from opposite poles often overlap at mid cell. Treponema denticola is a
small spirochaete that usually has two flagella originating from each pole
(Fig. 11.1). The structural proteins of the flagella themselves, the proteins
that anchor the flagella, the proteins that function in flagellar export, and the
proteins that act as motors for flagellar rotation and thereby control the direc-
tion of cellular movement are comparable to those with similar functions in
other bacteria (Heinzerling et al., 1997; Li et al., 2000). The outer sheath is
composed of a complex lipid-carbohydrate polymer, either lipopolysaccha-
ride or lipo-oligosaccharide, and associated outer membrane protein
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Figure 11.1. Transmission electron photomicrographs of negatively stained cells of

Treponema denticola ATCC 35405 demonstrating typical ultrastructure of oral

treponemes. (Top) A T. denticola cell in the process of cell division, where daughter cells

have begun to segregate but the flagella remain connected. The outer sheath is clearly

visible. (Bottom) Higher magnification of one pole, showing outer membrane (OM)

vesicles and insertion of two periplasmic flagella in basal bodies. Bars��0.5 �m.

(Photomicrographs by P.F. Yang and R.P. Ellen.)



complexes. Very few outer sheath proteins of T. denticola have been charac-
terized at the molecular level. The best known of these are the major surface
protein (Msp) (Haapasalo et al., 1992; Fenno et al, 1996) and an associated
serine protease that has been called the chymotrypsin-like protease or, more
recently, dentilisin by di¤erent laboratories (Uitto et al., 1988; Grenier et al.,
1990; Ishihara et al., 1996).

There is electron microscopy (EM), immuno-EM and functional evi-
dence that the Msp complex is displayed on the bacterial surface (Masuda
and Kawata, 1982; Egli et al., 1993), although the extent of its surface expo-
sure has been questioned in one recent publication (Caimano et al., 1999).
Extracted native Msp is detected as a high molecular mass complex, oligo-
meric polypeptide by polyacrylamide gel electrophoresis (PAGE) when
unboiled and usually as a 53kDa polypeptide when denatured by boiling in
sodium dodecyl sulphate (SDS). A 64kDa putative adhesin has also been
identified in the outer sheath of some T. denticola strains (Weinberg and Holt,
1991) and may be analogous in structure–function relationships to Msp. The
outer sheath chymotrypsin-like protease is encoded by the gene prtP
(Ishihara et al., 1996). The term ‘dentilisin’ was chosen because of the con-
served deduced amino acid residues that comprise and flank its putative cat-
alytic residues, which resemble those of the subtilisin family of serine
proteases. The protease runs in SDS-PAGE as a minimum 91–95kDa
complex; the complex is much larger in unboiled samples (Uitto et al., 1988;
Grenier et al., 1990; Rosen et al., 1995). The complex in the type strain ATCC
35405 contains dentilisin, estimated at 72kDa from its deduced amino acid
sequence, and a 43kDa protein of unknown function that is encoded by a
gene immediately upstream from prtP (Ishihara et al., 1996). Fragments of
the outer sheath of T. denticola are known to shed from the surface. Vesicles
with proteolytic activity are also thought to derive from the outer sheath (Fig.
11.1).

11.3 ADHESION OF TREPONEMES TO EXTRACELLULAR MATRIX

Oral treponemes encounter ECM components on the surface of host
cells, in the intercellular spaces between epithelial cells, in the basement
membrane, and in the extracellular compartment of the lamina propria and
deeper connective tissues of the gingiva. Knowledge of their binding and
adhesion to these components is derived primarily from in vitro experimen-
tal assays using T. denticola. This organism most likely evolved to bind to
ECM components both as a mechanism for evading removal by bathing host
fluids and as a way to forage for substrates that could be degraded by prote-
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olysis to satisfy its nutritional requirement for peptides. Indeed, some of the
ECM proteins to which T. denticola binds are known to be degraded by den-
tilisin, and this activity has been shown to promote the movement of T. den-
ticola cells through in vitro molecular complexes mimicking the mammalian
basement membrane (Grenier et al., 1990). The ECM components bound by
T. denticola represent a diverse range of molecular structures. These have
been identified using assays that detect either the soluble ECM molecules
that can be bound by the bacteria, or various polypeptides extracted from the
bacteria, or the adhesion of whole T. denticola cells (or extracted proteins) to
inanimate surfaces that had been preconditioned by the adsorption of ECM
components. The distinction is subtle but significant; macromolecules that
are bound to inanimate or cell surfaces may undergo conformational
changes that a¤ect bacterial adhesion.

Like many wild-type bacteria, the surface of T. denticola cells is moder-
ately hydrophobic (Fiehn, 1991); cells in aqueous suspensions of T. denticola
vary in their net negative surface charge (Cowan et al., 1994). Therefore
whole cells of the organism are able to associate transiently or even bind to
inanimate surfaces depending on their wettability. Treponema denticola cells
bind avidly to hydrophobic plastics and non-wettable silicon surfaces condi-
tioned with methyl groups (Ellen et al., 1998). The cells lie flat upon contact.
The cells bind less readily to wettable hydrophilic surfaces; those cells that
do adhere bind tenuously, mostly in a polar orientation and possibly medi-
ated by ionic interactions. In contrast, T. denticola adheres very well to inan-
imate surfaces that have been preconditioned with human macromolecules
that form extracellular matrices, and such coated surfaces favour a polar
orientation of the adherent cells (Fig. 11.2). The organism binds selectively
to fibronectin (Fn), laminin (Lam), fibrinogen, and hyaluronan-coated sur-
faces but binds relatively poorly to surfaces conditioned with bovine serum
albumin (BSA) and inconsistently to type IV or other collagens (Haapasalo
et al., 1991, 1996). Its adhesion to the native ECM conditioning components
is usually tip-oriented (Dawson and Ellen, 1990, 1994), similar to the polar
adhesion to Fn previously reported for Treponema pallidum.

In most cases, the identity of the adhesin(s) and the exact mechanisms
of adhesion are unknown. Marked inhibition of adhesion to Lam and other
ECM proteins when the bacteria were pretreated with either mixed glycosi-
dases or the sulphydryl reagents p-chloromercuribenzoic acid and oxidized
glutathione suggests that surface protein SH groups and/or carbohydrate
residues may be involved. So far, the only non-proteolytic outer sheath
protein known to adhere to the ECM components listed is Msp. Both native
and recombinant Msp (rMsp) bind to Lam- and Fn-coated plastic (Haapasalo
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et al., 1991; Fenno et al., 1996). The degree of binding is diminished in the
presence of the soluble form of these ECM components. Yet, rMsp does not
block the adhesion of T. denticola cells, probably due to the presence of other,
yet to be identified, outer sheath adhesins that recognize the substrates.
Similarly, very little is known about potential domains of ECM components
that may serve as the ligand for Msp or other T. denticola adhesins. The whole
bacterium can bind to an immobilized, elastase-generated 140kDa �-chain
fragment of Lam that contains its eukaryotic cell attachment domain
(Haapasalo et al., 1991). Lam and Fn contain a similar cell-binding domain
that consists of RGD(Arg-Gly-Asp) residues. Treponema denticola cells can
adhere in polar orientation to plastic coated with RGDS-containing hepta-
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Figure 11.2. Scanning electron photomicrograph of a T. denticola cell adhering by one

pole to a latex microsphere coated with fibronectin. Bar��0.5 �m. (Reprinted from

Trends in Microbiology, 2, Ellen, R.P., Dawson, J.R. and Yang, P.F.: Treponema denticola as

a model for polar adhesion and cytopathogenicity of spirochetes, pp. 114–119, Copyright

1994, with permission of Elsevier Science.).



peptides but not to control peptides. However, the putative target peptides in
solution do not inhibit the adhesion of whole cells to Fn (Dawson and Ellen,
1990).

A novel aspect of polar adhesion to Fn-conditioned surfaces is the time-
dependent concentration of Fn-binding adhesins at one pole of the bacte-
rium during the adhesion process. Treponema denticola cells usually
approach Fn-coated surfaces laterally or obliquely and then slowly ‘stand up’
into a polar orientation. Dawson and Ellen (1994) have shown by ligand–gold
electron microscopy that T. denticola cells that contact Fn-coated nitrocellu-
lose membranes have a disproportionate labelling of Fn[gold]-binding adhe-
sins at one pole as compared with cells that are distant to, or prevented from
contact with, the Fn-coated surface (Fig. 11.3). Cells contacting bu¤er-treated
or Lam-coated surfaces show no redistribution of Fn-binding adhesins.
These observations lend support to the contention that treponemal proteins
are free to move in the outer sheath of the bacterium (Charon et al., 1981)
and imply that a process analogous to ‘capping’ of specific ligand receptors
in eukaryotes occurs in prokaryotic cells. Clustering of adhesins would tend
to increase the avidity of the interaction between the bacterium and the spe-
cific substrate.

Much of the work on T. denticola adhesion to ECM components has con-
centrated on binding assays in which the ligand is first bound to a surface,
probably because native ECM components in tissues associate with cell
surface receptors such as integrins and with each other. When extracted pro-
teins of T. denticola are first dissociated, electrophoresed by PAGE, trans-
ferred to membranes and then exposed to Fn in solution, immunoreactive
Fn can be detected bound to many of the polypeptide bands (Umemoto et al.,
1993). Few have been characterized, and it is likely that several of the posi-
tive bands that migrate di¤erentially actually reflect variously-sized molecu-
lar species or degradation products of a single protein. Treponema denticola
uses ECM proteins as targets for adhesion in order to resist removal by
bathing fluids, but it also probably binds soluble substrates to satisfy its
nutritional needs. Thus the substrate recognition and binding domains of
surface-associated enzymes, for example subtilisin, may serve concomitantly
or transiently as adhesins. In addition, several strains of T. denticola have a
gene for OppA, a 70kDa putative surface binding protein of an ATP-binding
cassette type of transporter (Fenno et al., 2000). Treponema denticola OppA
evidently binds plasma Fn and soluble plasminogen but binds to neither sub-
strate when it is immobilized on a surface, nor to epithelial cells. OppA is
also found in Treponema vincentii. Treponema denticola also has an operon that
encodes MglBAC (Lépine and Ellen, 2000), another putative ATP-binding
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Figure 11.3. Transmission electron photomicrographs of a T. denticola ATCC 33520 cell

that had migrated through methyl cellulose into contact with a fibronectin-coated filter.

After washing, the bacteria were exposed to fibronectin (Fn)-gold probes (10 nm). The

probes concentrated towards one pole of the spirochaete (top) relative to the other pole

(bottom). Bars��0.5 �m. (Photomicrographs by J.R. Dawson and R.P. Ellen.)



cassette implicated in glucose/galactose binding in enteric bacteria and fla-
gellar export in other bacteria, including T. pallidum. MglB and MglA also
have 40–55% amino acid similarity to several Spa and Ysc surface proteins
of the ATP-binding and type III secretion pathways of enteropathogens.

11.4 ADHESION TO EPITHELIAL CELLS AND DISRUPTION OF
EPITHELIAL BARRIER FUNCTION

In their natural habitat, oral treponemes interface directly with the strat-
ified squamous, sulcular and junctional epithelium of the gingival crevice
and inflamed periodontal pocket. Their adhesion to a variety of squamous-
like epithelial cell lines in vitro has been studied by several investigators
(Olsen, 1984; Baehni, 1986; Keulers et al., 1993; Walker et al., 1999).
Recently, there have been detailed investigations of the cytopathogenic con-
sequences of the adhesion of T. denticola to: (i) human KB cells (ATCC CL-
17) (DeFilippo et al., 1995), which were originally derived from an epidermoid
carcinoma; (ii) HeLa cells (Mathers et al., 1996);, (iii) human Hep-2 cells (Ko
et al., 1998b; Ellen et al., 2000), which are of laryngeal origin; and (iv) cell
lines established from explants of porcine periodontal ligament epithelial
cell rests (Uitto et al., 1995). Together, these studies have clearly demon-
strated the potential of T. denticola to breach epithelial barriers (Fig. 11.4).

When epithelial monolayers are challenged with T. denticola supsensions,
the bacteria attach selectively to a subpopulation of cells. Consequently, cyto-
pathic changes are detected in some cells in the monolayer almost immedi-
ately, but most cells remain viable even though they may progress through a
series of cellular responses a¤ecting their cytoskeleton and intercellular
junctional complexes. In time, an increasing proportion of the cells detach
from the extracellular substratum. The detached cells are usually dead, while
those that remain attached apparently remain viable, even though they may
experience profound rearrangement of their cytoskeleton, disassembly of
actin filaments, diminished cytokeratin and desmoplakin II expression and
demonstrate rather marked abnormalities in volume regulation, which is an
actin-dependent function (DeFilippo et al., 1995; Uitto et al., 1995). Although
T. denticola cells can be detected inside some epithelial cells and endothelial
cells during in vitro challenge assays (Uitto et al., 1995; Peters et al., 1999),
there is no evidence that their uptake represents an evolved survival or viru-
lence factor that is analogous to the survival strategies reported for many
other mucosal pathogens. Indeed, intracellular T. denticola cells are seen in
various stages of degradation inside vesicular organelles of the epithelial
cells (Uitto et al., 1995).
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Transcytosis of T. denticola and other treponemes may be an infrequent
event, even in cases when spirochaetes are detected in the gingival connec-
tive tissues of periodontal lesions. Treponema denticola is able to pass through
model mucosal barriers in vitro but not as readily as some other species of
treponemes isolated from periodontal lesions (Riviere et al., 1991). Several
species of oral treponemes produce enzymes with hyaluronidase, chondroi-
tinase, and wide-range peptidase activities that would be expected to degrade
extracellular matrices in the epithelium and connective tissues (Mikx et al.,
1992; Scott et al., 1996b). Moreover, T. denticola and outer membrane
extracts with proteolytic activity have profound detrimental e¤ects on epithe-
lial junctions in vitro, both in typical confluent monolayers and in a multi-
layer system that mimics stratified epithelium (Uitto et al., 1995; Ko et al.,
1998b). Proteolytic protein complexes or vesicles that are shed from the
whole bacteria can penetrate between epithelial cells coincident with bacte-
rial abrogation of epithelial barrier function (Uitto et al., 1995). The native
chymotrypsin-like serine protease (PrtP; dentilisin), within complexes of
outer membrane extracts or in purified preparations, clearly has the ability
to eliminate junctional resistance to electrical conductivity and to the di¤u-
sion of molecules that are normally excluded (Uitto et al., 1995; Ko et al.,
1998b). Insertional inactivation of the prtP gene, resulting in a mutant
devoid of the prolylphenylalanine peptidase activity typical of serine pro-
teases, prevents the disruptive activity of T. denticola outer membrane
extracts on epithelial resistance (Ellen et al., 2000). Direct degradation of the
intercellular matrix and substratum by dentilisin probably accounts for the
time- and concentration-dependent detachment of epithelial cells in culture.
Hep-2 cells seeded in the presence of moderate concentrations of an outer
membrane extract of wild-type T. denticola 35405 never reach confluence,
whereas cells cultured with similar extracts from the PrtP-defective mutant
grow normally into contact (Ellen et al., 2000). Confluent Hep-2 cells that are
exposed to T. denticola outer membrane extracts also experience a biphasic
response in electrical impedance signals that reflect cellular micromotion. At
first, their micromotion increases, which may reflect sublethal actin filament
rearrangement, cellular shape changes, and shrinkage due to altered actin
assembly or proteolysis of intercellular contacts; then micromotion appar-
ently ceases (Ko et al., 1998b). Thus T. denticola a¤ects physiological proper-
ties of epithelial cells that would normally maintain exclusive epithelial
barriers and migration into confluence that would promote wound healing.

In vitro studies using confluent monolayers emphasize the acute patho-
genic e¤ects of T. denticola adhesion on epithelial cells, many of which can
be attributed to the bacterium’s proteolytic activity. Yet, other cell surface
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molecules such as its non-proteolytic outer sheath proteins may have toxic
e¤ects. Prominent among these is Msp, which is cytotoxic for a variety of
mammalian cell types (Fenno et al., 1998a). Both native and rMsp have pore-
forming properties that have been documented using HeLa cells. Exposure
of cultured HeLa cells to Msp induces transient fluctuations in membrane
potential that may be caused by the transposition of Msp into the plasma
membrane (Mathers et al., 1996) (Fig. 11.4). Msp is known to have the prop-
erties of a non-exclusive outer membrane porin when tested in a standard in
vitro model (Egli et al., 1993; Fenno et al., 1998a). Transient retention of its
porin activity when incorporated into the plasma membrane of human epi-
thelial cells would be expected to a¤ect ion fluxes that normally regulate cel-
lular functions. Indeed, the Msp-induced ion-permeable channels found in
HeLa cells appear to be inwardly unidirectional and open only intermittently.
Some other bacterial porins have been shown to transpose to the target cell
plasma membrane and to cause acute elevation of intracellular Ca2� concen-
tration. Msp has recently been found to display analogous e¤ects in gingival
fibroblasts, as discussed in section 11.5.

11.5 ADHESION TO FIBROBLASTS AND THE PERTURBATION OF
SIGNALLING PATHWAYS FOR ACTIN ASSEMBLY

Fibroblasts are the key cells that maintain homeostasis of non-
mineralized collagenous tissues, and they provide a useful model for study-
ing cytopathogenic e¤ects of periodontal pathogens on non-immune cells
that are important in inflammatory responses and wound repair in the
gingiva. Similar to their adhesion to ECM components and epithelial cells,
oral treponemes adhere in a polar orientation to cultured gingival fibroblasts
(Fig. 11.5), and they are occasionally engulfed into the intracellular environ-
ment. For example, although almost all adherent T. denticola cells remain
extracellular, intact bacteria have been observed in some fibroblasts by using
double label immunofluorescence techniques, electron microscopy and con-
focal microscopy (Ellen et al., 1994a). The biological implications of this
infrequent invasion are unknown, as oral treponemes have not yet been
reported to exist intracellularly in fibroblasts in the gingiva.

Many of the fibroblast’s key functions in maintaining the homeostasis
of the gingival tissues involve its cytoskeleton. The cells migrate along
collagen-rich ECM networks using tractional forces generated by cycles of
actin-binding focal complex assembly and adhesion of integrins to ECM
ligands. Thus their locomotion in response to chemotactic factors would be
perturbed by microorganisms that degraded the ECM at the fibroblast
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surface or upset the intracellular signalling pathways that regulate the cyto-
skeleton. Physiological turnover of collagen in the gingiva is maintained at a
controlled rate by the phagocytosis of collagen fibrils, intracellular degrada-
tion of the fibrils, and the synthesis of new collagen by fibroblasts. Collagen
phagocytosis depends on actin assembly. It should be sensitive to bacterial
factors that bind to the cells and that interrupt the normal balance of signal-
ling molecules, such as the phosphoinositides (PIs) and calcium that regu-
late the activity of actin binding and severing proteins.

Cultured human gingival fibroblasts (HGFs) challenged by suspensions
of T. denticola undergo cytoskeletal rearrangement, round up, shrink, and
eventually detach from the ECM substratum (Baehni et al, 1992; Weinberg
and Holt, 1990) (Figs. 11.6 and 11.7). These cytopathic changes occur asyn-
chronously in HGF cultures, beginning with a few cells within minutes and
eventually involving most of them. The changes are dependent on time and
bacterial cell density, and they are a¤ected by whether the HGFs are chal-
lenged as sparsely spaced cells soon after plating or as monolayers that have
grown into confluence over a few days. Gross cellular distortion and detach-
ment of HGFs from the substratum may result directly from ECM degrada-
tion by bacterial proteases, especially dentilisin, as the serine protease
inhibitor phenylmethylsulphonyl fluoride (PMSF) inhibits HGF detachment
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dorsal surface of a human gingival fibroblast. The image represents the x–z plane

derived from a three-dimensional reconstruction from x–y optical sections of a fibroblast

stained by indirect immunofluorescence with polyclonal rabbit antibodies raised against

T. denticola ATCC 35405 followed by TRITC-conjugated goat anti-rabbit �-globulin to

label T. denticola cells, and by fluorescein isothiocyanate-conjugated concanavalin A to

highlight the HGF plasma membrane. (Confocal microscopy image by I. Buivids and

R.P. Ellen.)
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Figure 11.6. Fluorescence microscopy of rhodamine-phalloidin–stained human gingival

fibroblasts that had been challenged with an outer membrane extract of T. denticola ATCC

35405 (bottom) compared with the control that had been exposed to the culture medium

vehicle (top). Note the disruption of actin filaments in the originally prominent stress

fibres and the assembly of actin filaments in a dense perinuclear positon and subjacent

to the plasma membrane (arrows). (Photomicrographs by M. Song and R.P. Ellen.)



by T. denticola (Baehni et al., 1992). Treponema denticola can degrade endog-
enous fibronectin that decorates the surface of cultured HGFs (Ellen et al.,
1994b) and this may account for some of the initial rounding-up that has
been observed. Yet inhibition of serine protease activity by PMSF does not
reduce the adhesion of T. denticola to HGFs (Ellen et al., 1994b) or the dis-
ruption of stress fibre networks in HGFs (Yang et al., 1998). Likewise, inser-
tional inactivation of the prtP gene does not diminish stress fibre disruption
in HGFs by T. denticola whole cells (Ellen et al., 2000). It is the stress fibres
that normally interface via integrins with the ECM components of the sub-
stratum. Many of the cytopathic e¤ects of T. denticola whole cells can be
mediated by extracts of its outer membrane (OM). While highly proteolytic,
these extracts contain other non-proteolytic proteins that may account for
some of the impact on intracellular signalling pathways a¤ecting the cyto-
skeleton and thereby perturb important physiological functions of gingival
fibroblasts.

Treponema denticola OM has profound e¤ects on the actin-dependent
phagocytosis of collagen by HGFs, a function crucial for the normal turn-
over of collagen in the gingiva (Battikhi et al., 1999). Even short-term, tran-
sient exposure of HGFs to a concentration of OM that has no detrimental
e¤ect on their viablility, cell size and attachment to the substratum can cause
a great increase in the uptake of collagen-coated beads in vitro. The rapid
response, detected within 15minutes of exposure to the OM, suggests that
T. denticola OM components exert their e¤ects on pathways that cause rear-
rangement of actin oligomers near the plasma membrane rather than trig-
gering signalling pathways that would require genetic regulation of protein
expression.

Investigations of intracellular signalling pathways a¤ected by binding of
T. denticola surface components have concentrated on calcium flux and bio-
chemical determination of total inositol phosphates as a downstream indica-
tor of perturbation of membrane PI metabolism (Fig. 11.7). Because the
calcium responses of gingival fibroblasts are inherently sensitive to mechan-
ical forces on the plasma membrane, OM extracts have served as the bacte-
rial challenge to avoid confounding e¤ects caused by the motility of tethered
treponemes (Ko et al., 1998a). Transients in intracellular calcium concentra-
tion ([Ca2�]i) were measured in fura-2-loaded HGFs by ratio fluorimetry.
Exposure to T. denticola OM causes immediate but short-lived calcium oscil-
lations in resting HGFs. These last for about 30minutes, followed by a pro-
longed period of quiescence in which few, if any, calcium fluctuations can be
detected. In addition, T. denticola OM is a rather potent inhibitor of HGF
calcium responses to well-established chemical agonists and to mechanical
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force. It blocks both ATP- and thapsigargin-induced release of Ca2� from
endoplasmic reticulum (ER) stores. It inhibits the increase in [Ca2�]i follow-
ing physical stretching of the plasma membrane, a rise that is usually caused
by a combination of Ca2� influx through stretch-activated channels and store-
operated calcium channels (SOCs) that are linked to calcium release from
the ER. Indeed, preliminary experiments examining the e¤ect of T. denticola
OM on store-operated Ca2� flux suggest that the OM inhibits Ca2� entry
through putative SOCs. Moreover, both T. denticola whole cells and OM cause
a diminished inositol phosphate (InsP) response in HGFs to agonists in
serum and to ATP (Yang et al., 1998). Inositol 1,4,5-trisphosphate (InsP

3
) is

a key factor in the release and replenishment of Ca2� in the ER stores. The
components of the T. denticola OM responsible for calcium perturbation in
HGFs have not been fully elucidated. The fact that its inhibition of stretch-
activated calcium transients is insensitive to PMSF, an inhibitor of serine
proteases, but sensitive to heat at 60 °C, a temperature at which dentilisin’s
peptidase activity is stable, suggests that the OM’s calcium perturbing activ-
ity is not related to the protease PrtP (Ko et al., 1998a).

The major surface protein, Msp, is apparently one of the OM compo-
nents that may cause profound e¤ects of T. denticola on store-operated
calcium flux in HGFs. Recently, Wang and co-workers (Wang et al., 2001) have
reported that native Msp complex (i) binds and aggregates on the HGF
surface, (ii) induces [Ca2�]i transients near the plasma membrane that are
probably due to persistent Ca2� permeation through the plasma membrane,
(iii) blocks ATP- and thapsigargin-induced release of Ca2� from the ER, and
(iv) inhibits influx of extracellular Ca2� through SOCs following thapsigargin
depletion of ER stores (Fig. 11.7). Msp also induces redistribution of actin fil-
aments, including assembly of filamentous actin subjacent to the plasma
membrane, a sign that it may inhibit conformational coupling of SOCs and
the ER Ca2� stores (Berridge et al., 2000). These findings are consistent with
the novel findings of Mathers and co-workers (1996) that Msp can have pro-
found e¤ects on cation flux in epithelial cells. Fluctuations in cytosolic Ca2�

may initiate a cascade of intracellular responses that mediate the cytoskeletal
rearrangement that is so common in human cells exposed to T. denticola. Yet
continuous exposure of HGFs to Msp complex is required for cytotoxic activ-
ity resulting in significant cell death (Fenno et al., 1998a; Wang et al., 2001).

11.6 HAEMAGGLUTINATION AND HAEMOLYSIS

Even mildly inflamed periodontal tissues tend to bleed, enriching the
environment of the periodontal pocket with erythrocytes and contents of
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haemolysed erythrocytes. Treponemes are able to bind and agglutinate red
blood cells (RBCs). Treponema denticola agglutinates RBCs from human
blood types A, B and O, as well as rabbit, horse, and bovine sources
(Grenier, 1991; Mikx and Keulers, 1992). The haemagglutinating activity is
cell associated, influenced by bacterial surface charge, sensitive to heat and
proteolysis of the bacteria, and strongest in cells harvested in late exponen-
tial and stationary phases of growth (Mikx and Keulers, 1992; Cowan et al.,
1994). Although reports of haemagglutination inhibitors di¤er among
laboratories, it is likely that the treponemal haemagglutinin is a protein. It
may also be a surface-associated proteolytic enzyme, as soluble protein sub-
strates and inhibitors of trypsin-like and chymotrypsin-like proteases all
diminish the haemagglutinating activity of T. denticola, T. vincentii and T.
socranskii (Eggert et al., 1995). As arginine can also inhibit haemagglutina-
tion of these treponemes, as well as that of some other oral bacteria, Eggert
and co-workers (1995) have hypothesized that the bacteria may bind
surface proteins of erythrocytes, and likewise other proteins, via the highly-
charged guanidinium group of arginine. Sensitivity of haemagglutination
by T. denticola to periodate (Mikx and Keulers, 1992) suggests that carbohy-
drate-containing ligands may also be involved, but sugar specificity has not
yet been established.

There is evidently a close association between haemagglutination and
haemolytic activities of T. denticola (Grenier, 1991). Thus oral spirochaetes
may have evolved a way to bind erythrocytes in their environment and
thereby foster the lysis of cells that would provide enriched exposure to
iron-containing compounds that may, in turn, be bound by outer sheath
proteins (Scott et al., 1996a). Recently, a cysteine-dependent haemolysin
has been described for T. denticola (Chu et al., 1999; Kurzban et al., 1999).
Treponema denticola expresses a 46kDa cytosolic l-cysteine desulphydrase,
named cystalysin, that both chemically oxidizes haemoglobin in the pres-
ence of cysteine and degrades RBC membrane proteins, including spectrin,
thereby a¤ecting the integrity of the plasma membrane. Chu and co-
workers (1999) characterized cystalysin as a putative pyridoxal-5-phos-
phate-containing enzyme with cystathionase activity, optimum under
reduced, H

2
S-enriched conditions like those that occur in periodontal

pockets. There are no known haemolysins that are structurally homolo-
gous. The crystal structure of recombinant cystalysin has recently been
resolved and analysed to relate its active site architecture to a putative mech-
anism for the catabolism of sulphur-containing amino acid substrates
(Krupka et al., 2000).
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11.7 INTERACTIONS WITH LEUKOCYTES AND MACROPHAGES

The polymorphonuclear leukocyte (PMNL) is a key cell of innate
immune responses in the periodontal environment; PMNLs migrate
through the junctional epithelium in response to gradients of surface com-
ponents that shed from bacteria at the surface of the subgingival biofilm
(Darveau, 2000). Whole cells of T. denticola are readily phagocytosed after
contacting PMNLs in vitro (Lingaas et al., 1983; Olsen et al., 1984; Boehringer
et al., 1986). Yet, without causing disruption of the cells, they can inhibit oxi-
dative bursts of PMNLs (Loesche et al., 1988; Sela et al., 1988) and trigger
release and activation of PMNL-derived proteolytic enzymes that would be
expected to contribute to connective tissue degradation in periodontal
lesions (Ding et al., 1997). LPS, peptidoglycan and a 53kDa outer membrane
protein, probably Msp, cause PMNLs to discharge the matrix metalloprotei-
nases MMP-8 and MMP-9; Msp is particularly active in the release of MMP-
8 (Ding et al., 1996). Latent forms of MMPs from both PMNLs and
fibroblasts can also be activated by the chymotrypsin-like serine protease
(PrtP) of T. denticola (Sorsa et al., 1992).

Treponemes express many lipoproteins that are associated with their cyto-
plasmic and outer membranes. An enriched lipoprotein fraction and the lipo-
oligosaccharides of T. denticola ATCC 35404 have been shown to have many
biological e¤ects on PMNLs and macrophages (Sela et al., 1997; Rosen et al.,
1999). The lipoproteins can cause enhanced luminol-dependent chemilumi-
nescence and release of lysozyme from PMNLs and modulate these responses
to the experimental agonist N-formyl-methionyl-leucyl-phenylalanine
(FMLP). They and the lipo-oligosaccharides induce expression of the proin-
flammatory cytokines tumour necrosis factor � and interleukin 1 from
macrophages, which are thought to mediate significant tissue-destructive
signalling cascades in periodontal disease. In addition to modulating the
innate immunity activities of these key cells, T. denticola is also known to sup-
press monocyte-dependent mitogenic responses in lymphocytes (Shenker et
al., 1984). Therefore the binding of whole T. denticola cells and fragments
shed from their surface to gingival inflammatory cells has the potential to
alter host–parasite interactions important in the pathogenesis of periodon-
titis.

11.8 INTERGENERIC CO-AGGREGATION

The inflamed periodontal pocket is an ideal environment for the emer-
gence of fastidious anaerobes like the treponemes that rely on complex food
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webs for sustenance. Indeed, the most striking feature of suspended subgin-
gival debris viewed by phase-contrast or darkfield microscopy is the abun-
dance of highly motile spirochaetes surrounding the bacterial biofilm and
tethered to it by one pole (Fig. 11.8). Like many bacteria that comprise oral
biofilms, T. denticola is known to coaggregate with bacteria in other genera.
Samples derived from inflamed sites of destructive periodontitis often
contain a complex of at least three major proteolytic species: Porphyromonas
gingivalis, Bacteroides forsythus and T. denticola. Together, these species
account for very broad substrate degradation, and the individual bacteria in
the biofilm probably derive their required peptides through ‘community pro-
teolysis’. Treponema denticola, Treponema medium and Treponema socranskii
subsp. socranskii coaggregate avidly with P. gingivalis over a wide pH range
(Grenier, 1992; Onagawa et al., 1994; Umemoto et al., 1999). These and
several other oral treponemes co-aggregate with Fusobacterium species
(Kolenbrander et al., 1995). There has been one report that the co-
aggregation reactions of T. denticola and P. gingivalis are sensitive to heating
the T. denticola partner (Grenier, 1992); yet, other reports agree that the co-
adhesion of T. denticola with either P. gingivalis or fusobacteria is resistant to
heat. Co-aggregation with P. gingivalis may be inhibited by d-galactosamine
and arginine under some conditions (Grenier, 1992). Co-aggregation of T.
denticola with fusobacteria is evidently sensitive to galactosamine but not to
arginine. The actual surface adhesins responsible for T. denticola’s interge-
neric co-aggregation reactions are unknown. Inactivation of the prtP gene,
which eliminates the serine protease activity of dentilisin, concomitantly
knocks out the ability of the mutant T. denticola strain to coaggregate with
fusobacteria (Ishihara et al., 1998). However, PrtP-deficient mutants of T.
denticola have many other pleiotropic e¤ects, such as lower expression of
other surface proteins (e.g. Msp) and diminshed hydrophobicity that may
account for the altered co-aggregation (Fenno et al., 1998b; Ishihara et al.,
1998).

11.9 TREPONEMES, FASTIDIOUS HANGERS-ON IN A COMPLEX
COMMUNITY

Treponemes require a complex assortment of nutrients for energy and
growth, and they colonize an environment enriched with a diverse array of
solutes and complex molecules. Their need of peptides has probably driven
the evolution of their proteases and peptidases. In the case of T. denticola,
expression of PrtP in its outer sheath probably provides the bacterium an
opportunity to adhere with the specificity of an enzyme to protein substrates.
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Figure 11.8. Phase-contrast micrograph of subgingival debris taken from a periodontal

pocket of a subject with periodontitis. Numerous spirochaetes (arrows) are tethered to the

surface of the dense bacterial biofilm (dental plaque) at the interface that would be

exposed to the sulcular and junctional epithelium. (Photomicrograph by R.P. Ellen.

Adapted from Ten Cate, 1994.)



The use of sulphur as an electron acceptor in treponemes and other anaer-
obes may have led to T. denticola’s ability to bind via sulphydryl groups and
to interact with sulphated macromolecules in the extracellular matrix and
cytokeratins of epithelial cells. The aªnity of Msp for matrix proteins and its
close association with PrtP in the outer sheath is an additional example of a
connection between adhesion specificity and nutrient acquisition.
Haemagglutination, haemolysis, and haemin-binding would be another. To
be fastidious in a complex environment like the periodontal pocket has prob-
ably driven oral treponemes to adhere to a variety of cell surfaces and extra-
cellular ligands so that they may hang on to a fragile lifestyle in a harsh
climate. This chapter has summarized the pathogenic consequences of the
most obvious adhesion functions that oral treponemes have evolved for their
own survival.
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CHAPTER 12

Interactions between enteropathogenic
Escherichia coli and epithelial cells

Elizabeth L. Hartland, Gad Frankel and Stuart Knutton

12.1 INTRODUCTION

Each year diarrhoeal diseases contribute to the deaths of more than 2
million people in developing countries, most of whom are children.
Enteropathogenic Escherichia coli (EPEC) is an important cause of diarrhoea
in young children and makes a major contribution to infant morbidity and
mortality in the developing world. A striking feature of EPEC diarrhoea is the
age-dependent susceptibility of patients. Infections occur primarily in chil-
dren less than 2 years of age and symptoms are usually acute but may be very
severe and protracted (Nataro and Kaper, 1998). Patients routinely experi-
ence profuse watery diarrhoea, but vomiting and low grade fever are also
common symptoms. EPEC rarely causes diarrhoea in adults and in volun-
teers only at very high doses (Donnenberg et al., 1993; Tacket et al., 2000)

EPEC is principally a pathogen of the small bowel and one of several gas-
trointestinal pathogens of humans and animals able to cause distinctive
lesions in the gut, termed attaching and e¤acing (A/E) lesions. This group
of A/E pathogens includes the closely related human pathogen enterohaem-
orrhagic E. coli (EHEC) (see Chapter 9), and the animal pathogens, rabbit
enteropathogenic E. coli (REPEC) and Citrobacter rodentium (Nataro and
Kaper, 1998). The remarkable histopathology of A/E lesions can be observed
in intestinal biopsies from patients infected with EPEC and other host
species. The lesions are characterized by localized destruction of intestinal
microvilli, intimate attachment of the bacteria to the host cell surface and the
formation of pedestal-like structures underneath tightly adherent bacteria
(Fig. 12.1) (Frankel et al., 1998; Vallance and Finlay, 2000).

A/E lesion formation is a dynamic process involving substantial rear-
rangement and reassembly of host cytoskeletal proteins. Lesions may be
reproduced in vitro using cultured epithelial cells (Moon et al., 1983). In this
system, pedestal-like structures can extend up to 10�m away from the apical
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surface of the epithelial cell and video microscopy has revealed that the ped-
estals can bend and change length while remaining attached to the cell
surface (Sanger et al., 1996). The body of the pedestal beneath adherent bac-
teria is rich in cytoskeletal proteins and contains an abundance of polymer-
ized, filamentous actin (F-actin) (Knutton et al., 1989). In epithelial cells, the
characteristic accumulation of filamentous actin beneath adherent EPEC can
be visualized with fluorescently labelled phalloidin, a compound that binds
specifically to filamentous actin. This fluorescent actin-staining (FAS) test is
widely used as an in vitro assessment of A/E lesion formation in cultured epi-
thelial cells infected with EPEC (Knutton et al., 1989). Other cytoskeletal pro-
teins present in the pedestal include �-actinin, ezrin and talin, each of which
plays a role in the cross-linking of actin microfilaments (Finlay et al., 1992).

12.2 THE LOCUS FOR ENTEROCYTE EFFACEMENT AND PROTEIN
SECRETION

The bacterial genes required for A/E lesion formation by EPEC are
present in a pathogenicity island termed the locus for enterocyte e¤acement
(LEE) (Fig. 12.2) (McDaniel et al., 1995). Transfer of the LEE pathogenicity
island from EPEC to E. coli K12 confers on the latter the ability to form A/E
lesions on cultured epithelial cells (McDaniel and Kaper, 1997). DNA
sequence analysis of LEE has revealed that the G�C base composition of this
region is only 38.4% while the G�C content of the E. coli chromosome is
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EPEC

a b
Figure 12.1. (a) Scanning and (b) transmission electron micrographs, showing EPEC

infected human intestinal mucosa and illustrating key features of A/E histopathology

including localized destruction of brush border microvilli, intimate bacterial attachment

and pedestal formation. Bars: (a) 0.2�m; (b) 0.5�m).
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significantly higher (50.8%). This divergence implies that EPEC acquired
LEE by horizontal gene transfer from a non-E. coli source (Elliott et al., 1998).
Molecular evolutionary studies speculate that this event took place several
times throughout the development of clonal groups of A/E pathogens (Reid
et al., 2000).

The LEE region contains 41 open reading frames organized into several
polycistronic operons (Fig. 12.2) (Elliott et al., 1998). Most of the genes in
LEE code for a type III secretion system that directs the secretion of several
other LEE-encoded proteins, the EPEC secreted proteins or Esps. These
include EspA, D, B, F, G and Tir/EspE (Elliott et al., 1998). The LEE region
also contains the eae gene, which codes for an outer membrane protein
adhesin, intimin (Jerse et al., 1990). Type III secretion systems are found in
a number of human, animal and plant pathogens including species of
Bordetella, Burkholderia, Chlamydia, Erwinia, Pseudomonas, Salmonella,
Shigella, Xanthomonas and Yersinia (Hueck, 1998). These systems are
designed to secrete and translocate virulence proteins across the bacterial cell
envelope and the plasma membrane of the target eukaryotic cell into the cell
cytoplasm. Recent electron microscopical studies of the Shigella and
Salmonella (SP1) type III secretion systems have revealed the existence of a
macromolecular complex that spans both bacterial membranes and consists
of a basal structure with two upper and two lower rings connected by a cylin-
drical structure, and a needle-like projection that extends out from the bac-
terial cell surface (Kubori et al., 1998; Blocker et al., 1999; Tamano et al.,
2000). Many of the proteins that are believed to form part of the LEE-encoded
type III secretion apparatus exhibit sequence homology with the prototype
type III system of Yersinia and thus their role in secretion is assumed from
sequence similarity (see Chapter 8). At this stage, the function of very few of
these proteins (designated Esc) has been established experimentally.

Like other type III secretion systems, export of some, if not all, Esps
involves a system of unique chaperones. Two chaperones have been iden-
tified to date: CesD, which is involved in the secretion of EspD; and CesT,
which is required for the secretion of Tir (Hueck, 1998; Wainwright and
Kaper, 1998; Abe et al., 1999; Elliott et al., 1999). Both chaperones bind
directly to their cognate proteins and stabilize the protein prior to secretion.
CesT is a small, acidic protein (15kDa, predicted pI 4.3) and thus has the fea-
tures of a classic type III chaperone (Abe et al., 1999; Elliott et al., 1999). By
contrast, the 17.5kDa CesD protein is more basic (predicted pI 7.1). As well
as being deficient in the secretion of EspD, cesD mutants are also unable to
eªciently secrete EspB. However, CesD does not appear to interact with
EspB and so the reason for this secretion deficiency is unknown (Wainwright
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and Kaper, 1998). Genes encoding the Esps and type III secretion compo-
nents are organized into four polycistronic operons designated LEE1–4. A
fifth operon comprises tir, cesT and eae (Fig. 12.2) (Friedberg et al., 1999). At
least three factors regulate the expression of these transcriptional units, the
plasmid-encoded regulator (Per), the LEE-encoded regulator (Ler) and the
integration host factor (IHF). The Per regulon is present on a large plasmid
(the EAF plasmid), which also carries the genes coding for a type IV pilus
known as the bundle-forming pilus or BFP (Nataro et al., 1987; see section
12.7). The Per regulon consists of three components, PerA, B and C, of which
PerA is an AraC-like protein and PerB shows homology to eukaryotic DNA
binding proteins (Gomez-Duarte and Kaper, 1995). No homologues of PerC
have been identified so far. Unlike other AraC homologues, PerA acts in
concert with PerB and PerC to induce full transcriptional activation of target
genes (Gomez-Duarte and Kaper, 1995). The Per locus acts primarily on
LEE1, and in particular on the first open reading frame of LEE1, Ler (Mellies
et al., 1999). Ler is similar to the H-NS (histone-like non-structural protein)
binding proteins that together form a family of DNA-binding proteins
(Elliott et al., 2000). Following activation by Per, Ler then initiates transcrip-
tion of LEE2, 3, 4 and the tir operon. A recent study showed that site-directed
mutagenesis of hydrophobic residues in the amphipathic region of Ler abol-
ished the ability of Ler to activate LEE2 and bind to LEE2 regulatory region
(Sperandio et al., 2000). Ler is also regulated by the DNA-binding protein,
IHF (Friedberg et al., 1999). In addition, Per, Ler and LEE2 are controlled glo-
bally by quorum sensing (Sperandio et al., 1999). Taken as a whole, expres-
sion of the LEE operons is modulated at several levels by di¤erent controlling
elements that together form a kind of regulatory cascade.

12.3 INTIMIN

The eae gene was the first locus to be associated with A/E lesion forma-
tion. eae was identified following the screening of TnphoA mutants by FAS
(Jerse et al., 1990). The product of eae, intimin, is a 94kDa outer membrane
protein adhesin (Jerse and Kaper, 1991). Experimental infection of human
volunteers with an eae mutant of EPEC and data from several animal models
have shown that intimin is essential for colonization of the host but not for
the elaboration of diarrhoea (Donnenberg et al., 1993). Overall, the intimins
from di¤erent A/E pathogens show a high degree of similarity and also
exhibit homology to the invasin protein of Yersinia (Isberg et al., 1987). The
N-terminal region comprising the first 700 amino acid residues is highly
conserved and exhibits around 94% identity. Greatest sequence divergence
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is found in the C-terminal region comprising the last 280 residues which
shows only 49% identity (Frankel et al., 1994). Based on sequence variation
in the C-terminal 280 residues, we now recognize a family of intimins that
includes at least five antigenic groups, �, �, �, � and � (Adu-Bobie et al.,
1998). Di¤erent intimins are associated with di¤erent clonal groups of A/E
pathogens; for example, the prototype O127:H7 EPEC strain expresses
intimin �, while the closely related A/E pathogen, O157:H7 EHEC,
expresses intimin � (Adu-Bobie et al., 1998).

The cell-binding activity of intimin is contained within the C-terminal
280 amino acid residues (Int280) (Frankel et al., 1995). Although this
domain exhibits most variation, the intimins share a number of conserved
residues. Like invasin, cell-binding activity depends on the formation of a
disulphide link between two conserved cysteine residues, Cys-860 and Cys-
937. Disruption of this 77 amino acid residue loop by site-directed mutagen-
esis of Cys-937 to alanine or serine (Int280C/S) abrogates cell-binding
function (Frankel et al., 1995). Purified Int280 but not Int280C/S is capable
of binding to the surface of epithelial cells and inducing ultrastructural
changes in the cell, although cell binding by intimin alone is not suªcient
to cause A/E lesions (Frankel et al., 1995). In vitro, Int280 induces elongated
protrusions of the HEp-2 epithelial cell membrane in the early stages of
infection. These abnormal extensions of the host cell membrane have been
termed microvillus-like processes (MLPs) and their number and length
reduce as A/E lesion formation progresses (Phillips et al., 2000). In this par-
ticular study, latex beads coated with Int280 were also capable of generating
MLPs, demonstrating that intimin stimulates substantial remodelling of the
host cell surface.

Infection of mice with C. rodentium expressing intimin � or intimin �
results in gross thickening of the colonic epithelium (Frankel et al., 1996b).
This marked pathology coincides with a strong T helper cell 1 (TH1) mucosal
immune response and closely resembles mouse models of inflammatory
bowel disease (Higgins et al., 1999b). Dead bacteria expressing intimin
mediate severe colonic epithelial cell hyperplasia if given intrarectally to mice
and drive a mucosal TH1 response. The mechanism behind the immuno-
modulatory properties of intimin are unknown, as intimin does not appear
to be directly mitogenic for T-lymphocytes of the lamina propria (Higgins et
al., 1999a), although intimin can bind directly to T-cells through �

1
-integrins

(Frankel et al., 1996a).
Intimin also potentially contributes to tissue tropism and, to some

extent, host specificity. Infection of paediatric small intestinal human in vitro
organ cultures (IVOCs) show that O127:H6 EPEC, which expresses intimin
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�, will colonize the entire surface of the small intestinal mucosa, including
the proximal and distal small intestine and Peyer’s patches, while O157:H7
EHEC, which expresses intimin �, is restricted to the follicle-associated epi-
thelium of Peyer’s patches. Intimin exchange studies have shown that this
tissue tropism can be attributed to the intimin type (Phillips and Frankel,
2000). Similar studies have been performed in animal models of infection
(Tzipori et al., 1995; Hartland et al., 2000b). An eae null mutant of C. roden-
tium that normally expresses intimin � was engineered to express intimin �
from O157:H7 EHEC and intimin � from O127:H6 EHEC. Citrobacter roden-
tium expressing intimin � colonized mice as eªciently as the wild type
whereas C. rodentium expressing intimin � was unable to colonize mice
(Hartland et al., 2000b). These data suggest that di¤erent intimins have
di¤erent binding specificities and/or aªnities.

Recently, the three-dimensional structure of Int280 was determined by
multidimensional nuclear magnetic resonance and X-ray crystallography
(Kelly et al., 1999; Luo et al., 2000). The derived structure showed that the
Int280 molecule comprises three discrete domains, two immunoglobulin-
like domains and a C-type, lectin-like module that contains the 77 amino acid
residue disulphide loop (Kelly et al., 1999). While the presence of a lectin-
like structure at the tip of intimin suggests this part of the protein may inter-
act with a carbohydrate moiety, the absence of a critical calcium-binding
motif does not support a role for a protein–carbohydrate interaction.
Nevertheless, although the molecular mechanism by which intimin medi-
ates ultrastructural changes on the cell surface is unknown, intimin presum-
ably interacts with a surface carbohydrate or protein receptor encoded by the
host cell.

12.4 INTIMATE ADHERENCE

Intimate adherence of EPEC to the host epithelial cell surface is a defin-
ing feature of A/E lesions. As well as mediating a direct e¤ect on the host cell
through an as yet uncharacterized interaction, intimin also binds to the LEE-
encoded protein, Tir (the translocated intimin receptor), also termed EspE
(Kenny et al., 1997; Deibel et al., 1998). Tir is a 78kDa bacterial protein that
is translocated into the host epithelial cell where it localizes to the cell mem-
brane (Kenny et al., 1997). Tir contains two putative transmembrane
domains and is predicted to have a hairpin loop topology in the host cell
membrane, with the middle region exposed extracellularly and the N- and C-
terminal regions located intracellularly (Hartland et al., 1999; Kenny, 1999).
Protein–protein interactions occur between the most distal, lectin-like
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domain of intimin and the middle, extracellularly exposed region of Tir
(termed TirM) (Hartland et al., 1999; Liu et al., 1999; Batchelor et al., 2000).
Intimate adherence of the bacterium to the host membrane depends on a
specific protein–protein interaction between intimin and Tir. Recently, the
interaction between Int280 and TirM was resolved structurally by crystallog-
raphy. The structure revealed that the intimin-binding domain of Tir exists
in a dimeric form, which is stabilized by an antiparallel, four-helix bundle
(Luo et al., 2000). Overall, the entire intimin/Tir complex consists of two Tir
molecules and two intimin molecules. Extensive interactions occur between
the TirM and the lectin-like module of intimin, creating a largely hydropho-
bic binding interface, which is presumably responsible for intimate adher-
ence of the bacteria to the host cell membrane containing Tir (Luo et al.,
2000).

Upon translocation into the host cell membrane, Tyr-474 in the C-
terminal region of Tir becomes phosphorylated (Kenny, 1999). Indeed Tir
was first identified as a tyrosine phosphorylated host protein, Hp90, which
was later found to be of bacterial origin (Kenny et al., 1997). In EPEC, tyro-
sine phosphorylation of Tir at this residue is essential for A/E lesion forma-
tion (Kenny, 1999). Site-directed mutagenesis of this residue from tyrosine
to serine abrogated the ability of EPEC to induce A/E lesions. In O157 EHEC,
however, Tir has a serine residue at position 474 and tyrosine phosphoryla-
tion of this site is not necessary for the development of A/E lesions
(DeVinney et al., 1999). At this stage, the significance of tyrosine phosphor-
ylation of Tir to A/E lesion formation is uncertain.

12.5 DELIVERY OF TIR TO THE HOST CELL MEMBRANE

The translocation of Tir to the host cell membrane depends on at least
three other LEE-encoded proteins, EspA, B and D (Knutton et al., 1998; Wol¤
et al., 1998). Like Tir, all three proteins depend on the type III secretion
system of LEE for their export. While the precise mechanism of protein
translocation is still unclear, we are slowly beginning to learn more about the
function of the secreted proteins. EspA is a major structural component of a
large (� 50 nm diameter), transiently expressed extracellular, filamentous
organelle that forms a direct link between the bacterial cell surface and the
host cell membrane (Fig. 12.3) (Knutton et al., 1998). Ultrastructural analy-
sis suggests that the EspA filaments are made up of bundles of smaller
fibrils, that together form a rigid, hollow, cylindrical rod (Knutton et al.,
1998). Recent studies have shown that EspA exists as multimeric isoforms
in culture supernatants of EPEC (Delahay et al., 1999). The C-terminal end
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of EspA is strongly predicted to contain an alpha-helical region with a pro-
pensity to form a coiled-coil interaction. Non-conservative site-directed
mutagenesis of hydrophobic amino acid residues predicted to be essential
for coiled-coil formation abrogated the ability of EspA to form multimers,
assemble filaments and induce A/E lesions (Delahay et al., 1999). This sug-
gests that, similar to the well-characterized coiled-coil region of flagellins
(Hyman and Trachtenberg, 1991), coiled-coil interactions are important for
EspA filament assembly and/or stability. Interestingly, espD mutants secrete
only low levels of EspA and are unable to produce mature EspA filaments,
instead producing short, vestigial filaments (Knutton et al., 1998; Kresse et
al., 1999). Although this suggests that EspD has a structural role in filament
assembly, EspD is not required for EspA multimerization and, at this stage,
no staining of the filaments has been demonstrated with antisera to EspD
and no protein–protein associations between EspA and EspD have been
observed. Nevertheless, it is possible that EspD forms a minor component of
the filament.

espB mutants produce normal EspA filaments and antibodies to EspB do
not stain the filament, indicating that EspB does not play a integral role in
filament construction (Knutton et al., 1998). EspB does, however, show a spe-
cific and close association with the filament and can be co-purified with EspA
filaments by immunoprecipitation (Hartland et al., 2000a). Although EspB
is essential for protein translocation, this protein is not required for attach-
ment of EspA filaments to the host cell surface (Hartland et al., 2000a). Thus
the association between the EspA filament and EspB may represent the
filament’s transition from an adhesive function to a role in protein translo-
cation.
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a b
Figure 12.3. (a) Scanning electron micrograph and (b) EspA immunofluorescence

showing that EspA filaments form a direct link between the bacterium and the host cell

membrane, in this example between the bacterium and human red blood cells (arrows).

Bars: (a) 0.5�m; (b) 1�m.
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Although the molecular basis of protein translocation has not yet been
elucidated for any type III secretion system, each model predicts the pres-
ence of pore-forming proteins of bacterial origin in both the bacterial outer
membrane and the host plasma membrane, which are connected by a
needle-like structure (Fig. 12.4) (Frankel et al., 1998). EspD and EspB show
weak homology with YopB and YopD, respectively, of Yersinia (Håkansson et
al., 1993). Like EspD and EspB, YopB and YopD are hydrophobic, type III
secreted proteins that are inserted into the host cell membrane during infec-
tion (Neyt and Cornelis, 1999). YopB and YopD are pore-forming proteins
that together form a channel in the host cell membrane through which other
e¤ector proteins enter the cytoplasm of the target cell (Tardy et al., 1999).
Pore formation by the type III secreted proteins of Yersinia spp. and Shigella
spp. has been correlated with the ability of the bacteria to mediate contact-
dependent haemolysis of red blood cells (RBCs) (Håkansson et al., 1996;
Blocker et al., 1999). EspD and EspB are both essential for protein transloca-
tion and mediate EPEC-induced haemolysis of RBCs, suggesting that they
may also be pore-forming proteins (Warawa et al., 1999). Recently, Shaw et
al. (2001) showed that EspD was the only bacterial protein detected in the
membrane of RBCs following infection with EPEC. By contrast, EspB did not
appear to be associated with the RBC membrane, suggesting that EspD plays
a dominant role in pore formation. An investigation of protein–protein inter-
actions found that EspD interacts with itself, suggesting that the pore may
comprise EspD multimers (S.J. Daniell et al, unpublished data).
Interestingly, interactions between EspD and other secreted proteins have
not been observed thus far. Given its absence from the RBC membrane and
apparent lack of interaction with EspD, the precise role of EspB in the for-
mation of a membrane pore, and indeed protein translocation, remains
unclear.

12.6 HOST CELL CYTOSKELETAL AND SIGNALLING CHANGES

A number of bacterial pathogens mediate a direct e¤ect on the host cell
cytoskeleton during infection. The development of an A/E lesion following
infection of the epithelium with EPEC reflects gross ultrastructural changes
in the host cell underneath, and around, adherent bacteria. Cytoskeletal reor-
ganization involves the recruitment of several cytoskeletal proteins to the
body of the pedestal, including actin, �-actinin, talin and ezrin (Finlay et al.,
1992). Although the precise cellular processes that govern cytoskeletal rear-
rangement during infection with EPEC are unknown, recently the N-
terminal region of Tir was shown to interact directly with �-actinin (Goosney
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et al., 2000). �-Actinin is one of the cytoskeletal proteins recruited to the ped-
estal during A/E lesion formation. The N-terminal region of Tir corresponds
to an area of the protein that is located inside the host cell (Hartland et al.,
1999), and provides the first demonstration of a direct link between an EPEC-
derived factor and a host cell target protein. This interaction occurred inde-
pendently of tyrosine phosphorylation of Tir, unlike the recruitment of other
cytoskeletal proteins (actin, vasodilator-stimulated phosphoprotein (VASP)
and N-Wiscott–Aldrich syndrome protein (N-WASP) where tyrosine phos-
phorylation of Tir appears to be an essential step (Goosney et al., 2000).

As well as its putative role in the formation of a membrane pore, EspB
has been suggested to have an independent e¤ect on the cytoskeleton of the
target cell. EspB is translocated to both the host cell membrane and cytosolic
fractions, and transfection of EspB into the cytosol of epithelial cells induces
the reorganization of actin stress fibres (Taylor et al., 1999). This suggests
that EspB may harbour some cytoskeletal-altering activity of its own,
although no host cell targets have been identified to date. EPEC has also been
shown to induce a number of signalling changes in the host cell that may
indirectly lead to cytoskeletal alterations. Attachment of the bacteria to the
epithelial cell surface leads to inositol phosphate fluxes and activation of
protein kinase C (PKC) and phospholipase C-� (PLC-�) (Crane and Oh,
1997). These cellular responses occur only if the bacteria express an intact
type III secretion system and intimin. Hence, intimate attachment is
required to induce the signalling changes.

12.7 LOCALIZED ADHERENCE AND MICROCOLONY
FORMATION

In addition to A/E lesions, EPEC adheres to the surface of epithelial cells
in characteristic microcolonies. This pattern of attachment is termed local-
ized adherence (LA) and denotes the adhesion of bacteria to host cells in
aggregates or clusters. The bacterial microcolonies are believed to be essen-
tial for eªcient colonization of the host and subsequent dispersal of the
pathogen. Localized adherence and microcolony formation by EPEC
depends on the expression of a type IV pilus called the bundle-forming pilus,
BFP (Giron et al., 1991; Donnenberg et al., 1992). While the role and timing
of microcolony formation in vivo remains uncertain, recent studies with
IVOCs suggest that BFP mediates microcolony formation subsequent to inti-
mate attachment and the development of A/E lesions (Hicks et al., 1998),
rather than initiating attachment of the bacteria to the host epithelium prior
to A/E lesion formation.
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Production and assembly of BFP depends on a cluster of 14 genes, which
are present on the large, 50–70MDa EAF plasmids (Donnenberg et al., 1992;
Stone et al., 1996). The major pilin subunit (BFP pilin or bundlin) is encoded
by the first gene of the cluster, bfpA. BFP pilin is produced as a pre-protein that
undergoes proteolytic cleavage by the bfpP-encoded peptidase into a mature
form (Zhang et al., 1994). BFP production is regulated by the plasmid-encoded
Per (also known as BfpTWV) (Tobe et al., 1996). Human volunteer studies
have shown that BFP is essential for colonization of the host intestine (Bieber
et al., 1998); bfpA mutants caused significantly less diarrhoea than wild-type
EPEC in experimentally infected adults. In addition, a bfpF mutant that lacks
the ability to disperse from microcolonies was 200 times less virulent than the
wild-type strain in the same infection model, suggesting that microcolony dis-
persal is an important virulence trait. In vitro studies have shown that BFP
undergoes marked changes in quaternary structure as the infection proceeds.
The pilus changes from a thin to a thick bundle structure that results in
disruption of the interactions between bacteria and the subsequent release of
bacteria from the microcolony (Fig. 12.5) (Knutton et al., 1999). This transfor-
mation relies on BfpF, a putative nucleotide-binding factor (Anantha et al.,
1998), which is either directly or indirectly involved in the shift from thin to
thick bundles. BfpF is not required for thin filament production but may act
as an energizer for pilus retraction in a manner analogous to PilT of
Pseudomonas aeruginosa (Knutton et al., 1999). Thus, through the structural
transformation of the pilus, BFP is able to promote initial bacterial aggrega-
tion and formation of the microcolony and then dispersal of bacteria already
primed to form new A/E lesions and microcolonies at fresh sites in the gut.

in
teractio

n
s betw

een
 e. co

li an
d

 epith
elial cells

289

a b
Figure 12.5. Scanning electron micrographs illustrating bundle-forming pilus (BFP)-

mediated microcolony formation and dispersal. (a) Thin BFP filaments initially promote

bacteria–bacteria interaction and microcolony formation; (b) rearrangement to a network

of much thicker BFP filaments promotes release of bacteria and dispersal of the

microcolony. Bar, 0.5�m.



12.8 CONCLUSIONS

Although our understanding of the mechanisms employed by EPEC to
interact with the host intestinal epithelium has improved dramatically in
recent years, the precise mechanism of EPEC-induced diarrhoea remains
obscure. Features of EPEC diarrhoea suggest the existence of a toxin but to
date no toxigenic factors have been isolated. Extensive e¤acement of absorp-
tive microvilli due to A/E lesions may contribute to fluid loss but the short
incubation period between ingestion and onset of diarrhoea (less than 4
hours) suggests active fluid secretion by the intestine (Nataro and Kaper,
1998). One possible mechanism involves EPEC-induced alterations in tran-
sepithelial electric resistance that result from disruption of epithelial tight
junctions due to phosphorylation of myosin light chain (Philpott et al., 1996;
Yuhan et al., 1997). Adherence by EPEC also stimulates some secretion of
chloride ions by epithelial cells (Collington et al., 1998). These modes of
interference with the intestinal barrier may lead to increased permeability of
the gut and contribute to EPEC-induced diarrhoea, although host factors
such as the release of inflammatory mediators may also play a role.

A/E lesion formation and intimate adherence of EPEC to the host epi-
thelium is a complex, multistage process. The LEE-encoded secreted pro-
teins and intimin represent a potent set of virulence determinants that act to
undermine the structure of the host cell cytoskeleton and e¤ect tight adher-
ence of the bacteria to the intestinal epithelium. Gradually, through the use
of animal models and powerful tools in molecular biology, cell biology,
microscopy and structural biology, we are beginning to unravel the individ-
ual and combined roles of the LEE-encoded proteins and other virulence
factors in pathogenesis. A more complete understanding of the molecular
basis of protein translocation and subsequent bacterial reorganization of the
host cell cytoskeleton would aid the design of strategies to intervene in the
disease process.
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CHAPTER 13

Host cell responses to Porphyromonas
gingivalis and Actinobacillus
actinomycetemcomitans

Richard J. Lamont

13.1 INTRODUCTION

The area of contact between the teeth and the gums (gingiva) is an ana-
tomically unique region that comprises mineralized tissue embedded in epi-
thelium and exposed to a microbially abundant environment. The small
(1–4mm deep) gap between the surfaces of the tooth and the gingiva is
known as the gingival sulcus or crevice. The gingiva is highly vascularized
and the crevice is lined with sulcular epithelial cells that di¤er from oral epi-
thelial cells by exhibiting less keratinization. Apically, sulcular epithelium
becomes junctional epithelium that is characterized by a lack of keratiniza-
tion, limited di¤erentiation and a relatively permeable structure. It is this
junctional epithelium that directly interposes between the gingiva and the
tooth surface (Fig. 13.1). In destructive periodontal disease there is migra-
tion of the junctional epithelium resulting in enlargement of the crevice into
a deeper periodontal pocket that contains inflammatory cells such as neu-
trophils and T-cells. The gingiva itself also contains immune cells including
B-cells, T-cells and dendritic cells. The microbiota of the gingival area in both
health and disease is complex, with at least 500 species of bacteria present in
the gingival crevice. Although many of these have pathogenic potential, the
strongest causal associations have been demonstrated between
Porphyromonas gingivalis and severe adult periodontitis, and between
Actinobacillus actinomycetemcomitans and localized juvenile periodontitis.

Many factors contribute to the maintenance or disruption of the ecolog-
ical balance in the subgingival area. The immunological status of the host,
the relative and absolute numbers of specific organisms or groups of organ-
isms, and environmental parameters such as tobacco use, all play a role in
determining gingival health or disease (Socransky and Ha¤ajee, 1992).
Periodontal pathogens such as P. gingivalis and A. actinomycetemcomitans
can, therefore, be present in the absence of disease (Greenstein and
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Lamster, 1997). A complex interplay between bacteria and host is thus
apparent, an interplay that begins upon initial colonization by the organ-
isms.

In order to colonize the gingival crevice, bacteria adhere to available sur-
faces that include gingival epithelial cells. In the case of P. gingivalis and A.
actinomycetemcomitans, this adherence is not a passive ‘hand-holding’ event.
Rather, evidence is accumulating that adhesion involves sensing and
response reactions whereby the bacteria and the gingival epithelium form
an interactive interface. This involves an elaborate communications
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network that generates and transmits signals among bacteria, epithelial
cells and the underlying cells in the periodontal tissues. Bacteria possess a
variety of adhesins, with di¤ering receptor specificities and aªnities, that
can potentially impinge to varying degrees upon diverse receptor-dependent
host cell biochemical pathways. The consequences of this adhesion process
include uptake of bacteria within the host cells and modification of pheno-
typic properties that are important for tissue integrity and maintenance of
the local innate host defence mechanisms that serve to control the micro-
bial challenge.

13.2 ADHESINS DISPLAYED BY P. GINGIVALIS AND A.
ACTINOMYCETEMCOMITANS

As adherence is an important early step in defining the nature of host
cell responses to P. gingivalis and A. actinomycetemcomitans, we will begin our
story with a description of the adhesins of these organisms and their mech-
anisms of action.

13.2.1 Porphyromonas gingivalis

Porphyromonas gingivalis can bind to host cells including epithelial cells,
endothelial cells, fibroblasts, and erythrocytes, and to components of the
extracellular matrix namely laminin, elastin, fibronectin, type I collagen,
thrombospondin and vitronectin (Kontani et al., 1997; Lamont and
Jenkinson, 1998; Nakamura et al., 1999; Sojar et al., 1999; Dorn et al., 2000).
Adhesion is multimodal, involving fimbriae, outer membrane proteins and
proteinases, molecules that are inextricably linked at both the transcriptional
and post-translational levels.

The major fimbriae of P. gingivalis constitute a unique class of these
Gram-negative organelles and comprised an �43kDa fimbrillin (FimA)
monomer. Fimbrillin possesses a number of binding domains for individual
substrate recognition. The functional domain of FimA for epithelial cells
spans amino acid residues 49–90 whereas the domains for fibronectin-
binding are located within amino acid residues 126–146 along with
318–337, and involve a conserved VXXXA sequence (Sojar et al., 1995,
1999). Although the fimA gene is monocistronic, immediately downstream
are four genes whose products may be associated with the mature fimbriae
(Watanabe et al., 1996). The fimA upstream region contains functionally
active �70-like promoter consensus sequences along with a potential UP
element (Xie and Lamont, 1999). AT-rich sequences upstream from the RNA
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polymerase-binding sites are involved in positive regulation of transcrip-
tional activity. Environmental cues to which fimA responds include temper-
ature, haemin concentration and salivary molecules (Xie et al., 1997),
parameters with relevance to conditions in the oral cavity. The fimA gene can
also be positively autoregulated by the FimA protein (Xie et al., 2000).

Although the primary function of proteinases secreted by the asacchar-
olytic P. gingivalis is the provision of nutrients, proteinases are also involved
both directly and indirectly in adhesion. At least eight distinct proteinases
are produced by P. gingivalis (for reviews, see Potempa et al., 1995;
Kuramitsu, 1998; Curtis et al., 1999) and direct enzyme–substrate interac-
tions can e¤ect adhesion, albeit short lived. Possibly more importantly, the
C-terminal coding regions of the Arg-X- and Lys-X-specific proteases RgpA
and Kgp contain extensive amino acid repeat blocks that have up to 90%
identity with sequences that are also found in the HagA, D and E haemag-
glutinin proteins (discussed below) (Barkocy-Gallagher et al., 1996). These
regions may thus allow direct binding to human cell surface receptors. An
additional adherence-related activity of proteinases is the partial degradation
of substrates that subsequently exposes epitopes for adhesin recognition.
Hydrolysis of fibronectin or other matrix proteins by the Arg-X-specific pro-
teases RgpA and RgpB displays C-terminal Arg residues that mediate fim-
briae-dependent binding (Kontani et al., 1996). RgpA and RgpB also
contribute to the fimbriae-mediated adhesive process by processing the
leader peptide from the fimbrillin precursor (Nakayama et al., 1996), and by
up-regulating transcription of the fimA gene (Tokuda et al., 1996; Xie et al.,
2000).

In addition to the haemagglutinin-associated activities of the RgpA and
Kgp proteinases, five hag genes encoding haemagglutinins have now been
sequenced. The hagA, hagD and hagE genes encode polypeptides with
73–93% identical amino acid sequences, while hagB and hagC genes are at
distinct chromosomal loci and encode 39kDa polypeptides that are 98.6%
identical (Progulske-Fox et al., 1995; Lépine and Progulske-Fox, 1996). A
minimal peptide motif PVQNLT has recently been shown to be associated
with haemagglutinating activity and is found within the proteinase–haemag-
glutinin sequences (Shibita et al., 1999) and at multiple chromosomal sites
(Barokocy-Gallagher et al., 1996).

13.2.2 Actinobacillus actinomycetemcomitans

Actinobacillus actinomycetemcomitans can also adhere to host cells and to
matrix components such as fibronectin, collagen and laminin (Meyer and
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Fives-Taylor 1994; Alugupalli et al., 1996; Mintz and Fives-Taylor, 1999).
Adhesion is associated with fimbriae, outer membrane proteins, and extra-
cellular vesicles and amorphous material (Fives-Taylor et al., 1999). Fimbriae
are found only on recent clinical isolates; laboratory subculture results in loss
of fimbrial expression (Scannapieco et al., 1987; Rosan et al., 1988). Although
the mechanism of this transition is unknown, progress is being made on the
genetics of fimbrial structure and assembly. The fimbrial subunit appears to
be a 6.5kDa protein (Flp) that bears homology to the Neisseria gonorrhoeae
type IV fimbriae, which are synthesized via the general protein secretion
pathway for fimbrial assembly (Hultgren et al., 1996; Inoue et al., 1998). The
flp gene comprises part of an operon that includes genes that may be involved
in protein secretion and fimbrial assembly (Haase et al., 1999). Whether the
fimbrial structural component per se mediates adhesion to host cells, or
whether fimbria-associated proteins (Ishihara et al., 1997) act as adhesins,
remains to be determined.

Adhesion to epithelial cells is also associated both with extracellular ves-
icles that bud from outer membrane extrusions and with extracellular amor-
phous material that may be predominantly protein or glycoprotein. These
components may also enhance binding of other adherence-deficient strains
(Meyer and Fives-Taylor, 1993, 1994). The functional adhesin has yet to be
identified; however, an �34kDa OmpA-like outer membrane protein can
bind laminin (Alugupalli et al., 1996).

13.3 UPTAKE OF BACTERIA BY HOST CELLS

Perhaps the most dramatic outcome of the interaction between P. gingiv-
alis or A. actinomycetemcomitans and host cells is the internalization of bacte-
rial cells. Porphyromonas gingivalis can invade epithelial cells, endothelial cells
and dendritic cells (for a review, see Lamont and Jenkinson, 1998).
Interestingly, although the overall mechanistic basis is similar in these cell
systems, the signal transduction pathways activated by the organism and the
intracellular locations of the bacteria di¤er according to cell type. Invasion by
A. actinomycetemcomitans has been demonstrated in primary and trans-
formed epithelial cells (for a review, see Fives-Taylor et al., 1999). For both
organisms, viable bacterial cells are required for this active bacterially driven
process. The ability to induce self-uptake by non-professional phagocytic cells
is a property of a number of important pathogens including Salmonella,
Shigella, Listeria and Yersinia, and is considered to be an important virulence
determinant. An intracellular location may benefit bacteria by providing a
nutritionally rich environment that is largely sheltered from the host immune
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response. Moreover, whether inadvertently or by design, the perturbation of
host cell information flow that occurs during the invasion process can also
compromise the normal phenotypic properties of the cell. The molecular
basis of the invasive mechanisms of P. gingivalis and A. actinomycetemcomi-
tans is under investigation in a number of laboratories and has the potential
to provide insights into not only bacterial pathogenicity but also eukaryotic
cell biology.

13.3.1 Porphyromonas gingivalis

13.3.1.1 Epithelial cells

Studies of P. gingivalis invasion of epithelial cells have, in the main, uti-
lized two models: primary gingival epithelial cells and transformed oral epi-
thelial lines such as KB cells. Invasion of P. gingivalis was first demonstrated
in primary gingival epithelial cells (Lamont et al., 1992). These cells are cul-
tured from basal epithelial cells extracted from gingival explants and can be
maintained in culture for several generations. Immunohistochemical stain-
ing has shown that the cells are non-di¤erentiated and non-cornified, fea-
tures of junctional epithelium (Oda and Whatsin, 1990). Thus, although not
derived from junctional epithelium, these epithelial cells demonstrate
similar properties and provide a relevant ex vivo model for the events that
occur at the base of the gingival crevice.

When in contact with primary gingival epithelial cells, P. gingivalis is
induced to secrete a novel set of extracellular proteins (Park and Lamont,
1998). Such contact-dependent protein secretion is generally indicative of
the presence of a type III protein secretion apparatus. Type III secretion
machines are utilized by Gram-negative bacteria to secrete e¤ector proteins
directly into the cytoplasm of the host cell (Cheng and Schneewind, 2000).
The e¤ector molecules can exhibit, for example, phosphatase or kinase activ-
ity that allows the pathogen to interfere directly with host signalling path-
ways (DeVinney et al., 2000). However, a search of the P. gingivalis genome
database (http://www.tigr.org) reveals that P. gingivalis does not possess
obvious structural equivalents of components of the type III secretion
system. None the less, some functional equivalence is implied by the finding
that one of the contact-dependent secreted proteins of P. gingivalis bears
homology to bacterial phosphoserine phosphatases (Laidig et al., 2001). The
extent to which this protein is translocated into the host cell and is functional
therein remains to be determined.
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Following proximate association with the epithelial cells, adhesion is
realized. As mentioned above, P. gingivalis binding to epithelial cells is
multimodal. However, studies with fimbriae-deficient mutants and
manipulations of fimA expression suggest that the FimA-mediated com-
ponent of adhesion is necessary (although probably not suªcient) for sub-
sequent invasion (Weinberg et al., 1997; Xie et al., 1997). The P. gingivalis
cysteine proteases (RpgA and Kgp) contribute to optimal invasion, pos-
sibly by exposing cryptitopes in epithelial cell receptors for fimbrial recog-
nition (Park and Lamont, 1998). Sensitivity of the invasion process to the
inhibitors cytochalasin D and nocodazole provides indirect evidence that
both actin microfilament and microtubule rearrangements are required
for the membrane invaginations that bring the bacteria into the host cell
(Lamont et al., 1995). The whole process is remarkably rapid and eªcient.
Invasion is complete within 15 minutes (Belton et al., 1999) and conven-
tional antibiotic protection assays reveal that laboratory strains can invade
to around 10% of the initial inoculum, with clinical isolates exhibiting over
20% invasion (Lamont et al., 1995). Moreover, direct fluorescent image
analysis indicates that these percentages may be an underestimate of the
number of internalized bacteria (Belton et al., 1999). Once inside the cells,
the bacteria are not confined to a membrane-bound vacuole and congre-
gate in the perinuclear region (Belton et al., 1999) (Plate 13.1). The ulti-
mate metabolic fate of bacteria and epithelial cells in vivo is uncertain. The
bacteria, however, remain viable and are capable of intracellular replication
(Lamont et al., 1995). The epithelial cells do not undergo necrotic or apop-
totic cell death, although the cells contract and there is condensation of the
actin cytoskeleton after prolonged cohabitation with P. gingivalis (Belton et
al., 1999). The invasion process is represented diagrammatically in Fig.
13.2.

Invasion of transformed cells such as KB cells by P. gingivalis is some-
what less eªcient, with values less than 0.1% of the initial inoculum gener-
ally reported (Duncan et al., 1993; Sandros et al., 1993, 1994; Njoroge et al.,
1997). This may be a consequence of the alterations in signal transduction
pathways and surface protein expression that accompany transformation
(Hynes et al., 1978; Cantley et al., 1991). Initial adherence is FimA mediated
(Njoroge et al., 1997); however, engulfment of bacteria then occurs by classic
receptor-mediated endocytosis (Sandros et al., 1996) and bacteria can be
found both free in the cytoplasm and contained within membrane-bound
vacuoles (Sandros et al., 1993; Njoroge et al., 1997). Bacteria do remain viable
and can replicate within the KB cells (Madianos et al., 1996).
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13.3.1.2 Endothelial cells

Invasion of bovine and human heart and aortic endothelial cells by P.
gingivalis has been established (Deshpande et al., 1998; Dorn et al., 1999).
Initial attachment requires FimA (Deshpande et al., 1998); however, the pres-
ence of FimA is not suªcient to direct maximal invasion (Dorn et al., 2000),
indicating the need for additional adhesins and/or invasins. Invasion
requires microfilament and microtubule remodelling (Deshpande et al.,
1998) and, once inside the cells, the bacteria are present in multimembra-
nous vacuoles that resemble autophagosomes (Dorn et al., 1999).
Porphyromonas gingivalis can thus potentially gain access to cells of vascular
walls, where the induction of autophagocytic pathways may alter the proper-
ties of the cells. Invasion of vascular endothelial cells may also provide a
portal for bacterial entry into the bloodstream and subsequent systemic
spread.

13.3.1.3 Dendritic cells

Dendritic cells are antigen-presenting cells that can activate lymphocytes
including, distinctively, naive T-cells (Banchereau and Steinman, 1998). An
immunological role for dendritic cells in chronic periodontal disease was
postulated by DiFranco et al. (1985), and later Saglie et al. (1987) reported an
increased number of dendritic cells in sites of diseased oral epithelium con-
taining intragingival bacteria. These perceptive and provocative observations
were largely neglected until a recent revival of the concept (Cutler et al.,
1999). Evidence has also been presented that P. gingivalis can internalize
within cultured dendritic cells and that invasion is associated with sensitiza-
tion and activation of the dendritic cells (Cutler et al., 1999). This process has
parallels with contact hypersensitivity responses that may therefore play a
role in periodontal diseases.

13.3.2 Actinobacillus actinomycetemcomitans

Actinobacillus actinomycetemcomitans invasion has been studied most
extensively in the KB cell model where internalization occurs by a dynamic
multistep process (Fives-Taylor et al., 1999). Initial attachment to the trans-
ferrin receptor appears to be the primary stimulus for invasion (Meyer et al.,
1997), although binding to integrins may constitute a secondary entry
pathway (Meyer et al., 1997; Fives-Taylor et al., 1999). Adhesion induces
e¤acement of the microvilli and the bacteria enter through ruºed apertures
in the cell membrane (Meyer et al., 1996). Entry of most strains requires
restructuring of actin microfilaments that translocate from the periphery of
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the cell to a focus surrounding bacterial cells (Fives-Taylor et al., 1995). Other
strains internalize through actin-independent receptor-mediated endocyto-
sis (Brissette and Fives-Taylor, 1999). Internal bacteria are initially con-
strained within a host-derived membrane vacuole, but this membrane is
soon broken down and the bacteria are present in the cytoplasm where they
can replicate (Sreenivasan et al., 1993). The molecule(s) required for lysis of
the vacuole membrane are unknown; however, A. actinomycetemcomitans
produces a phospholipase C, an enzyme with potential membrane lytic abil-
ities (Fives-Taylor et al., 1999). Leukotoxin, a member of the RTX family of
pore-forming cytolysins (Hritz et al., 1996) could also be involved, although
a study of the invasive ability of clinical isolates of A. actinomycetemcomitans
indicated that leukotoxin production is more associated with non-invasive
than with invasive strains (Lépine et al., 1998). Interestingly, once in the cyto-
plasm, intracellular replication is more rapid than division in laboratory
growth medium (Meyer et al., 1996). The events that follow A. actinomyce-
temcomitans entry provide one of the most dramatic examples of bacterial
orchestration of host cell function. Actinobacillus actinomycetemcomitans
induces the formation of surface membrane protrusions through which the
organism can migrate and enter into adjacent cells (Plate 13.2). The forma-
tion of these protrusions is consequent to bacterial interaction with the plus-
ends of microtubules and movement through them may be driven by
bacterial cell division (Fives-Taylor et al., 1999; Meyer et al., 1999). This
unique process will facilitate penetration of the organism through the gingi-
val tissues. The invasion processes are represented diagrammatically in Fig.
13.3.

13.3.3 Host cell signalling and phenotypic consequences
associated with bacterial entry

What has become apparent from the study of a variety of invasive patho-
gens is that the process of bacterial entry into non-phagocytic host cells is
dependent upon the bacteria seizing control of host intracellular communi-
cation pathways. Although it is diªcult to discriminate signalling processes
that are strictly required for invasion from those that are a response to the
stress of a microbial onslaught, any alteration of normal information flow
may have consequences for the status of the host cell.

In primary gingival epithelial cells, invasive P. gingivalis induces a tran-
sient increase in cytosolic [Ca2�], as a result of release of Ca2� from intracel-
lular stores (Izutsu et al., 1996). Such calcium ion fluxes are likely to be
important in many signalling events and may converge on calcium-gated ion
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channels in the cytoplasmic membrane, the cytoskeletal apparatus, or
nuclear transcription factors. Of similar importance is the observation that
invasive P. gingivalis causes tyrosine phosphorylation of a eukaroytic 43kDa
protein, possibly an extracellular signal-regulated protein kinase (ERK)
(Sandros et al., 1996). ERKs are members of the mitogen-activated protein
(MAP) kinase family that are involved in multiple intracellular signalling
pathways. The collective results of the subversion of epithelial cell intracel-
lular pathways by P. gingivalis can have phenotypic e¤ects with immediate
relevance to the disease process. Transcription and secretion of interleukin
(IL)-8 (a potent neutrophil chemokine) by gingival epithelial cells is inhibited
following P. gingivalis invasion. Porphyromonas gingivalis is even able to
antagonize IL-8 secretion following stimulation of epithelial cells by
common plaque commensals (Darveau et al., 1998). Reduced expression of
epithelial cell intercellular adhesion molecule (ICAM)-1may also contribute
to down-regulation of the innate host response (Madianos et al., 1997).
Regulation of matrix metalloproteinase (MMP) production by gingival epi-
thelial cells is disrupted following contact with P. gingivalis (Fravalo et al.,
1996), thus interfering with extracellular matrix repair and reorganization.
These activities are distinct from, but probably complementary to, the direct
action of proteolytic enzymes that will be delivered in close proximity to their
substrates during the adhesion and entry process. Porphyromonas gingivalis
proteinases can also activate and up-regulate the transcription of MMP
enzymes (DeCarlo et al., 1997, 1998). Furthermore, P. gingivalis proteinases
can degrade IL-8 and other cytokines (Fletcher et al., 1997; Darveau et al.,
1998; Yun et al., 1999; Zhang et al., 1999) along with occludin, cadherins and
integrins, proteins important in maintaining the barrier function of the epi-
thelium (Katz et al., 2000).

Less is known concerning the outcome of the invasive interaction
between A. actinomycetemcomitans and epithelial cells. Recent studies show
that gingival epithelial cells secrete IL-8 and up-regulate ICAM-1 in response
to A. actinomycetemcomitans invasion (Huang et al., 1998a,b). Thus the initial
encounter with the innate immune response di¤ers between A. actinomyce-
temcomitans and P. gingivalis. Whereas P. gingivalis has stealth-like properties
that avoid immune recognition, A. actinomycetemcomitans is a more overt
pathogen, readily recognized by the sentinels of mucosal immunity. These
distinguishing features may have relevance to the di¤ering clinical presen-
tation of periodontal diseases associated with the two organisms, as dis-
cussed below.
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13.3.4 Relevance to health and disease

Invasion of gingival tissues by periodontal organisms such as P. gingiv-
alis and A. actinomycetemcomitans has been recognized, although not univer-
sally appreciated, for some time. Early immunofluorescence studies revealed
the presence of both organisms within cells from biopsy tissue (Saglie et al.,
1988). In addition, A. actinomycetemcomitans was cultivated in large numbers
from similar gingival biopsy samples (Christersson et al., 1987). Comparison
of healthy and diseased sites showed that bacterial penetration is a character-
istic of diseased tissue (Pekovic and Fillery, 1984; Saglie et al., 1986). More
recent immunological studies have also provided supportive evidence for the
ability of P. gingivalis to localize within the cells of the gingiva (Noiri et al.,
1997; Culter et al., 1999). On an elementary level then, invasion, be it inter-
or intracellular, may be an extension of subgingival colonization that exacer-
bates tissue destruction or serves as an occult bacterial reservoir for reactiva-
tion of disease episodes following cell death and release of bacteria. While
this may be true to some extent, the significance of intracellular invasion is
likely to be more complex. In the first instance, epithelial cells invaded with
either P. gingivalis or A. actinomycetemcomitans do not show any immediate
signs of cell death (Madianos et al., 1996; Fives-Taylor et al., 1999; Katz et al.,
2000). Even primary gingival epithelial cells that have a finite life span in
culture can tolerate high levels of intracellular P. gingivalis without loss of
viability over at least a 24 hour period (Belton et al., 1999). Given that gingi-
val epithelial cells turn over about every 5–7 days in vivo, a significant period
of their existence could be in association with internalized bacteria. Indeed,
one could advance an alternative hypothesis that bacterial entry is a means
by which epithelial cells sequester pathogenic organisms that are then dis-
posed of following normal cell cycling. However, there are several observa-
tions that suggest a role for invasion in the pathogenic process rather than
in the maintenance of gingival health. Invasive P. gingivalis induce down-reg-
ulation of IL-8 production by epithelial cells and also antagonize IL-8 secre-
tion following stimulation by common plaque constituents such as
Fusobacterium nucleatum (Darveau et al., 1998). In clinically healthy tissue,
IL-8 forms a gradient of expression that is highest at the bacteria–epithelia
interface and decreases deeper in the gingiva (Tonetti et al., 1994). This gra-
dient directs neutrophils to sites of bacterial accumulation thereby protect-
ing the tissues from the bacteria and from neutrophil-mediated damage.
Low-level expression of these inflammatory mediators is thus important in
ensuring gingival health. Inhibition of IL-8 accumulation by P. gingivalis at
sites of bacterial invasion could have a debilitating e¤ect on innate host
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defense in the periodontium, where bacterial exposure is constant. The host
would no longer be able to detect the presence of bacteria and direct leuko-
cytes for their removal. The ensuing overgrowth of bacteria would then contrib-
ute to a burst of disease activity. Furthermore, a delay in polymorphonuclear
leukocyte (PMNL) recruitment from the vasculature could cause premature
release of lytic enzymes and contribute to tissue destruction (Van Dyke,
1984). None the less, host PMNLs and other defence mechanisms do even-
tually become mobilized, as evidenced by the pyogenic nature of P. gingiv-
alis-associated periodontal diseases. The overgrowth of subgingival plaque
bacteria, or of P. gingivalis itself, that ensues after initial immune suppres-
sion may trigger reactivation of the immune response. Alternatively, or con-
comitantly, the encounter with di¤erent host cells as the infection
progresses may result in a more vigorous immune response. For example,
P. gingivalis invasion of dendritic cells results in maturation, increased co-
stimulatory molecule expression and stimulatory activity for T-cells. The
migration and proliferation of P. gingivalis-specific e¤ector T-cells could be
one means by which the immune system gears up in periodontal disease
(Cutler et al., 1999). In the case of A. actinomycetemcomitans, the initial
interaction between invasive bacteria and epithelial cells is accompanied by
an increase in levels of innate response e¤ectors, including IL-8. However,
A. actinomycetemcomitans may be able to avoid the encounter with the
immune system by remaining intracellular and spreading from cell to cell
through the interconnecting intercellular protrusions. The immune
response may then burn out leaving a situation, as observed clinically,
whereby some A. actinomycetemcomitans infections do not involve signifi-
cant inflammation.

Although tissue destruction in periodontal diseases is limited to the sup-
porting structures of the teeth, epidemiological evidence has emerged
recently for an association between periodontal infections and serious sys-
temic diseases including coronary artery disease (Scannapieco and Genco,
1999). Several observations provide a credible, though as yet very prelimi-
nary, basis for a causal link between infections with periodontal organisms
such as P. gingivalis and heart disease. Porphyromonas gingivalis has been
detected in carotid and coronary atheromas (Chiu, 1999), and the organism
can induce platelet aggregation, which is associated with thrombus forma-
tion (Herzberg et al., 1994). While common dental procedures, even vigor-
ous tooth brushing, can lead to the presence of oral bacteria in the
bloodstream, it is also possible that tissue and cell invasion by P. gingivalis or
A. actinomycetemcomitans in the highly vascularized gingiva may be a means
by which these bacteria can gain access to the circulating blood and establish
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infections at remote sites. Once located at sites such as the heart vessel walls,
the invasion of endothelial cells (Deshpande et al., 1998; Dorn et al., 1999)
could constitute a chronic insult to arterial walls. Injured, or activated, endo-
thelial cells may demonstrate a variety of artherogenic properties, including
increased pro-coagulant activity, secretion of vasoactive and inflammatory
mediators, and expression of adhesion molecules (Deshpande et al.,
1998–9). If verified by additional experimentation, these bacterial–
endothelial cell interactions could contribute to the pathology of cardiovas-
cular disease.

It is likely that we are only beginning to uncover the full range of conse-
quences of the interactions between invasive oral bacteria and host cells. In
the future, high throughput techniques such as DNA array analysis and prot-
eomics can be expected to reveal a greater range of responses of both bacte-
ria and host cells to their coexistence. An understanding of these
sensing-response mechanisms and their biological implications will make a
significant contribution to the aetiology of periodontal diseases and possibly
provide insight into serious systemic diseases.
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