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Structure, Function, and Assembly
of Type 1 Fimbriae

Stefan D. Knight and Julie Bouckaert

Abstract Bacterial infections constitute a major global health problem, acutely
accentuated by the rapid spread of antibiotic resistant bacterial strains. The wide-
spread need for bacteria to attach — adhere — to target cells before they can initiate
an infection may be used to advantage by targeting the bacterial adhesion tools
such as pili and fimbriae for development of novel anti-bacterial vaccines and
drugs. Type 1 fimbriae are widely expressed by Escherichia coli and are used by
uropathogenic strains to mediate attachment to specific niches in the urinary tract.
These fimbriae belong to a class of fibrillar adhesion organelles assembled through
the chaperone/usher pathway, one of the terminal branches of the general secretion
pathway in Gram-negative bacteria. Our understanding of the assembly, structure
and function of these structures has evolved significantly over the last decade. Here,
we summarize current understanding of the function and biogenesis of fibrillar
adhesion organelles, and provide some examples of recent progress towards interfering
with bacterial adhesion as a means to prevent infection.
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Abbreviations

C-HEGA cyclohexylbutanoyl-N-hydroxyethyl glucamide

DSC donor stand complementation

DSE donor strand exchange

ETEC enterotoxigenic E. coli

H-NS histone-like nucleoid-structuring protein
IBC intracellular bacterial community

Ig immunoglobulin

IHF integration host factor

M inner membrane

Lrp leucine-responsive regulatory protein
oM outer membrane

SAM self-assembled monolayer

SDA single-domain adhesin

TDA two-domain adhesin

THP Tamm-Horsfall protein

UPEC uropathogenic E. coli

UTI urinary tract infection

1 Introduction

Infectious diseases constitute a major global health and health cost burden.
The World Health Report 2004 [1] estimates that infectious and parasitic dis-
eases caused almost 11 million deaths in 2002. The same report estimates that
respiratory and diarrhoeal infections were responsible for 4.0 and 1.8 million
deaths, respectively, in 2002, to be compared to the toll of diseases such as AIDS
(2.8 million deaths), tuberculosis (1.6 million deaths), and malaria (1.3 million
deaths). A significant proportion of respiratory and diarrhoeal infections are caused
by Gram-negative pathogens such as Salmonella enterica (typhoid fever, enterocoli-
tis), Haemophilus influenzae (pneumonia), Bordetella pertussis (whooping
cough), and Escherichia coli (diarrhoea). The overwhelming majority of the
world’s annual 4 million neonatal deaths occur in developing countries. Bacterial
infection is the major cause of neonatal admissions to hospitals, and probably the
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biggest cause of morbidity in the community. The most common serious neonatal
infections involve bacteraemia, meningitis, and respiratory tract infections, and
case fatality rates may be as high as 45%. Key pathogens in these infections are
E. coli, Klebsiella sp., Staphylococcus aureus and Streptococcus pyogenes [2].

Although it remains true that bacterial infections can often be efficiently treated
with antibiotics, the emergence of antibiotic resistant bacterial strains is a serious
problem [3, 4]. For example, treatment of typhoid fever relies on prompt administra-
tion of antibiotics, but strains of S. ryphi resistant to one or more of the commonly
used antibiotics have emerged worldwide [5]. E. coli infections in humans (mostly
urinary tract infections (UTIs)) can normally be treated with antibiotics, but again,
the emergence of antibiotic resistant bacterial strains poses a serious and growing
threat [6-8]. In light of this, the use of antibiotics in the treatment and control of
human as well as of animal infections should be minimized, and development of
novel strategies to treat and prevent bacterial infections are urgently needed [3].

One aspect of the pathogen-host interaction that shows great promise as a target
for development of novel means of interfering with bacterial infections is the early
establishment of physical contact between pathogen and host. Adhesion of bacteria
to target tissues is frequently a necessary first step in pathogenesis [9-11].
For example, uropathogenic E. coli (UPEC) depend on specific binding to man-
nose-containing receptors on the luminal surface of the bladder epithelium for the
establishment of cystitis (bladder infection) [12—-16], whereas binding to Galol—
4Gal-containing receptors in the upper urinary tract is a prerequisite for the estab-
lishment of pyelonephritis (kidney infection) [17]. Blocking of adhesion can
provide an efficient way of interfering with bacterial infections. For example,
blocking binding to mannose-containing receptors has been shown to prevent
UPEC adhesion to the bladder uroepithelium and cystitis [13, 14, 18, 19]. Similarly,
blocking the binding of UPEC to Galol-4Gal-containing receptors can prevent
adhesion to and infection of kidney epithelium [20, 21].

Most bacteria depend on expression of specialized adhesive organelles on the
bacterial cell surface to mediate attachment to target tissues. Gram-negative bacteria
can grow hair-like adhesive organelles referred to as pili (from the Latin word for
‘hair’) or fimbriae (from the Latin word for ‘thread’) [22] arranged in a multitude of
‘hairstyles’ ranging from soft, long, wavy hair, to afro style (Fig. 1). In one common
class of such fibrillar organelles [25], many copies of a receptor binding ‘single-domain
adhesin’ (SDA) are incorporated in a thin (2-5 nm wide) and flexible fibre. Examples
of such ‘polyadhesins’ include the Dr adhesins expressed by many UPEC strains,
SEF14 fimbriae of Salmonella enteritidis, Myf fimbriae of Yersinia enterocolitica, and
the pH6 and F1 antigens expressed by Yersinia pestis. A second class of fibrillar
adhesive organelle commonly expressed by Gram-negative pathogens display a car-
bohydrate-binding ‘two-domain adhesin’ (TDA) at the tip of complex pili or fimbriae.
These composite structures frequently incorporate the TDA at the tip of a thin
(~2 nm) and flexible ‘tip fibrillum’ linked to a relatively rigid 1-2 um long and ~8 nm
wide ‘stalk’ or ‘rod’, consisting of a helically wound fibre of fimbrial subunits
(“pilins’). Examples of TDA-displaying adhesive organelles include the much studied
P pili, and type 1 fimbriae (the main focus of this chapter) that provide UPEC with
the ability to bind to Galol-4Gal-containing and mannose-containing receptors
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Fig. 1 Examples of bacterial ‘hair styles’. a Thick and straight: type 1 fimbriated E. coli. Type 1
fimbriae are composite structures with a relatively rigid 8 nm wide rod tipped by a thin (2.5 nm) more
flexible tip fibrillum. b Thin and wavy: F17 fimbriated E. coli covered with 1-3 um long, flexible,
2-3 nm wide fimbriae. ¢ Tangled (capsules and sheaths): Y. pestis F1 capsular antigen. No individual
fibres are visible, but the capsule consists of a tangle of thin (~2 nm) flexible fibres. AFM amplitude
picture (a) kindly provided by Dr R. Willaert, Ultrastructure, VU Brussels; TEM picture (b) kindly
provided by I. Caplier, Protein Chemistry, VU Brussels and reprinted from [23] with permission from
the publisher; SEM picture (c) reprinted from [24] with permission from the publisher

respectively, and that are important for UPEC colonization of the urinary tract.
The specialized SDA and TDA bacterial adhesive organelles provide promising targets
for development of new classes of anti-bacterial drugs that may either directly block
adhesion or interfere with the biogenesis of adhesive organelles, and for the develop-
ment of novel vaccines to prevent bacterial infections.

2 SDA and TDA Fimbrial Adhesins: Ultrastructure
and Assembly

Results from structure-based studies of components of the P pilus, type 1 fimbriae,
and F1 antigen systems over the last 8 or so years have led to a relatively refined
understanding of how SDA and TDA fimbrial adhesins are constructed, and of
how periplasmic chaperones direct and promote their assembly. Key to the success
of these studies has been the realization that the fimbrial subunits, although very
unstable on their own, can be isolated as stable complexes with their cognate peri-
plasmic chaperone, and that assembly can be blocked by mutations in the N-terminal
region of the subunits, allowing isolation and characterization of assembly interme-
diates. These studies have shown that, in spite of a great deal of variation in
appearance and binding specificity, a large group of bacterial pili/fimbriae share
the same underlying fibre structure, consisting of a string of non-covalently linked
immunoglobulin (Ig)-like modules. This linear fibre structure is assembled from
monomeric, incomplete Ig subunits by a periplasmic chaperone together with an outer
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Fig. 2 Schematic illustration of chaperone/usher-assisted assembly of type 1 fimbriae.
Subunits (A, F, G, H) enter the periplasm via the Sec system and transiently remain associated
with the inner membrane (step 1). FimC chaperone (C) binds newly translocated, partially
unfolded subunits to form soluble and stable chaperone:subunit complexes (step 2). Targeting
of the binary FimC:FimH pre-assembly complex to an empty FimD usher (D) initiates assem-
bly. At the usher, an incoming chaperone:subunit complex attacks the chaperone:subunit
complex capping the base of the growing fibre (step 3). The usher catalyses DSE in which the
capping chaperone at the base is released, the N-terminal G, donor strand of the attacking
subunit is inserted into the polymerization cleft of the subunit at the base to form a new fibre
module, and a new chaperone-capped subunit is added at the base. For further details of the
assembly process, see text
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membrane usher (Fig. 2) [9, 11, 26-31]. The final fibre morphology is determined by
additional interactions between non-adjacent pilin subunits in the fibre, allowing
some fibres to coil into rigid helical structures such as the fimbrial rods, while
some remain as relatively flexible extended linear fibres that sometimes collapse
into amorphous ‘sheaths’ or ‘capsules’. The structural pilin subunits of complex
fimbriae, and the SDA subunits of polyadhesins, have the same basic architecture
and are assembled in the same manner.

2.1 Fibre Structure

The subunits of fimbriae are constructed essentially as Ig-like 3-sandwiches, but
with a circular permutation that positions the sequence corresponding to the seventh,
C-terminal, Ig B-strand (strand G of a canonical Ig domain) at the N-terminus of the
polypeptide sequence [32-35] (Figs. 3a and 4a). In a typical Ig fold, the ‘top’ edge
of the sandwich, defined by the A and F strands, is capped by the C-terminal G
strand, which is hydrogen bonded to the F strand and provides hydrophobic residues
to the core of the fold. Free pilin subunits are only marginally stable, and no structure
for a monomeric pilin in the absence of chaperone has been obtained. Sometimes, in
the absence of the chaperone, soluble, domain-swapped pilin dimers [36] or trimers
[37, 38] are formed and have been reported in their crystal structures. However, the
oligomerization of pilins in this manner is a dead-end process, and the pilins in these
oligomers are not able to assemble into fibrillar structures.

', Fibre module
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Fig. 3 Schematic illustration of: a relation between the Ig and the pilin fold; b DSC before
(subunit bound to chaperone; below) and after (in fibre module; above) DSE. The ellipsoids rep-
resent the B-sandwich of the Ig/pilin fold as viewed down at the AF edge of the sandwich; the
rectangles represent B sheets and strands (as labelled) viewed edge on
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Fig. 4 Pilin structure: a ribbon diagram of a Cafl subunit illustrating the Ig-like pilin fold. Main
secondary structural elements are labelled; Nte denotes the N-terminal extension (disordered
unless used for DSC of a neighbouring subunit in a fibre); b surface representation of Cafl illus-
trating the hydrophobic acceptor cleft (hydrophobic residues Ala, Val, Leu, Ile, Phe, Met coloured
yellow) with the G, strand from the CafIM chaperone (stick model) bound; sub-pockets of the
acceptor cleft, designated P1-P5 in the nomenclature of Sauer et al. [34], are labelled

Various structures of pilins bound to chaperone or peptides [32-34, 39, 40], or
incorporated into fibres [35, 41], show that in the absence of a seventh B-strand, a
pilin subunit cannot cap its AF edge, and a closed hydrophobic core is not formed.
Instead, a deep hydrophobic cleft is created on the surface of the subunit (Fig. 4b).
The hydrophobic effect drives folding of globular proteins by favouring the packing
of hydrophobic side chains together in a hydrophobic core, shielded from the sur-
rounding water. In pilins, however, owing to the absence of a seventh C-terminal
(G) strand, the polypeptide chain simply cannot fold in such a way as to create a
shielded hydrophobic core, explaining the instability of free pilin subunits.

The N-terminal extension of pilins, which is flexible in solution and does not
contribute to the subunit’s globular fold, carries a B-strand motif of alternating
hydrophobic and hydrophilic residues. Deletions or mutations in this N-terminal
region block assembly of pilin subunits into fibres [34, 35, 39, 41-44]. The structure
of a Caf1M:(Caf1), ternary complex [35, 41], with the minimal Y. pestis F1-antigen
fibre ((Caf1),) bound to the Caf1M chaperone, revealed that fibre subunits are linked
together by insertion of the N-terminal extension of one subunit into the hydrophobic
cleft of the second subunit (Fig. 3b). The inserted N-terminal segment adopts a
B-strand conformation running antiparallel to the F strand, with hydrophobic side
chains bound in three (TDA systems) or five (SDA systems) acceptor cleft sub-
pockets (Fig. 4b), hence completing the Ig fold of the subunit. This mode of binding,
termed ‘donor strand complementation’ (DSC), had previously been predicted for
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type 1 and P pilus fibres [32-34], and is likely to be present in all surface polymers
assembled through the chaperone/usher pathway. The resulting linear fibre is com-
posed of globular modules each having an intact Ig topology generated by DSC
(Fig. 3b). In this fibre, each Ig module is made from two polypeptide chains, with
the G strand being provided in trans (because the N-terminal segment of one subunit
is donated to fulfil the role of the Ig-fold G strand in a second subunit, the N-terminal
sequence is also referred to as the G, (d for donor) sequence). TDAs lack the
N-terminal G, polymerization sequence and instead have an entire receptor-binding
domain coupled to the N-terminus of the pilin domain. As a consequence, TDAs can
only be incorporated in a single copy at the tip of fimbriae. In earlier work based on
immunogold labelling, the FimH adhesin was reported to be laterally located along
the type 1 fimbrial shaft [45]. However this is contradicted by later findings, using
quick-freeze deep-etch electron microscopy [46], or gold-coupled antibodies in
combination with transmission electron microscopy [47], and is incongruent with
current understanding of fimbrial structure and assembly.

In spite of their non-covalent nature, and in contrast to free pilins, or pilin
subunits bound to their chaperone, studies of the Y. pestis F1 antigen system have
shown that the fibre Ig modules can be extremely stable. The folding free energy
estimated from reversible unfolding of an engineered monomeric F1 fibre module
(Caf1-SC) in GdmCl at 37 °C is in the range 70-80 kJ mol™' [41]. This should be
compared to the typical range of 20-60 kJ mol~! maximum stability for stable
proteins in physiological conditions [48, 49]. This apparently narrow range of
optimal stability for globular proteins might be explained by evolutionary pressure
to adapt to functional constraints, such as the need for enough conformational
flexibility to allow, e.g., induced-fit binding or natural protein turnover, rather
than by any intrinsic physical limitations on protein stability. In contrast, the
function of adhesive surface fibres requires them to be mechanically resilient,
and in the absence of a counteracting evolutionary pressure (e.g., there is no need
for protein turnover outside of the cell) no functional constraints on maximum
stability apply.

2.2 Fibre Biogenesis

Biogenesis of stable polymeric surface fibres such as those of pili, fimbriae, or
capsules, poses many challenges to the Gram-negative bacterial cell. It must be able
to protect the unstable and highly aggregative fibre subunits from aggregation and
proteolytic degradation during their transport from the site of production in the cyto-
plasm, across the inner membrane (IM) and the periplasm, to the site of assembly
at the outer membrane (OM) of the cell. Having reached the OM, subunit assembly
must be controlled to form the desired polymeric structure, which must then be
secreted to the cell surface. In the cytoplasm, pilin subunits are expressed as pre-
proteins with an N-terminal export signal that targets them for export via the gen-
eral secretion (Sec) pathway [50]. In the periplasm, a periplasmic chaperone,
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together with an OM usher, handle the subsequent events that lead to assembly of
pilin monomers into surface located fibrillar structures (Fig. 2).

The periplasmic chaperones are steric chaperones that bind to fibre subunits as
they emerge in the periplasm, ensure their correct folding, and deliver the folded
subunits to the usher where they are assembled into fibrillar polymeric structures.
For TDA-carrying structures, binding of a chaperone:TDA complex to an empty
usher initiates assembly [51-53] which then proceeds by sequential addition of
pilin subunits to the base of the growing fibre and simultaneous secretion of the
fibre through the usher pore [54]. In the absence of chaperone, subunit folding is
slow and leads to a marginally stable and aggregation prone structure [55], whereas
in the presence of chaperone, stable and soluble chaperone:subunit complexes are
rapidly formed. In contrast to the many ATP-dependent cellular chaperones, the
periplasmic chaperones do not require an input of external energy for subunit
release (there is no ATP in the periplasm), and organelle assembly is independent
of cellular energy [56].

The L-shaped periplasmic chaperones comprise two Ig-like domains joined at
~90° angle, with a large cleft between the two domains (Fig. 5). The F, and G,
[-strands in the 1st, N-terminal, domain are connected by a long and flexible loop that
protrudes like a handle from the body of the domain. This loop harbours a conserved
motif of hydrophobic residues that is critical for subunit binding. FGL chaperones,
used for assembly of SDA polyadhesins such as F1 antigen (Caf1M chaperone), have
a relatively long F ~G, loop (hence FGL for F,-G, Long), whereas the FGS chaper-
ones used for assembly of composite structures such as type 1 fimbriae (FimC chap-
erone) or P pili (PapD chaperone) have a relatively short F G, loop (hence FGS for
F —G, Short) [25]. FGL chaperones are also distinguished from FGS chaperones by
alonger A strand and a disulphide link bridging the F, and G, strands.

Leu 103

Leu 105

lle107

Fig. 5 Chaperone structure. Ribbon diagram of FimC chaperone from the structure of the
FimC:FimH complex [32]. B-strands in the N-terminal domain are labelled. The hydrophobic
residues in the G, donor strand are shown as stick models and labelled. Also shown are the two
invariant residues in the subunit binding cleft between the two Ig-fold domains that are crucial for
subunit binding and chaperone function
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Subunits bind in the cleft between the two chaperone domains (Fig. 6) with the
subunit C-terminal carboxyl group anchored by two positively charged residues
(Arg8 and Lys112 in FimC) at the bottom of the subunit-binding cleft (Fig. 5).
These two residues are strictly conserved in all the periplasmic chaperones and
are crucial for chaperone function [25, 58, 59]. As described above, the incom-
plete fold of pilin subunits precludes the formation of a closed hydrophobic core,
leaving a surface-exposed hydrophobic cleft between the two sheets at the AF
edge of the subunit (Figs. 3 and 4). In chaperone:subunit complexes, the A and F
edge strands are hydrogen bonded to the A, and G, strands of the chaperone,
which creates a super-barrel of B-strands from both the subunit and the chaperone
[35]. In the super-barrel, large hydrophobic residues from the G, donor strand
of the chaperone are inserted between the two sheets of the subunit B-sandwich
and become an integral part of the bound subunit’s hydrophobic core (Fig. 4b).
The large hydrophobic donor side chains of FGS chaperones occupy sub-pockets
P1-P3; a conserved asparagine side chain binds in the P4 pocket [32, 33]. FGL
chaperones donate small hydrophobic side chains to all five sub-pockets in the
acceptor cleft [35, 39]. The chaperones thus cap the hydrophobic polymerization
cleft, thereby preventing both premature assembly and unspecific subunit aggre-
gation, and protecting subunits from proteolytic degradation. It should be noted
that, in contrast to the DSC interaction between subunits in an assembled fibre,
where the subunit G, donor strand is inserted antiparallel to the F strand to create
a complete canonical Ig module, the chaperone G, donor strand is inserted parallel
to the F strand.

Periplasmic chaperones deliver folded pilin subunits to the OM usher. At the
usher, chaperone:subunit interactions must be replaced by subunit:subunit interac-
tions. Hence, the A| and G, strands of the chaperone capping the subunit at the base
of the growing structure, on the periplasmic side of the usher, must dissociate to
allow the N-terminal sequence of the next subunit to be bound in the polymeriza-
tion cleft (Fig. 2). This exchange process, called ‘donor strand exchange’ (DSE)
[32-35], can occur even in the absence of usher as evidenced, e.g. by the accumula-
tion of low molecular weight Cafl polymers in the periplasm of Cafl A usher nega-
tive bacteria expressing Caf1M chaperone and Cafl subunit, or in vitro following
incubation of CaflM:Cafl complex [43]. However, compared to usher mediated
assembly, this process is slow and inefficient, suggesting that DSE assembly is
catalyzed by the usher.

Two basic models for DSE have been suggested [35]. In the first model, the
chaperone bound to the subunit at the base of a growing fibre is first released,
followed by ordering and insertion of the N-terminal G, donor sequence of the next
chaperone:subunit complex into the unoccupied polymerization cleft. The second
model involves concerted release of the chaperone G, donor strand and insertion of
the subunit G, donor strand in a zip-out-zip-in mechanism. The observation of a
transient quaternary complex between two chaperone:subunit complexes during
assembly of type 1 fimbriae [39, 60] strongly argues for the second model.
Interactions with the P5 acceptor cleft sub-pocket have been shown to be critical for
initiation of DSE [39].
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Fig. 6 Crystal structure of FimC:FimH chaperone:adhesin complex bound to a-pD-mannose [57],
showing the chaperone FimC (yellow; G, strand red), the pilin domain of FimH (steel-blue) that is
donor-strand complemented by the chaperone G strand, and the receptor-binding domain (violet
with blue-green helices, secondary structure labelled as described earlier [32]). D-Mannose bound
to the mannose-binding pocket is shown as a ball-and-stick model

No energy input from external sources is required to convert periplasmic
chaperone:subunit pre-assembly complexes into free chaperones and secreted
fibres [56]. Instead, assembly is driven by subunit folding energy conserved by the
chaperone [35, 41]. Comparison of the structure of Cafl bound to Caf1M, and its
structure in the F1 fibre module, revealed a large conformational difference. In the
Caf1M:Caf1 super-barrel, the chaperone G, donor strand occupies the polymeriza-
tion cleft, with large hydrophobic residues from the G, donor strand inserted
between the two sheets of the subunit B-sandwich, preventing them from contacting
each other (Figs. 3b and 4b). Molecular dynamics simulations predict that this
open, partially folded molten-globule like conformation is not stable and would not
be maintained in solution. In contrast to the chaperone donor residues, the much
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smaller donor residues in the subunit N-terminal G, donor segment do not interca-
late between the two sheets of the subunit B-sandwich, allowing close contact
between them in the fibre module (Fig. 3b). For FGS assembly systems, a similar
change accompanies DSE, but now involving a register shift from P1-P4 sub-site
binding in the chaperone complex to P2-P5 sub-site binding in the fibre module
[34]. A huge difference in stability between the chaperone-bound, partially folded
conformation, and the fully folded native fibre conformation of pilins creates a free
energy potential that drives fibre formation.

Several observations suggest that periplasmic chaperones target and bind subunits
in an unfolded or at least partially unfolded state. The high efficiency of chaperone/
usher-mediated assembly in vivo [56] suggests that this process cannot rely on the
slow self-folding of subunits [55]. Recently, Vetsch et al. [61] verified that the FimC
chaperone indeed binds to unfolded pilin subunits. Chaperone binding was shown to
increase the rate of folding by a factor of 100. To bind unfolded subunits, the peri-
plasmic chaperone, presumably, has to recognize some common feature of the (par-
tially) unfolded conformations. The extensive interactions between the hydrophobic
cores of the N-terminal domain of the chaperone and the subunit observed in the
structures of chaperone:subunit complexes suggest that the chaperone might recog-
nize and attract hydrophobic core residues that are exposed in unfolded subunits.
The surface exposed hydrophobic patch created by the bulky hydrophobic side chains
in the G, donor strand of free chaperones [25, 42] (Fig. 5) might attract (partially)
unfolded subunits and provide a template onto which the subunit core can condense,
facilitating folding. At the same time, however, because of intercalation of the large
chaperone donor residues in the subunit hydrophobic core, subunit folding coupled to
chaperone binding does not reach the native state, and the subunit is trapped in an
open, activated, high-energy conformation. The resulting meta-stable complex pro-
vides a convenient substrate for fibre assembly.

For DSE and secretion to proceed, the usher must interact with
chaperone:subunit complexes in the periplasm to facilitate dissociation of the
chaperone and polymerization of subunits. The growing polymer must then be
translocated across the OM to the cell surface. The ushers are large (80-90 kDa)
porin-like integral OM proteins [62—64]. Recent results [52, 65] show that both
the PapC (P pilus) and the FimD (type 1 fimbrial) ushers form 7 x 10 nm? homo-
dimers with a ~2 nm pore in the middle area of each monomer. Such a pore is
wide enough to allow translocation of folded structural subunits or their poly-
mers through the OM. Functional studies of the PapC and FimD ushers have
shown that in addition to a central trans-membrane 3-barrel they contain N- and
C-terminal periplasmic domains important for initial binding of chaperone:subunit
complexes, and subsequent assembly steps respectively [52, 63, 64, 66—68].
Based on an analysis of usher sequences, a third conserved domain located in the
central B-barrel region of the ushers has recently been proposed [69]. This ‘pre-
dicted middle domain’ is predicted to have a B-sandwich fold and to be located
in the periplasm.

Recently, the structure of a FimC:Fimeilin complex (Fimeilin is the C-terminal
pilin domain of FimH) bound to the N-terminal domain of the type 1 pilus usher
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(FimD,) was reported [68]. The structure of this complex, as well as that of a similar
complex from the F1 antigen system (A. Dubnovitsky, A. Zavialov, S.D. Knight,
unpublished), shows that the ushers have a chaperone binding surface formed by the
folded core of the usher domain and by an extended N-terminal ‘tail’ of the usher.
As we had already predicted in 1996 [25], the usher recognizes a patch of conserved
hydrophobic residues on the ‘back’ of the chaperone N-terminal domain. Whereas
in the FimC:FimH_. :FimD complex there are also significant interactions between
the usher N-terminal tail and the chaperone-bound subunit, very few such interactions
are present in the F1 antigen complex. This might reflect the need to distinguish
several different subunit types and to assemble these in a particular sequence in the more
complex type 1 fimbrial (TDA) system but not in the F1 antigen (SDA) system.

3 Type 1 Fimbriae

Studies of fimbriae have been ongoing since the 1950s. Duguid et al. [70]
reported seven different fibrillar structures and named these types 1-6 and F
fimbriae. Brinton [71] recognized six different types and named these types I-V
and F pili. Duguid’s type 1 fimbriae and Brinton’s type 1 pili refer to the same
fibrillar organelle [22]. Generally, the terms ‘type 1 fimbriae” or ‘type 1 pili’
refer to any 6-8 nm-wide fimbrial structure that mediates agglutination of
guinea pig red blood cells in a mannose-inhibitable manner. Such fimbriae are
also referred to as ‘common’, ‘somatic’, or ‘mannose-sensitive’ fimbriae. At
least two genetically distinct type 1 fimbriae with distinct molecular composi-
tions and receptor binding profiles exist, the E. coli type 1 fimbriae (type 1¥) and
Salmonella type 1 (SEF21) fimbriae (type 15) [72]. The focus of this chapter is
on the E. coli type 1F fimbriae, which in the following will be referred to simply
as type 1 fimbriae.

Type 1 fimbriae are common throughout the Enterobacteriaceae. They can easily
be visualized in the electron microscope as 1-2 um long and ~7 nm wide structures
extending peritrichiously from the bacterial cell surface (Fig. 1a). They mediate
binding to a wide range of glycoproteins carrying one or more N-linked high-
mannose structures. Binding can be inhibited by D-mannose and a variety of natural
and synthetic oligosaccharides containing terminal mannose residues. High-
resolution images show that type 1 fimbriae are composite structures with a short
(~20 nm) and thin (2 nm) tip fibrillum at the distal end of the 7-nm fimbrial rod
[46]. Type 1 fimbriae are relatively stiff structures (very little bending is observed
in electron micrographs of isolated type 1 fimbriae (see, e.g. [47, 71])), but are not
rigidly cemented to the cell surface since individual fimbriae can be seen extending
at various angles from the cell surface in electron micrographs of type 1 fimbriated
bacteria. A structural reconstruction based on electron microscopy and fibre dif-
fraction data [47] shows that the rod of type 1 fimbriae is a right-handed helical
structure with 27 FimA subunits in the 19.3 nm helical repeat (eight turns) and a
2.1-2.5 nm-wide central axial hole.
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3.1 Genetic Organization and Regulation

The production of type 1 fimbriae requires at least eight genes localized within the
fim gene cluster and is subject to phase variation (Fig. 7). fimA, fimF, fimG, and
fimH code for the four protein components of type 1 fimbriae, with a FimA polymer
forming the helical rod, and a single FimH TDA strategically located at the distal
tip of each fimbriae (Fig. 2) [46]. FimH is attached to the rod via single copies of
FimG and FimF, forming the short and stubby tip fibrillum. Assembly of type 1
fimbriae is mediated by the FimC chaperone together with the OM usher FimD
(Fig. 2). fimB and fimE encode regulatory proteins that control the expression of
type 1 fimbriae as outlined below. It is currently not clear whether Fiml constitutes
a structural subunit of type 1 fimbriae or is a regulatory protein, although fiml cer-
tainly is required for normal fimbrial biosynthesis [74]. Site-directed mutagenesis
employed to create lesions in fiml, and chromosomal fiml mutations, produced
fimbriation-negative phenotypes. Minicell analysis associated fiml with a 16.4-kDa
non-cytoplasmic protein product. It has been suggested that FimI could have a similar
function as the PapH protein involved in cell anchoring and length modulation of
E. coli P pili [75], but this seems unlikely since no effect on fimbrial length or
anchoring was observed in the studies by Valenski et al. [74].

Phase variation allows individual bacteria to turn the expression of specific viru-
lence factors on or off. Most of the fimbrial adhesins expressed by E. coli are con-
trolled by phase variation and hence only a subset of a bacterial population will
express a particular adhesin at any given time. A high level of fimbriation triggers
inflammatory host responses, putting the entire bacterial colony at risk of being
eliminated. Lowering the proportion of fimbriated bacteria decreases the inflamma-
tory response to levels where it may even be beneficial for the pathogen colony [76].
The proportion of bacteria expressing a particular fimbrial adhesin can be influenced
by a number of environmental factors such as temperature, pH, osmorality, or the
presence of specific ligands in the surrounding medium. Phase variation of type 1
fimbrial expression in E. coli is controlled by the site-specific recombination of a
314-base pair invertible element [77], or fim switch (Fig. 7b). The fim switch is a
transcriptional control element of type 1 fimbrial expression. It contains the pro-
moter for the fimA gene encoding the major subunit of type 1 fimbriae. The site-
specific recombinases FimB and FimE recognize the 9-base pair inverted repeats

-_fimB _H fimE F—— fimA H{ fiml | fimC | fimD H fimF [ fimG H__fimH |
a

IHF IRL Lrp IHF P _IRR
b 4 » 1 213 2 e

Fig. 7 afim gene cluster. b Schematic drawing of the fim locus with the fim switch in the ON
(fimbriate) orientation and recombinase genes. The direction of transcription of the genes is shown
(arrows). Lrp, leucine-responsive regulatory protein; IHF, integration host factor; IRL, inverted
repeat left; IRR, inverted repeat right; P, fimA promoter [73]
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flanking the fim switch. FimB facilitates inversions in both directions, while FimE
can only promote switching from the ON to the OFF phase [78]. In the ON phase
orientation, the promoter is correctly oriented for transcription of fimA and the rest
of the fim gene cluster, whereas in the OFF orientation there is no transcription [79].
The predominance of FimE results in the preferential rearrangement of the element
in the OFF phase orientation [80]. The genome of the pyelonephritis isolate CFT073
[81] contains genes for three unlinked, FimB- and FimE-like (~50% amino acid
sequence identity) tyrosine site-specific recombinases [82]. At least one of these,
IpuA, is active at its native chromosome location and can switch fim both ways inde-
pendently of FimB and FimE. A second recombinase, IpbA/HbiF, which appears to
be relatively common in commensal, UPEC, and meningitis-associated E. coli strains
[82, 83], promotes OFF to ON switching to maintain a locked ON phenotype when
overexpressed in trans. The suppression of HbiF activity (preventing a locked ON
phenotype) in the meningitis isolate RS218 appears to be required to obtain a high
degree of bacteraemia in neonatal rats [83].

In addition to the fim recombinases, efficient inversion of the fim switch requires
accessory global regulators like integration host factor (IHF), leucine-responsive
regulatory protein (Lrp), and histone-like nucleoid-structuring protein (H-NS). IHF
binds with high affinity to two sites, one upstream of and one inside the fim switch,
to promote switching by FimB (100-fold) and FimE (15,000-fold) [84]. Mutations
in the IHF binding sites lower the affinity of IHF binding in vitro and the frequency
of FimB and/or FimE recombination in vivo. The presence of the global regulator
Lrp is required for normal inversion of the fim switch in vivo. Lrp binding increases
both FimB and FimE recombination in vivo by binding with high affinity to two of
the three sites (1 and 2) within the fim switch [85]. This is a rare example of positive
Lrp-mediated regulation. Lrp-mediated activation is enhanced by branched side
chain aliphatic amino acids, in particular leucine, and also by alanine. Binding of
Lrp to its third site inhibits recombination [86]. H-NS down-regulates expression of
fimB and fimE in a temperature-dependent manner, with opposite effects at 30 and
37 °C, by binding to the regions containing the fimB and fimE promoters respec-
tively [87]. The temperature-dependent H-NS activity modulates type 1 fimbrial
expression to favour a fimbriated state at the mammalian body temperature.

As a consequence of host defences against bacterial infection, both sialic acid
and GlcNAc release from the host is enhanced. These two potentially key indicators
of host inflammation regulate type 1 fimbrial phase variation to inhibit fimbriation
through the NanR (sialic acid responsive) and NagC (GlcNAc-6P responsive) regu-
lators [88—90]. NanR targets an operator located over 600 bp upstream of the fimB
promoter. Binding of NagC to its two operator regions, one close to the NanR bind-
ing site and one 212 bp closer to the fimB promoter, is enhanced by IHF binding to
a site located between the two NagC binding sites. In the absence of sialic acid and
GlcNAc, NanR and NagC bind to their operator sites to stimulate FimB expression
and promote switching to the fimbriated state. In the presence of sialic acid or
GlcNACc/GIcNAc-6P, binding is lost, favouring the non-fimbriated state. Possibly,
the ability of E. coli to sense the inflammatory host response and to in turn respond
by down-regulating expression of type 1 fimbriae can help the infecting bacteria to
circumvent host defences by balancing host-parasite interactions.
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Numerous examples from recent work demonstrate that the expression of dif-
ferent cell surface structures by bacteria is co-ordinately controlled and often
mutually inhibitory [91-93]. Bacteria coordinate gene expression at the single cell
level to prevent co-expression of different types of fimbriae. P or S fimbrial expression
in clinical isolates leads to type 1 fimbrial repression, through the activity of PapB
and SfaB respectively [94, 95]. A mutant of the CFT073 E. coli strain incapable of
expressing either type 1 or P fimbriae compensated by synthesizing F1C fimbriae
[96]. The study by Snyder et al. [96] also showed for the first time that the type 1 vs
P fimbrial cross-talk works in both directions and that inversely coordinated expres-
sion of adhesin gene clusters also occurs in vivo. Phase variation and coordinated
regulation are presumably employed by the pathogenic bacteria to adapt to sequen-
tially changing environments during infection, colonization, and/or invasion [97].

3.2 Role in Disease and Biofilm Formation

Type 1 fimbriae have a well established role in UTI [98], and have also been impli-
cated in neonatal meningitis [99], Crohn’s disease [100, 101], and bovine mastitis
[102-106]. Their involvement in UTI pathogenesis has been extensively studied.
UTTs are believed to affect at least 50% of women in the western world over their
lifetime. Each year, 150 million UTIs have been estimated to occur worldwide.
The most common cause of UTI in humans is UPEC infection, accounting for
about 80% of reported cases. UPEC-caused UTI is also common in animals, e.g.
cats and dogs [107].

The expression of mannose-specific type 1 fimbriae on the cell envelope of
UPEC allows for the attachment to the epithelium of the bladder and the lower
urinary tract. This leads to fast colonization rates, resulting in lower urinary tract
infections (cystitis). Binding is crucial for efficient infection, and blocking adhe-
sion has been shown to prevent cystitis [12—14, 16, 108]. However, type 1 fimbriae
trigger inflammatory host responses and stimulate the production of proinflamma-
tory cytokines including IL-6, IL-8, and TNF-o [109-111]. Hence, the ability to
control the degree of fimbriation in a colony through phase variation (see Sect. 3.1)
is important for successful colonization. In general, UTI can be treated with antibi-
otics, such as trimethoprim sulfamethoxazole, fluoroquinolone, nitrofurantoin and
fosfomycin. However, both the rise of antibiotics resistance [6—8] and the recurrent
nature of UTIs [112] are worrisome. Approximately 25-35% of initial UTI epi-
sodes recur within 3—6 months, and in about two thirds of the cases the recurrent
infection involves reinfection by the same bacterial strain that caused the primary
infection. During the past decade, Hultgren’s group unravelled the mechanisms
responsible for recurrent UTI [113]. Contrary to what was previously believed,
UPEC can invade into the epithelium lining the bladder and lower urinary tract, the
urothelium [15, 114]. Invasion is triggered by binding of type 1 fimbriae to the
uroplakin complexes that cover the luminal surface of the urothelium (see Sect. 3.3).
Following invasion, most UPEC strains are able to form large intracellular bacterial
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communities (IBCs) that eventually mature into a slow-growing, biofilm-like
organisation of coccoid-shaped bacteria [115, 116]. Bacteria in these IBCs are pro-
tected from antibiotics and the immune system of the host, and in some hosts can
persist for months in a dormant and antibiotic-insensitive state [117]. Despite invasion
and intracellular replication being relatively rare events, the successfully invasive
bacteria rapidly produce progeny of about 500 bacteria per IBC. Within a few
hours, the progeny bacteria escape from the matured IBC [118], (re)invade host
cells, and reinitiate the IBC cascade [98]. Very little is known about type 1 fimbrial
gene regulation during the different stages in the pathogenic cascade of recurrent
UTIs. However, since initiation of UPEC biofilm formation on abiotic surfaces is
dependent on type 1 fimbriae [119], it remains an intriguing question whether they
are also expressed in the IBCs.

Biofilms consist of surface-associated colonies of bacteria and are a major con-
cern for implanted medical devices and in many diseases [120-122]. Bacterial
biofilms are highly organized communities embedded in an exopolysaccharide
matrix, and contain several layers of bacteria with distinct functions. Biofilms grow
slowly but efficiently to coat abiotic surfaces, and can eventually almost completely
fill up narrow tubing. Because of the entrenched structure of biofilms, an antibiotic
cannot penetrate deeply enough into the distant parts of the biofilm to kill all bacteria.
Therefore, biofilms are difficult to remove mechanically or by means of antibiotics
or disinfectants.

Biofilm formation is a complex process involving adhesion, aggregation, and
expansion of the bacterial community, and requires the careful orchestration of
gene expression to co-ordinately activate the multiple cellular mechanisms involved
in establishment, development, and maintenance of the bacterial community [121].
The first crucial step in biofilm formation is adhesion. Type 1 fimbriae are critical
for formation of E. coli biofilm on abiotic surfaces, including polyvinyl chloride,
polypropylene, polycarbonate, polystyrene, and borosilicate glass, and the initial
attachment is mannose-inhibitable [119]. On the other hand, the adhesin appears
not to be strictly necessary for biofilm formation [123]. Type 1 fimbriae without the
FimH TDA also facilitate immunoglobulin-mediated (secretory immunoglobulin A
and IgM) biofilm formation by E. coli on polystyrene. Nevertheless, biofilm forma-
tion is more pronounced for bacteria with type 1 fimbriae that carry the adhesin,
and it is arguable whether FimH-lacking type 1 fimbriae are really expressed on the
cell envelope of clinical isolates of E. coli.

Following adhesion and establishment of an adhered bacterial community, fur-
ther biofilm development requires tight interactions between individual cells in the
community. In E. coli, the product of the flu gene, Ag43, mediates auto-aggregation
of bacteria and micro-colony formation [124, 125]. Ag43-induced auto-aggregation
cannot take place in the presence of type 1 fimbriae [124], and the expression of
fimbriae and Ag43 are co-ordinately controlled [126].

The extent to which the factors that are important for biofilm formation on abiotic
surfaces are also important for biofilm formation on biotic surfaces (e.g. in uroepithe-
lial IBCs) is not known, and needs to be studied further. The observation of bacterial
biofilm formation on abiotic surfaces mediated by (glyco)proteins [123] is highly
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relevant in view of the use of medical implants such as urinary catheters. In particular,
the mannosylated Tamm-Horsfall protein (THP) (previously called uromodulin) is
secreted in urine as a natural inhibitor of type 1 mediated bacterial adhesion [127]
(see Sect. 3.3). Glycoproteins such as THP could coat the catheter walls and serve as
glue for type 1 fimbriated E. coli to initiate biofilm growth.

3.3 Receptors in the Urinary Tract

The urothelium is a highly specialized endothelium covered almost completely with
uroplakins. The most abundant glycoprotein receptors for FimH in the lower urinary
tract are uroplakins UPIa and UPIb [128, 129]. These are integral membrane pro-
teins that, together with UPII and UPIII, form ring-shaped complexes with a central
3.7 nm wide cavity in the highly differentiated superficial cell layer of the bladder
[130, 131]. Electron microscopy of FimH added to asymmetric unit membranes of
the bladder provided evidence that FimH binds to the inner six sub-domains of the
16-nm uroplakin particles, at the sites where UPIa is located [132]. Under quick-
freeze, deep-etch electron microscopy, the type 1 tip fibrillae appear to be at least
partially buried in the central region of the uroplakin complexes [15]. This suggests
that the high-mannose chains on UPIa are exposed on the surface of the central cavity
of uroplakin complexes, and that binding is accompanied by (partial) insertion of the
tip fibrillum into the cavity. The interaction of FimH with terminally exposed mannose
residues on UPIa can lead to severe consequences for the targeted host cells, including
bacterial uptake and internalization (see Sect. 3.2).

Recent mass-spectrometric determinations revealed that, like mouse UPIa,
human UPIa also carries high-mannose chains while human UPIb only carries com-
plex type glycans [133]. These findings established the concept that UPIa is the
major urothelial receptor in humans and other mammals. The determination of uro-
plakin glycans has been technically challenging due to the difficulty in isolating the
highly insoluble uroplakins individually (the uroplakins form a tight complex with
each other in the epithelial membrane) and because of the complexity and heteroge-
neity of the carbohydrates. Mouse and human UPIa are very similar in their glyco-
sylation and hence FimH binding, validating the use of mice as an in vivo UTI model
[116]. Interestingly, small differences in the glycosylation of UPIb from bovine vs
mouse or human leads to detectable FimH binding of the bovine UPIb, but not to
human UPIb [133]. It remains to be seen whether the glycosylation of human UPIa,
determined here from cells of 14—16 week old embryonic bladders, is age-depend-
ent. It is interesting to note that B-galactosidase activity is a marker for senescent
human cells in culture and aged skin cells in vivo [134], and also marks the senes-
cence, increasing sharply during 2540 days of age, of normal human urothelium in
an organ-like culture [135]. A 40-week period typically represents the turnover rate of
differentiated cells in the bladder of mice [136]. The enzyme B-galactosidase cleaves
terminal galactose residues from complex glycans, which together with N-acetyl
glucosaminidase activity would lead to exposure of terminal mannose
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residues. Such activity could potentially make UPIb on aged human cells susceptible
to FimH binding and adherence of uropathogenic bacteria.

Binding of type 1-fimbriated UPEC to high-mannose moieties on THP inhibits
uroplakin binding and it has been suggested that it is an important host defence
mechanism [137]. THP is a heavily glycosylated GPI-anchored protein located on
the cells lining the thick ascending limb of Henle’s loop in the kidney. A specific
protease cleaves THP and releases large amounts into the urine (~50 mg day™ in
urine from healthy human individuals), making it the most abundant protein in
normal human urine. THP knock-out mice have been shown to be more prone to
bladder infection by type 1 fimbriated UPEC [138, 139]. There are seven
N-glycosylation sites in THP, of which one, Asn251, carries high-mannose carbo-
hydrate chains [140]. In humans, the most abundant glycoform is Man6 (75%),
followed by Man7 (17%) and Man5 (8%) [127]. Man5 is the only one of these
glycoforms that exposes Mano.1-3Manf1-4GIlcNAc at the non-reducing end of its
high-mannose D1 arm. In pigs, the most abundant glycoform is also Man6 (53%),
but the Man5 content is much higher (47%) than in human THP. Pig THP binds
about threefold better than human THP to type-1 fimbriated E. coli [127], consistent
with our finding that glycan structures exposing the Mano1-3Manf1-4GIcNAc
epitope provide the tightest FimH binding [141].

3.4 The FimH Adhesin

Adhesion of UPEC as well as other strains of E. coli to physiological receptors or
other surfaces displaying mannose-containing receptors depends on the FimH TDA
located at the tip of type 1 fimbriae. The first crystal structure of FimH was deter-
mined in complex with its periplasmic chaperone, FimC [32]. This structure clearly
demonstrated that FimH is divided into two domains; a receptor-binding, or lectin,
domain, and a pilin domain (Fig. 6). The latter is needed to connect FimH to FimG,
which is incorporated in the tip fibrillum of type 1 fimbriae after FimH. The two
domains of FimH are coupled through a very flexible linker (J. Bouckaert, unpub-
lished results) made of two glycine residues, Gly159 and Gly160. These precede
the third conserved cysteine (Cys161) that makes a disulphide bond (to Cys187)
within the pilin domain.

The FimH receptor-binding domain was originally described as an 11-stranded
B-barrel, with a fold unrelated to any other protein fold known at that time [32].
With the second and third three-dimensional structures of TDA receptor-binding
domains, from PapG-II [142] and F17G [143], becoming revealed, the overall similar
fold among these structures became apparent (Fig. 8). From then on, the receptor-
binding domains have been characterized as Ig folds, with large structural variation
in the loops joining the Ig core made up of strands B, C, E, and F [143]. The
pilin domain of TDAs has the same fold as pilin subunits with an incomplete Ig
sandwich lacking the 7th, G, strand. Hence, FimH comprises one complete and one
incomplete Ig fold. In the receptor-binding domain, the G strand leads directly into
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F17a-G

Fig. 8 The receptor-binding domains of three TDAs, FimH [57], PapG-II [142], and F17a-G
[143], viewed in the same orientation (obtained by superimpositioning of the structural core of
their Ig-fold). The receptor binding sites are in complex with o-D-mannose, globotetraoside, and
N-acetyl glucosamine, respectively, shown as black ball-and-stick models. Structurally equivalent
[-strands are labelled with their Ig-fold names

the double-glycine linker (Gly159 and Gly160) that joins the receptor-binding
domain to the FimH pilin domain, and is the structural equivalent of the donor
strand in the pilin fibre modules. SDA polyadhesins sometimes incorporate a
specialised ‘invasin’ at the very tip of the fibrillar structure [36, 144, 145]. To trigger
invasion, an invasin must bind to and interact with target receptors, and so is also
an adhesin. Invasins have the same basic fold as pilins but lack an N-terminal
polymerization sequence and hence, like the TDAs, can only be located at the tip
of the fibre. FimH, which has the dual role of binding and triggering invasion (see
Sect. 3.2), might then be thought of as a special case of invasin molecule where a
binding/invasin domain is covalently coupled to a pilin domain, rather than linked
via DSC as in the polyadhesins.

3.4.1 The Mannose-Binding Pocket

In the FimC:FimH crystals, the receptor-binding domain of FimH was found to have
bound to the open ring sugar glucamide of cyclohexylbutanoyl-N-hydroxyethyl glu-
camide (C-HEGA) [32]. C-HEGA had been added at 300 mM to the crystallization



Structure, Function, and Assembly of Type 1 Fimbriae 87

medium in order to improve crystal quality, but was not known to bind FimH. Its
binding led to the identification of the mannose-binding pocket, delineated by the
loops between B-strands 10 and 11, and between 4 and 5, forming an upper ridge
around the binding site, and the 32-f33 loop forming the lower ridge (Fig. 9a). In the
crystal structure of the FimC:FimH complex, the glucamide part of C-HEGA was
bent in a way to approximate closely the cyclic pyranose ring. Later, the structure of
the FimC:FimH complex bound to d-mannose confirmed that C-HEGA had bound
in a way that mimicked binding of mannose [57].

Mutation of the amino acids interacting with C-HEGA to alanine or closely
resembling amino acids almost uniformly led to complete abolishment of type 1
mediated bacterial haemagglutination, bladder cell binding and bladder tissue colo-
nization [57]. The mutagenesis study gave the insight that the contribution of each
single amino acid in the binding pocket is almost uniformly crucial for mannose
binding, implying that the recognition by FimH is highly fine-tuned and specific.
Furthermore, it showed that modification of the FimH binding pocket directly
affected type 1 mediated bacterial adherence to its physiological target, the urothe-
lial mannosylated receptors.

The mannose-binding pocket is a small, deep and negatively charged pocket at
the tip of the FimH adhesin (Fig. 9b). Bound mannose makes direct hydrogen
bonds to the side chains of residues Asp54, GIln133, Asnl35, and Asp140, to the
positively charged amino terminus, and to the main chain of Asp47 (Fig. 9c¢).
There are also indirect water-mediated hydrogen bonds from O2 of mannose to the
side chain of GIn133 and to the main chain oxygen of Phel and Gly14. The water
molecule mediating these contacts fills up the space between O2 of mannose and
the Phe144 side chain that together with the side chain of Ile13 defines the bottom
of the binding site. A collar of hydrophobic residues extends from the mannose-
binding pocket towards the tip of the FimH molecule. The high ridge of the collar
is bordered by two tyrosine residues, Tyr48 and Tyr137, referred to as the tyrosine
gate [147]. These structural features of FimH explain the relatively strong binding
of aromatically substituted mannose residues, such as p-nitrophenyl mannopyrano-
side and methyl umbelliferyl mannopyranoside. The hydrophobic collar around the
binding site directs the electrostatic attraction forces for binding of the polar man-
nose residue into the small and charged mannose-binding pocket. The aromatic
groups of ligands can pack on the broad hydrophobic platform between the tyrosine
rings. This feature is also important for tight binding of alkyl mannosides. In a
study based on the unexpected finding of a tight-binding butyl mannoside in the
mannose-binding pocket of FimH [147], it was shown that linear alkyl chains on
mannose increase the affinity for FimH beyond these for the aromatically substi-
tuted mannose. In addition to a strongly hydrophobic nature, the alkyl chains retain
significant conformational freedom while interacting to the broad hydrophobic
platform of the tyrosine gate, as illustrated by the two alternative bound conforma-
tions observed in the two independent crystal structures obtained for the FimH:butyl
mannoside complex [147]. This conformational freedom could counteract the
entropic cost upon binding of these relatively flexible ligands, thereby significantly
enhancing affinity.
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Fig. 9 a The three-dimensional structure of the FimH receptor-binding domain is an elongated
11-stranded B-barrel with an Ig-fold. Numbering is according to conventions established for anti-
body domains [146] and for PapD [33] and loop identifications according to previous descriptions
(reference strand numbers Al = 1,A’=2,A2=3,B1=4,B2=4",C=5,D1=6,D’=7,D2 =8,
E=9,F=10,G =11) [32, 57]. The bound saccharide is butyl o--pD-mannose [147]. b The receptor-
binding domain of FimH displaying the electrostatic potential surface [148], with positively
charged residues shown in blue, negatively charged residues in red and neutral and hydrophobic
residues in white. The residues of the hydrophobic ridge around the mannose-binding pocket are
labelled. ¢ Stereo image of the mannose binding pocket, viewed 90° away from the orientation in
Fig. 9a, and seen from the inside of FimH. The 2F —F _electron density for butyl o-D-mannoside
is shown. FimH can make 14 possible hydrogen bonds (purple broken lines) with the non-reducing
mannose. The only oxygen of mannose that is not involved in direct interaction with FimH is the
axially oriented O1, sticking outwards of the pocket and in this structure linked to butyl. This
agrees with the receptor binding site of FimH being able to bind only to terminally exposed man-
nose residues on high-mannose glycans [149-153]. A reprinted from [147] with permission from
the publisher. B reprinted from [57] with permission from the publisher
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3.4.2 Mannose Specificity and Affinity

Analyses of FimH receptor specificity have mostly been performed by using whole
fimbriated bacteria. For a few years now it has been possible to compare these
results with those of the isolated and soluble receptor-binding domain of FimH
(residues 1-158). The same solution affinity equilibrium constants for FimH bind-
ing to a series of carbohydrates were obtained in both a surface plasmon resonance
(SPR) assay using a monoclonal antibody directed against the mannose binding
pocket of FimH, and a tritiated mannose displacement assay [147]. In these binding
studies, FimH was confirmed not only to be highly specific, but also to have an
unusual high affinity (K, = 2.3 uM) for mannose. This result had already been
indicated from the crystal structure of the FimH-mannose complex, because of the
very tight network of hydrogen bonds involved in mannose binding, with in total
14 potential hydrogen bonds involving all of the mannose’s oxygen atoms except
for the o-anomeric O1 atom [57]. Of all the tested mono- and disaccharides other
than mannose (methyl 2-deoxy-o.-d-mannopyranoside, glucose, galactose, fructose,
sucrose, and turanose), only fructose has an affinity approaching that of FimH for
mannose, binding with only 15-fold lower affinity. The relatively tight binding of
fructose is presumably due to ring opening and conversion to the pyranose form of
fructose (Fru ). Modelling predicts that Fru, is differently oriented in the binding
site compared to mannose (Fig. 10), allowing it to bind with only one hydrogen
bond less than mannose. This hydrogen bond is replaced by a hydroxyl-methyl
group interaction. Similar observations of the compatibility between mannose and
fructose binding have been made in crystal structures of the bacterial lectin LecB,
also named PALII, from Pseudomonas aeruginosa [154], the legume lectin from
Pterocarpus angolensis [155], and the HIV gp120 antibody 2G12 [156].

Tyrd8

Asp54

Tles2
! [ Asnds fAsn46

Fig. 10 Fructose superimposed on mannose in the FimH binding pocket. Fructose in green (for
clarity of the picture, each atom was shifted 0.3 A from the ideal superposition), mannose in grey.
The two different Tyr48 side chain conformations are shown. Note the lack of O1 of mannose
(anomeric oxygen) and the presence of (an extra) hydroxyl on C2 (the equivalent of C5 of man-
nose) that is in close contact (2.7 A) with Ile52 (orange dashed bond)
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3.4.3 Recognition of Oligosaccharides and Fine Specificity

The physiological receptors for FimH are N-glycosylated proteins carrying high-mannose
structures. The largest high-mannose glycan, oligomannose-9 (Fig. 11), is fully substi-
tuted with terminal o:1-2 linked mannosides on its D1, D2, and D3 arms. It has long been
known that only mannose at the end of such an arm can bind in the mannose binding
pocket of FimH. In oligomannose-9, all three terminal mannose residues at its non-
reducing ends are potential candidates for binding in the monosaccharide-binding pocket
of FimH. The affinity indeed increases with a factor of three for oligomannose-9 over
Mano1-2Man, which at the same time indicates that the binding of oligomannose-9 is not
polyvalent. Thus not all three terminal residues are bound simultaneously by one FimH
molecule, but the probability to encounter Mano.1-2Man has been increased threefold.
Prolongation of Manol-2Man at its reducing end, as in Manoll-2Manol-2Man,
increases affinity only moderately and is glycosidic linkage-independent. These findings
suggest that a complementary fit of the larger trisaccharides, providing more hydrogen
bonds, more van der Waals interactions and burial of hydrophobic surface, is important
for generating tighter binding.

The group of Sharon first observed that other, higher-affinity epitopes, are hidden
in oligomannose-9 and are only accessible in high-mannose substructures much
smaller than oligomannose-9 [149, 150, 157]. Probing the fine specificity of FimH
for high-mannose epitopes using a series of oligomannosides, corresponding to
substructures of high-mannose N-linked glycans on proteins, revealed that for those
oligomannosides (oligomannose-3 and -5) where the D1 arm is not capped at the
non-reducing end by an o1-2 linked mannose residue (Fig. 11) [158], the affinity is
very high (K, = 20 nM) [147]. This affinity parallels the affinity of FimH for aryl
(p-nitrophenyl o-p-mannose K, = 44 nM and methyl umbelliferyl o-D-mannose K, =
20 nM), and alkyl mannosides (pentyl o.-D-mannose, K = 25 nM, hexyl a-D-mannose,
K,= 10 nM, and heptyl o--D-mannose, K .= 5 nM) [147].

The highest-affinity epitope for FimH, Mano1-3Manf1-4GlcNAc, is not free
for binding to FimH in any of the recently elucidated glycan structures on mouse
UPIa [133]. However, a change in the glycosylation of UPIa or other urothelial
surface proteins may alter the host susceptibility to UTIs. Interactions of FimH with
monomannose in vitro, but not with trimannose (Mano1-3(Mano.1-6)Man), corre-
late with binding to human bladder epithelium, despite the 10-fold higher affinity of
FimH for the latter ligand [57]. This may be understood from the fact that mannose
residues that can function as FimH mono-mannose receptors are always present at
the non-reducing termini (D1, D2 or D3 arm) of any high-mannose glycan substruc-
ture. In contrast, trimannose is only accessible at the non-reducing end of oligoman-
nose 7D1, 6, 5, and 3 (Fig. 11). Only very low amounts of oligomannose 6 are found
on mouse UPIa, whereas oligomannose 7, 8, and 9 occur in significantly higher
amounts [133]. Hence trimannose is available for FimH binding to a much smaller
extent than mono-mannose. This is congruent with our previous findings for binding
to human bladder tissue of FimH variants with engineered point mutations in the
mannose-binding pocket [143]. The binding of recombinant type 1 fimbriated E. coli
strains to human bladder tissue sections was correlated with mono-mannose binding
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of the corresponding mutant FimC:FimH complexes, but not with their (tighter)
trimannose binding.

There is ample evidence that the carbohydrate expression profile of eukaryotic
cells can be subject to variation in certain disease states, but also under normal
physiological conditions such as menopause and aging (for a review, see [159]).
Interestingly in this regard, diabetic patients are more prone to UTI than otherwise
healthy individuals [160]. Twice as many type 1 fimbriated E. coli adhere to urothe-
lial cells of diabetic patients than of healthy individuals, even taking into considera-
tion the presence of various substances excreted in the urine, such as albumin,
glucose and THP [161]. Unfortunately, it is currently unknown whether this can be
attributed to altered glycosylation of FimH receptors in the urinary tract. A better
understanding of the fundamental relationships between physiological conditions
of the host and carbohydrate expression on urothelial cells is thus needed.

The (limited) allelic variation in FimH [57] between E. coli clinical isolates from
intestinal or extra-intestinal origin, mainly from the urinary tract, has long been
though to affect directly the structure and function of the FimH receptor-binding
domain. Type 1 fimbriated bacteria from different E. coli clinical isolates display
altered mannoside binding and adhesion profiles. Recombinant E. coli expressing
the CI#4 (UPEC) FimH variant adhere tightly to yeast mannan, A498 human kidney
cells, and J82 human bladder cells, whereas bacteria expressing FimH from the fecal
E. coli F-18 strain show poor adhesion to all three substrates [162]. The F-18 strain
only adheres under shear conditions in parallel flow chambers, and its cells do not
agglutinate guinea pig red blood cells under static conditions but only co-aggregate
under rocking [163]. Minor sequence variations in FimH have been held responsible
for these functional differences [162, 164-166].

Recent affinity measurements using the isolated FimH receptor-binding domain
originating from a number of different strains, including UPEC, commensal E. coli,
and EHEC strains, contradict this hypothesis [141]. The FimH receptor-binding
domains from two UPEC, one fecal, and three EHEC strains have identical affini-
ties for mannose and a series of high-mannose glycans and high-mannose sub-
structures (the only exception to this is the FimH domain from some EHEC strains
that have a Lys instead of an Asn residue at position 135 in the binding pocket,
abolishing all binding). As an example, our data show that there are no significant
differences in the affinities for d-mannose or trimannoside between the FimH from
E. coli F-18 and from E. coli CI#4. Hence, the single Gly73Glu amino acid differ-
ence between these two FimH variants does not have a direct effect on affinity. This
suggests that factors other than differences in mannose binding of FimH per se
cause the different adhesion phenotypes.

Factors that might influence adhesion properties include the number of fimbriae
per cell, the number of fimbriae that are functional for receptor binding, the fraction
of cells that are fimbriated, the length and the flexibility of fimbriae, and the ability
of fimbriae to deform under the influence of mechanical force. For example, it is
up to date not known to what extent variant residues in the FimH receptor-binding
domain affect assembly and thus the number of fimbriae on the bacterial cell
envelope of bacteria expressing mutant FimH receptor-binding domains. The recep-
tor-binding domain is necessary to initiate pilus assembly by interactions between
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the FimH receptor-binding domain and the usher OM export channel [51, 66, 167],
and it is not impossible that some of the mutations that affect adhesion target (or
indirectly influence the conformation of) residues that interact with the export chan-
nel of the FimD usher. For example, the natural variant residue Ala/Val27, a double
mutation engineered to inhibit FimH linker strand extension, Gln32Ala/Ser124Ala
[163], and the point mutation Vall56Pro, engineered to facilitate linker strand exten-
sion [163], are all located on the surface of FimH. Hence, the effect of these varia-
tions on assembly is worthy of further investigation. Reduced assembly efficiency,
resulting in a smaller number of fimbriae, could significantly reduce the possibilities
for multivalent binding, as described earlier [168].

The type 1 fimbrial shaft has a strong influence on the affinity and specificity of
adhesion [169-171]. For example, type 1 fimbriae from S. typhimurium, K. pneumo-
niae, and E. coli, exhibit distinct adhesion and haemagglutination profiles. In con-
trast, FimH molecules from any of these three species bind to a broad range of
mannose-containing compounds when expressed as MalE fusion proteins. Intriguingly,
the adhesion profile of bacteria expressing hybrid type 1 fimbriae (e.g. K. pneumoniae
FimH at the tip of E. coli type 1 fimbriae or vice versa) resembles the adhesion profile
of the bacteria from which the fimbrial rod was derived [171]. Electron microscopic
pictures have revealed that the helical rods of type 1 fimbriae and P pili can extend
significantly as a result of either mechanical shear during preparation [172], or from
exposure to 50% glycerol [173]. The extension is due to breaking of the quaternary
interactions between non-adjacent pilin subunits within the right-handed helical rod,
leading to its uncoiling. Extension of fimbriae in response to shear was suggested to
allow an increased number of fimbriae of a bacterium to adhere simultaneously,
thereby increasing the strength of adhesion [174]. Recent work using optical tweezers
demonstrates that the unfolding of the helical structure of P and type 1 fimbriae to a
linear conformation is fully reversible and that the fimbrial rod can work as a spring
under shear forces [175-177]. The spring-like qualities of the rods have been sug-
gested to be fine tuned to support the formation of long-lived catch bonds that pro-
mote tight adhesion under conditions of high shear stress [177] (see Sect. 3.5.2).
Since there is much more sequence variability between structural subunits in different
E. coli strains than between TDAsS, rod properties can be expected to vary consider-
ably. In contrast, different FimH variants have been shown to have indistinguishable
binding properties [141]. Hence, differences in adhesive properties are most likely
due to different rod properties caused by sequence differences between rod subunits
(FimA in the case of type 1 fimbriae).

3.5 Factors that Enhance Adhesion

3.5.1 Multivalency

The presence of multiple fimbriae on the cell surface allows bacteria to adhere
to target surfaces by simultaneously using multiple and often weak, non-covalent
protein-carbohydrate interactions between the adhesin and its receptor. Such
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multivalent binding significantly increases the adhesive forces and is the reason
why even relatively weak adhesin-receptor affinities can provide considerable
binding strength. Studies of adhesion of type 1 fimbriated E. coli to self-assembled
monolayers (SAMs) displaying a-C-mannoside ligands have revealed that both
the relative orientation of bacteria towards the binding surface, and the density of
receptors on the surface, strongly influence the number of fimbriae that are
involved in bacterial attachment and hence the strength of adhesion [168]. Side-on
attachment of the elongated E. coli bacteria leads to strong polyvalent interactions
mediated by multiple fimbriae, whereas in end-on attachment, achieved by manip-
ulating the bacteria with optical tweezers, only one or two fimbriae simultaneously
are able to find an accessible mannose ligand, resulting in relatively weak adhesion.
This effect is much more pronounced for binding to a high-density SAM (4 x 103
ligands um=2) compared to a SAM with a low (4 ligands um=) surface density of
mannose. In the experimental set up of Liang et al. [168], the force required to
remove a bacterium attached side-on to the SAM varied between 3.5 to >18 pN
(high-density SAM) and between 3.8 to 7.8 pN (low-density SAM), suggesting
that the number of fimbriae involved in adhesion differed from bacterium to bac-
terium. In some cases, the maximum force available in the apparatus used (18 pN)
was not enough to immediately detach bacteria. However, sweeping the position
of the optical tweezers across the entire length of the bacterium eventually led to
detachment, presumably through sequential dissociation of individual interactions
between the o-C-mannoside ligands and FimH receptors in a ‘Velcro-like’ man-
ner. From repeated measurements of detachment of bacteria attached end-on, the
force required to break the interaction between a single type 1 fimbriae and a
surface-bound o--mannoside was estimated at 1.7 pN.

3.5.2 Shear-Enhanced Adhesion

Bacterial adhesion often occurs under conditions of shear stress exerted by the flow
of liquids (e.g. urine, saliva, mucus) over the binding surface. Although in many
cases shear stress counteracts adhesion by limiting binding and washing away
unbound bacteria, cases where shear stress increases adhesion have also been
observed and might constitute an important factor in bacterial colonization of target
tissues. The groups of Vogel and Sokurenko jointly investigated shear-dependent
‘stick-and-roll” adhesion of type 1 fimbriated E. coli [163, 177-182]. In their parallel
flow chamber experiments, bacteria in PBS-BSA solutions were pumped at various
flow rates through parallel plates coated with mono-mannosylated BSA [182] or
with RNase B (an N-glycosylated protein carrying high-mannose structures) [178—
180], and video-imaged to follow attachment and detachment from the surfaces. At
low flow rates, bacteria were observed to roll along the surface. Presumably, rolling
adhesion is caused by the transient formation and breaking of individual FimH-
mannose interactions as the bacteria are transported along the glycosylated surface.
Moderately high shear was found to enhance the adhesion of type 1 fimbriated E.
coli to mannose-containing surfaces. With increased flow rate or viscosity, the
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bacteria switched from rolling attachment to stationary binding. As expected, at
even higher levels of shear stress, the bacteria eventually detached and were washed
away. Shear-enhanced adhesion was more pronounced for binding to mono-man-
nose-coated surfaces than for binding to surfaces displaying trimannose or high-
mannose structures. The observed effect of shear on adhesion was also different for
different type 1 fimbriated E. coli strains expressing different FimH variants, being
more pronounced for fecal isolates [163]. In summary, the less specific and hence
the lower the affinity is for the receptor, the larger the effect of shear force is on
adhesion. Shear-enhanced adhesion was proposed to depend on the formation of
so-called ‘catch bonds’, i.e. bonds that become stronger under application of force
[183]. Conformational changes in the FimH mannose-binding pocket caused by
shear force-induced extension of the FimH interdomain linker were suggested to
promote the formation of catch bonds.

Shear-dependent adhesion may be physiologically relevant, allowing bacteria
to move and spread over surfaces at low shear stress levels while keeping them
firmly attached at higher shear stress, e.g. during voiding of urine. In particular,
the weak, rolling, type of adhesion appears to allow bacteria to more rapidly
spread and colonize target surfaces in the presence of moderate fluid flow [178].
In addition, shear-activated adhesion may help protect bacteria from soluble
inhibitors present in, e.g. urine (see Sect. 3.3) or administrated as anti-adhesive
drugs. Nilsson et al. [179, 180] studied the inhibitory effect of methyl o-D-mannose
on binding of type 1 fimbriated E. coli to mannosylated surfaces under different
shear stress conditions. Type 1 fimbriated E. coli were allowed to bind to RNase
B-coated flow cell surfaces for 6 min at low (0.25 Pa) shear stress before addition
of 400 mM methyl o-D-mannose to the flow solution. At low shear stress levels
(£0.5 Pa), where bacteria exhibit weak rolling adhesion behaviour, the presence
of methyl o-D-mannose dramatically increased the rate of bacterial release from
the surface. In contrast, almost no detachment was observed when high (4 Pa)
shear stress levels, promoting tight stationary adhesion, were applied. The reason
for this bimodal behaviour is presumably that during rolling, FimH molecules
transiently bind and detach from surface receptors, allowing a soluble inhibitor
such as methyl o.-D-mannose to eventually bind to all FimH molecules, thereby
preventing further adhesion. In contrast, stationary adhesion is mediated by long
lived adhesin-receptor bonds that prevent inhibitor binding during the time course
of the experiments (~10 min). Nevertheless, the presence of a soluble inhibitor
such as methyl o-D-mannose during a longer period of time (hours) can some-
times promote biofilm formation under conditions of low shear by loosening the
interaction between statically adhering bacteria and the surface, allowing them to
spread by rolling [178]. In conclusion, for a free small-molecule ligand to be an
efficient FimH anti-adhesive even under conditions of fluid flow, it must bind
significantly tighter to FimH than the receptor molecules to overcome the shear-
enhanced affinity. In this context it is interesting to note that whereas human
uroplakin UP1la exposes mainly mono-mannose receptors [133], human THP (see
Sect. 3.3) displays significant amounts of the high-affinity Man6 (75%) and
Man5 (8%) receptors [127].
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Steered molecular dynamics simulations predicted that application of tensile
force along the long axis of FimH (as might result, e.g. from shear forces) would
result in extension of the linker region between the receptor-binding and pilin
domains [163]. As mentioned above, extension of the linker was proposed to facili-
tate the formation of catch bonds. Congruent with this idea, bacteria expressing type
1 fimbriae with either naturally occurring or engineered FimH variants with muta-
tions predicted to destabilize the linker region and facilitate linker extension were
shown to exhibit decreased shear-dependent adhesion. Recently, a two-state catch-
bond model derived from allostery that beautifully explains and predicts the data
observed for stick-and-roll adhesion of type 1 fimbriated E. coli to mannose-coated
surfaces was proposed [181]. In contrast to the sliding-rebinding mechanism pro-
posed for catch-bond formation in P and L selectins [184], this model involves two
interchangeable conformational states of the mannose-binding pocket. Extension of
the FimH linker is proposed to allosterically change the binding pocket from a weak
to a tight-binding conformation. The crystal structures of mannose and of butyl-
mannose bound to FimH [57, 147] show that mannose binds snugly into a highly
specific mannose-binding pocket at the tip of the FimH receptor-binding domain
(see Sect. 3.4). As indicated by the unusually high monosaccharide affinity of FimH
for mannose (K, = 2.3 uUM), the pocket appears near-optimal for mannose binding
with almost all of the hydrogen-bonding potential satisfied. Hence it is difficult to
envision how conformational changes could additionally enhance mannose binding.
It is possible that the observed structures correspond to the tight-binding conforma-
tion, and that the weak-binding conformation is not favoured by the crystallization
conditions used to grow crystals. In this context it is worth noting that automated
docking studies of mannose binding to FimH predicts two main binding modes, one
corresponding to that observed in the crystal structures, and a second binding mode
in which the mannose residue is rotated within the binding pocket (J. Berglund, D.
Choudhury, S.D. Knight, unpublished).

3.6 Medical Applications

3.6.1 Vaccines

Vaccines targeting some bacterial infections (e.g. pertussis, typhoid fever, ETEC diar-
rhoea and bovine mastitis, e.g. [185-187], and glycoconjugate vaccines targeting
Haemophilus, Neisseria and Streptococcus, e.g. [188—190]) are available or are being
developed. With the exception of the highly successful glycoconjugate vaccines,
many vaccines have been formulated using either killed whole bacteria or live attenu-
ated bacterial strains. Such whole cell vaccines are associated with a number of
problems such as more or less severe side effects (severe local reactions, fever), the
need for rigorous safety measures to ensure that live pathogenic bacteria are not
spread from the production plant or transferred with the vaccine, or problems of con-
trolling the stability, strength, and nature of immune response owing to variations in
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antigen presentation and in the amount of antigen present in the vaccine. Additionally,
whole cell antigen presentation may shield potentially efficient broad-range antigens
from the immune system. This is the case with TDA fimbriae, where a conserved (e.g.
[57]) and intrinsically highly antigenic receptor-binding adhesin is incorporated as a
minor component of a large complex protein structure on the bacterial cell surface,
leading to efficient production of antibodies directed against the much less conserved
bulk components of the organelle but not against the adhesin.

Because of their critical role in pathogenesis and because they are naturally
expressed on the surface of bacteria, bacterial adhesins have long been considered as
attractive components of vaccines [191], so far with only limited success. Many
adhesin vaccine formulations have been based on intact adhesive organelles (e.g. fim-
briae), which are antigenically highly variable and hence induce protection limited to
bacteria expressing the same fimbrial variant. For example, antibodies directed against
purified whole type 1 fimbriae or P pili protect against cystitis and pyelonephritis
respectively, in both murine and primate models for these diseases [14, 17, 192—-194].
However, protection is limited to either E. coli strains homologous to that from which
the fimbriae used for immunization were derived, or to a small subset of serologically
cross-reactive heterologous strains. Therefore, any vaccine composed predominantly
of the major structural proteins of fimbriae (e.g. FimA or PapA) will be of limited
value because antibodies developed against these highly variable proteins are specific
for the strains from which the protein used for immunization was derived.

The realization that TDAs could be obtained as stable and soluble complexes with
their cognate chaperone inspired new hope for the development of adhesin-based
vaccines. Promising preclinical trials with UTI vaccines based on the FimC:FimH
chaperone:adhesin complex [195] and on the PapD:PapG chaperone:adhesin com-
plex [21, 196] have been reported. Both vaccine candidates were shown to protect
against UPEC mucosal infection in murine and primate models. In vitro binding
data suggested that the ability of anti-FimH antibodies to block type 1 fimbrial
adhesion contributed significantly to FimC:FimH-induced protection. No clinical
trials with the PapD:PapG vaccine have as of yet been reported. Development of the
FimC:FimH vaccine candidate was dropped during phase II clinical trials because of
limited protection (MedImmune, Inc., Annual Report 2002).

One possible reason for the limited success with adhesin subunit vaccines might
relate to how these vaccines have been formulated. Monomeric presentation of
antigens such as that used for the FimC:FimH and PapD:PapG UTI vaccines often
gives poor immunogenic response. Multivalent antigen presentation generally
results in a significantly improved response [197]. Multivalent antigen presentation
may be achieved by coupling subunit antigens to a suitable carrier particle.
For multivalent presentation to be efficient, antigens must be coupled without dis-
turbing their antigenic capacity. Ideally, antigens should be presented on the carrier
particle in the same way as they would be on the surface of the pathogen from
which they have been derived, so as to present the immune system with a good
mimic of the pathogen surface. In the case of adhesins, the receptor binding func-
tion must not be destroyed, or masked, if blocking antibodies are to be raised.
Several recent examples show that the receptor-binding domain of TDAs such as
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FimH or PapG may be expressed on its own without affecting the structure or bind-
ing properties [142, 143, 147, 198-200]. Since the carbohydrate binding site is
located in the top half of the receptor-binding domains, distal from the C-terminal
linker region that connects it to the pilin domain in the full length TDAs, modified
proteins consisting of the isolated receptor-binding domain coupled to a suitable
C-terminal tag could be used to incorporate functional adhesins into multivalent
antigen-carrying particles for use as vaccines. Using this approach, we recently
produced FimH-decorated ISCOM [197, 201, 202] particles, and are investigating
the immunogenic properties of these particles (G. Askarieh, J.-I. Flock, S.D.
Knight, unpublished).

3.6.2 Pilicides

Pilicides are small organic molecules designed to interfere with pilus biogenesis
[203, 204]. The activity of a family of bicyclic 2-pyridones, termed pilicides, has
been evaluated in two different UPEC fimbrial systems, and its interactions have
been examined in detail in a crystal structure of the FimC:FimH chaperone-adhesin
complex with a bound pilicide [205]. The binding of the pilicide would interfere
with the binding of the N-terminal periplasmic domain of the usher to the chaper-
one-pilin interface, particularly of the bulky hydrophobic usher residues Phe4,
Leul9, and Phe22 [68]. Note that this was an unexpected result since the pilicide
had been designed to bind to the chaperone cleft and block subunit binding.

3.6.3 Anti-Adhesives

An alternative to adhesin-based vaccines as a means to block bacterial adhesion is
the use of small compounds that interact tightly with target adhesins [206].
Aromatically substituted mannosides have long been known to be particularly
potent inhibitors (nanomolar binding constants) of FimH-mediated bacterial adhe-
sion [207]. Fruit juice, in particular cranberry juice [208], has traditionally been
considered to be useful in the treatment of UTIs, and a positive effect of cranberry
juice consumption has been observed in controlled clinical trials (e.g. [209-211]).
Fructose has been shown to be the active compound in fruit juices that inhibits
adhesion of type 1 fimbriated E. coli [208]. Fructose binding to FimH is only ~15
times weaker than mannose binding, and fructose binds more tightly to FimH than
the physiological P pilus globotetraoside receptor does to PapG-II [147].

We recently reported two independent crystal structures for the FimH receptor-
binding domain [147]. In both structures we found a butyl mannoside, derived from
the yeast extract used to grow bacteria for protein expression, bound in the man-
nose-binding site. The serendipitous discovery of this ‘sticky’ ligand led to the
identification of alkyl mannosides as a new class of high-affinity FimH ligands.
The mannose group of the butyl mannoside binds identically to D-mannose (Fig. 9c).
The alkyl chain extends out of the pocket towards Tyr48 and Tyr137, making van
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der Waals contacts to both tyrosine rings. We discovered that butyl a-D-mannoside
binds to FimH significantly better (K, ~150 nM) than mannose (K, ~2.3 uM).
To investigate the effect of sequential addition of methyl groups to the O1 oxygen
of D-mannose, a series of alkyl mannosides were synthesized and the dissociation
constants determined using two different binding assays. We discovered a linear
correlation between the binding free energy, as calculated from the measured dis-
sociation constants, and the number of methyl groups (between 1 and 7) in the alkyl
mannoside, with each additional methyl group contributing on average —0.6 kcal mol™!
of binding energy. The best binding alkyl mannoside, heptyl mannoside, binds a
few hundred times stronger than mannose, equivalent in affinity to the most tightly-
binding aromatically substituted mannosides for FimH and of mannose dendrimers
for type 1 fimbriated E. coli [207, 212]. Alkyl mannosides have not previously been
recognized as strong binders to FimH. Since they are easily synthesized and highly
soluble in water, they may be interesting as potential blocking agents for FimH-
mediated adhesion.

Just as polyvalent binding is used by bacteria to enhance adhesion, polyva-
lency can potentially be used to create potent adhesion inhibitors. Because small
molecule adhesin inhibitors with sufficient affinity to block bacterial adhesion
might be hard to accomplish, a lot of interest lies in the design of multivalent
anti-adhesives that target several fimbrial adhesins simultaneously. However, the
design of multivalent inhibitors for fimbrial adhesins is much more complicated
than for multimeric multivalent proteins. For the latter, a relatively constant distance
between the binding sites can be predicted, depending on the quaternary organi-
zation of the multimeric protein. For fimbriated bacteria on the other hand, the
spacing between the fimbrial adhesins is not constant and difficult to estimate.
The length of type 1 fimbriae can vary considerably. Also the number of fimbriae
expressed on the cell envelope and hence the average spacing between them can
vary between strains and moreover depends on the growth conditions favouring
or disfavouring expression. Because type 1 and P fimbrial expression are known
to be subject to phase regulation (see Sect. 3.1), normally only a percentage of E.
coli cells in a population are fimbriated. The fimbrial tip, including the FimH
adhesin, may break off under shear force for example during preparation steps
prior to the analysis of the bacterial cells, making it difficult to asses the number
of functional fimbriae present. Finally, although type 1 fimbriae are relatively
rigid, their extended shape allows them some freedom to wave around in the
solvent. The short, stubby tip fibrillum is flexible. All of these factors increase
the uncertainty in distances between the targeted FimH receptor-binding domains
making both the design process and evaluation of results more difficult.

The plasticity of the fimbrial rod and the flexibility of the tip fibrillum help to
increase the number of possible encounters of the fimbrial adhesins with the
sugar epitopes on the host cells. In this regard, the distance between the sugar
receptors on a surface to be bridged by the fimbrial adhesins is not fixed and does
not really have a strict upper limit. A minimal distance between two mannose
epitopes can however easily be imagined, as two FimH receptor-binding domains
on two fimbriae cannot be brought together too closely. A first idea of a minimal
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distance between two sugar epitopes can be obtained by considering binding of
alkyl mannosides to the mannose-binding site of FimH. The length of an alky] tail
O-linked to o-D-mannose that is optimal for interaction with FimH is seven car-
bon atoms (K, =5 nM for heptyl a-D-mannose) [147]. This suggests that a linker
between two mannose residues that are both meant for interaction with FimH
theoretically should be at least 14—16 atoms long for the two binding surfaces of
FimH not to sterically interfere with each other. The enhanced binding of alkyl
and aryl mannosides demonstrates that the first part of the aglycon in a polyvalent
mannose compound should in fact not even be considered as a linker, but as part
of the ligand.

Type 1 fimbriated UPEC have probably been the most extensively studied target
of glycodendrimer chemistry [212, 213]. Nevertheless, glycodendrimer chemistry
designed to inhibit type 1 mediated bacterial adherence has proven excruciatingly
difficult. The most successful example of a large glycodendrimer FimH inhibitor is
the DP16 dendrimer designed by Nagahori et al. [212]. This inhibitor inhibits type
1 fimbrial adhesion considerably better (sub-nanomolar IC,; values) than monova-
lent mannose but still not significantly better than the best-known small-molecule
inhibitors. The difficulties in finding strong multivalent adhesion inhibitors could
be solely due to incorrect linkage of the mannose residue in the dendrimer, prevent-
ing mannose from binding in the mannose binding pocket of FimH [214], but most
often reflects the difficulties in trying to use molecular ligands to simulate the com-
plexity of multivalent cellular host-pathogen interactions.

4 Conclusion and Perspectives

During the last decade, considerable progress has been made in understanding
chaperone/usher-mediated fimbrial assembly, and the contribution of fimbriae to
bacterial adhesion and disease. By providing a folding platform consisting of a pair
of template B-strands (A, and G,), and large hydrophobic donor residues, periplasmic
chaperones promote subunit folding and partition intrinsically aggregative protein
subunits away from non-productive aggregation pathways. Subunit folding onto
this platform results in chaperone donor residues being incorporated into the core
of the subunit and formation of a fused super-barrel with the subunit in an open,
activated high-energy conformation. Following dissociation of this activated subunit
from the chaperone, folding is completed to form a condensed hydrophobic core.
By arresting subunit folding and trapping subunits in a molten globule-like high-
energy conformation, the chaperones preserve folding energy that can drive assem-
bly even when chaperone:subunitinteractions are more extensive than subunit:subunit
interactions in the fibre. In contrast to the rather detailed understanding of the peri-
plasmic chaperones, very little is still known about the assembly process per se and
the workings of the outer membrane usher. A first glimpse of how the usher recog-
nizes chaperone:subunit complexes has provided some hints about how specificity
and ordered assembly of complex structures is achieved. In the following years,



Structure, Function, and Assembly of Type 1 Fimbriae 101

hopefully new structures of ushers, and of complexes between ushers and chap-
erones and subunits will allow us to begin to fill in the remaining gaps in our
understanding of fimbrial assembly. Understanding the molecular details of
fimbrial biogenesis will continue to contribute to our ability to invent and/or
discover new agents that interfere with the process (exemplified by the recent
success with pilicides) and that may become useful in the treatment of bacterial
infections.

Our understanding of bacterial adhesion has now reached a level where we can
begin to exploit it for the development of novel anti-adhesive compounds for use
in, e.g. medicine. Structural insight into the host-pathogen fimbrial interactions can
significantly facilitate rational design of highly potent, small, and monovalent
sugar-derived inhibitors that are relatively easy to synthesize; and finally truly poly-
valent, dendrimeric inhibitors could be derived from these. Other future anti-adhesive
therapies will focus on the cellular biology of the bacterial attachment, invasion,
and reproduction processes. A first step in that direction has been made by the treat-
ment of mouse bladder with an exfoliation agent, protamine sulphate, to remove
cells containing bacterial reproduction factories from the superficial endothelial
cell barrier of the bladder [215].
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