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INTRODUCTION

A necessary step for the development of an infectious disease in the host orgémesm is

©CoO~NOUTA,WNPE

formation of a firm link between the pathogen and target cells of the host. The trddiated
12 by surface-exposed adhesive organelles and is required for internalizati@teoicbar

14 extracellular colonization of host tissues. The adhesive organelles mediatgabadhesion via
16 specific interaction with surface structures presented on host cells. Thanauhding to the

19 target cells triggers subversive signals that allow pathogens to evade immemsedeid

21 facilitate bacterial colonization or invasion (reviewed by Zaviaiat., 2007).

There are two major classes of protein adhesins of Gram-negative pathogens

26 (1) The fimbrial adhesins, represented by the linear homopolymers or heterogo{ymér 7

28 distinct subunits) of hundreds to thousands of subunits;

(2) The non-fimbrial adhesins consisted of a single protein or homotrimers.

33 The fimbrial adhesins in Gram-negative bacteria are typically formeabycovalent homo-
35 or hetero- polymerization of subunit proteins (reviewed by Froetzas 2008; Klineet al.,

38 2009; Waksman & Hultgren, 2009; Zavialeval., 2007). In contrast, the more recently

40 discovered fimbrial adhesins in Gram-positive bacteria are formed by nbpalgmerization of
42 protein subunits in a process that requires a dedicated sortase enzyme (reyiBPwdtl&®

45 Baker, 2009).

47 The assembly of fimbrial and non-fimbrial adhesins of Gram-negative pathiogehses
the function of different secretion systems. Protein transport across the eutbrane of

52 Gram-negative bacteria can be subdivided into Sec-independent and Sec-dependeyd pathwa
54 (reviewed by Gerlach & Hensel, 2007). Depending on the system of secretion, aghetsives
presented on the surface of Gram-negative bacteria may be divided in a teviamdéjes:

59 (1) The fimbrial adhesins, assembled on outer membrane by the classical chapbeyne/

pathway (Choudhurst al., 1999; Hunget al., 1996; Fronzest al., 2008; Knightet al., 2000;
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Remautet al., 2006, 2008; Sauet al., 1999, 2000, 2002, 2004; Thanagsal., 1998; Vergeket
al., 2007; Waksman & Hultgren, 2009; Yual., 2009; Zavialowet al., 2001, 2002, 2003, 2005,
2007; Zavialov & Knight, 2007).

(2) CS pili, assembled on outer membrane by the “alternate chaperone/usher pédiotag
Hultgren,1999). Assembly of the surface antigen 1 (CS1) pili of enterotoxigeoherihia coli
shows high functional similarities to the classical chaperone/usher pativine proteins
involved share no detectable sequence similarities. Rbale(2007) demonstrated that like the
classical chaperone/usher pathway the donor strand complementation megt&sm
intersubunit interaction of fimbriae of the alternate chaperone/usher yathwa

(3) Type IV pili, formed in distinction to (1) and (2), by polymerization of pilin subuniteeat
cytoplasmic membrane. The assembled pilus structure is extruded acrostetheembrane
and forms long and flexible surface appendages (@taig, 2004; Fronzest al., 2008,
2009a,b). Components of the type IV pilus assembly machinery are structuediy tel Type 2
secretion system, where homologous proteins are called “pseudopilins”.

(4) Curli or thin aggregative fimbrial adhesins, assembled at the bacteriaestinfaugh
extracellular nucleation precipitation: the major fiber subunit CsgA polyge®on the surface-
exposed nucleator CsgB (Hamnetal., 1996; Fronzest al., 2008).

(5) The non-fimbrial “trimeric autotransported adhesins”, secreted by the 'gecretion
system (Linkeet al., 2006). Adhesin YadA is the prototypical member of non-fimbrial adhesins.
YadA is expressed by seveMdrsinia species and is a member of the family of very stable
trimeric autotransporter adhesins anchored in the outer membranepabidriae!.

(6) Integral outer-membrane proteins (e.g. OmpA, invasin and intimin), anchored toghe out
membrane with a uniqgue mechanism, in which the bacteria provide the cognate recdpeor f
adhesin intimin by translocating it into the host cell in a Type Il secretstersydependent

manner (Niemanet al., 2004).
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é (7) Non-fimbrial adhesins, secreted by the Type 1 secretion system (Bekep2004). E.g.

g two-partner-secreted filamentous hemagglutinins fBomdetella pertussis exist in a membrane-

? bound and secreted form, each having distinct functions.

§0 Dominant class (1) of the fibrillar adhesive organelles of Gram-negatiiegems is

g assembled by the conserved classical chaperone/usher protein secretionSystudhurygt

ﬁ, al., 1999; Hunget al., 1996; Fronzest al., 2008;Knight et al., 2000; Remaudt al., 2006, 2008;

ig Saueret al., 1999, 2000, 2002, 2004; Thanagsl., 1998; Vergeet al., 2007; Waksman &

o Hultgren, 2009; Yiet al., 2009; Zavialowt al., 2001, 2002, 2003, 2005, 2007; Zavialov &

gz Knight, 2007). This system can assemble fimbrial organelles of diverse subunit damposi

gi architecture and function. The assembled organelles consist of two main attyetunl

SZ functionally distinct families. One family consists of only one or two typesiodrsits and at

gé low resolution typically shows non-pilus, amorphous or capsule-like morphology @ahg

. 1996: Remautt al., 2006; Soto & Hultgren, 1999: Zavialeval., 2003: 2005; 2007). The

gé assembly of this family is assisted with the FGL (having a long F1-G1 lomdy faf

gg periplasmic chaperones (Huegal., 1996; Remaudt al., 2006; Zavialowet al., 2003; 2005;

gg 2007; Zavialov & Knight, 2007; Zav'yalost al., 1995b). The notable property of the organelles
E? is that all subunits possess two independent binding sites specific to differentlhesepors

fé (Andersoret al., 2004a, b; Korotkovat al., 2006a,b; 2008a; Pettigreaval., 2004. Because of

j;‘ this function-structural property they were named as “FGL chaperonetalssiepolyadhesins”

%Z (Zavialovet al., 2007). The other family consists of thick rigid and thin flexible adhesive pili
‘518 (also known as adhesive fimbriae) of a complex subunit composition (up to 7 differentsubunit
2; The majority of the pili displays only one adhesive domain on the tip of the pilus (mono-

gz adhesive fimbriae/pili) (Choudhueg al., 1999; Hunget al., 1996; Fronzest al., 2008; Knight

g? et al., 2000; Remautt al., 2008; Saueet al., 1999, 2000, 2002, 2004; Thanagsl., 1998;

gg Vergeret al., 2007; Waksman & Hultgren, 2009). The assembly of mono-adhesive pili/fimbriae
60
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is assisted with the FGS (having a short F1-G1 loop) family of peripladraperones (Hung
al., 1996).

The discovery of two families of organelles and chaperones was based offetieadif
morphologies of organelles and the sequence comparison of chaperonest@uyri®96;
Zav'yalovet al., 1995b). The relevance of the division was confirmed later by high-resolution
3D analysis of the typical representatives of the two families of chapeanddke organelle
subunits folded by them (Choudhuetyal., 1999; Remaudt al., 2006; Sauest al., 1999, 2002;
Salihet al., 2008; Vergeet al., 2007; Waksman & Hultgren, 2009; Zavialkial., 2003, 2005,
2007; Zavialov & Knight, 2007). Both types of organelles are made of fibers of linearly
polymerized subunits. The subunits are connected with the donor strand exchange mechanism
(Salihet al., 2008; Sauest al., 1999; Vergeert al., 2007; Waksman & Hultgren, 2009; Zavialov
et al., 2003, 2005, 2007). Comparison of the subunit 3D structures in fiber and bound to
chaperone (Sauet al., 2002; Zavialowet al., 2003) together with calorimetric studies (Zavialov
et al., 2005) revealed that the fiber formation in both of the families is driven by the chaperone
preserved folding energy.

The last comprehensive review on the superfamily of Gram-negative blaathresins
assembled via the classical chaperone/usher pathway was published a ge(&ad¢oa&
Hultgren, 1999). A remarkable progress in understanding the structure and function of the
classical chaperone/usher assembly-translocation machinery (Retralau2008; Yuet al.,

2009), the structure and function of the surface-exposed adhesive organelles (Aeid®@rson
2004a,b; Bouckaedt al., 2005, 2006; De Grewet al., 2007; Korotkovat al., 2006a,b, 2008a;
Li et al., 2007; Pettigrevet al., 2004; Salitet al., 2008; Vergeket al., 2007; Westerlund-
Wikstrom & Korhonen, 2005; Zavialost al., 2003, 2005, 2007), and the phylogenesis of
ushers/chaperones (Nuccio & Baumler, 2007) has been achieved since that timbetidmae
now evident that adhesins trigger subversive signals directed to mislead thearsystem

(Bergsteret al., 2005; Betist al., 2003a, b; Cane al., 2007; Diarcet al., 2006; Sharmet al.,
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2005a, b; Sodtet al., 2004). Numerous examples of application of the organelles for
development of vaccines have been described (Ahgii@z 2006; Chichestest al., 2009; Del
Preteet al., 2009; Elvinet al., 2006; Eylest al., 2000; Honkaet al., 2006; Glynret al., 2005;
Goluszkoet al., 2005;Hu et al., 2009;Jonet al., 2006; Langermanet al., 2000; Lopest al.,
2006; Powelkt al., 2005; Remeet al., 2009; Santet al., 2006; Strindeliust al., 2004;
Verdoncket al., 2009; Williamsoret al., 2005). In addition, it has been demonstrated that
adhesive domains of monoadhesins and chaperone/usher assembly-translocatiomynaaehine
promising targets for new generations of antimicrobials that specificdillyit adhesion
(Wellenset al., 2008) or interfere the fimbrial adhesion assembly (Aberg & Almqvist, 2007,
Pinkneret al., 2006).

Although several excellent reviews have been published recently, theyfedheed on
specialized aspects of the chaperone-usher assembly (Febakze2008; Saueet al., 2004) or
covered the results of studies of only particular chaperone-usher sygtdsnian & Hultgren,
2009). Our previous review was also devoted only to FGL chaperone-assembled patgadhesi
(Zavialovet al., 2007). We believe that recently accumulated significant new knowledge on
different aspects of biogenesis of the superfamily of Gram-negativeriadeidhesins assembled
via the classical chaperone/usher pathway and their medical applicationse reyuianalysis
and generalizations. During this work we found that number of different types of subunits,
composing the organelles, strongly correlates with the length of F1-G1 loop of chaperone
proteins. Based on this, we suggest here a novel function-structural clasesifo¢dhe

superfamily of adhesive organelles assembled with the classical chelpstar machinery.

General Properties of Adhesive Organelles

Adhesive organelles assembled with the classical chaperone/usher myaaterfeund in

Gram-negativévacteria, primarily in genus&scherichia, Klebsiella, Photorhabdus, Proteus,
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Salmonella, andYersinia of Enterobacteriaceae. The organelles are also found in species from
genuse®Bordetella of Alcaligenaceae, Haemophilus of Pasteurellaceae family, Pseudomonas of
Pseudomonadaceae family, andAcinetobacter of Moraxellaceae. All these bacteria cause
various diseases including fatal systemic diseases, like bubonic and pneumareqYeesinia
pestis), enteric typhoid feverSalmonella typhi andSalmonella paratyphi A), sepsis or extra-
intestinal focal infectionsSalmonella choleraesuis), gastroenteritisYersinia

pseudotuberculosis, Salmonella typhimurium andSalmonella enteritidis), pyelonephritis, cystitis,
diarrhea (different pathogenke coli strains andProteus mirabilis), whooping coughBordetella
pertussis), Brazilian purpuric fever, meningitis, otitis medkagmophilus influenzae),
pneumoniaKlebsiella pneumoniae), insect infectionsKhotor habdus temperata) and plant
infections Pseudomonas syringae).

Table 1 describes assembly assisting proteins, species distribution anatedsbseases
for fifty currently known adhesive organelles, the assembly of which on basteriate has
been confirmed experimentally and is assisted with the classical chapsr@ranachinery.
The information is placed in Table 1 in alphabetical order of the names of the chapsrene/

proteins.

Gene Clusters Encoding for Adhesive Organelles

Genes of proteins involved in expression and assembly of adhesive fibres via ibalclass
chaperone/usher pathway are arranged into compact gene clusters, which edesituait on
the chromosome or plasmids of Gram-negative bacteria. Depending on the stpuopedies
of periplasmic chaperones they can be divided into two families:

(1) FGL chaperone-comprising gene clusters;

(2) FGS chaperone-comprising gene clusters.
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FGL chaperone-comprising gene clusters. Encoded by theaf gene cluster fraction 1
(F1), capsular antigen from pestis is comprised of aggregated high-molecular-weight linear
polymers of a single subunit Cafl (Zaviaki\al., 2002, 2003, 2005, 2007). The genesabf
gene clustergafl, caflM, caflA andcaflR, encode, respectively, for Cafl subunit, periplasmic
chaperone CaflM, an outer membrane assembler, the molecular usher CaflA paottihe
CaflR regulating of the gene cluster transcription (Gagg@l., 1990, 1991; Karlyshest al.,
1992a, b; 1994).

Thepsa gene cluster fronY. pestis encodes proteins for expression and assembly of the
fimbrial pH6 antigen comprised of high-molecular-weight polymer of PsaA sufundler &
Tall, 1993). PsaB functions as the periplasmic chaperone, PsaC is the molecularwshe
additional proteins, PsaE and PsaF, have been shown to regulate transcripts@ngeine
(Yang & Isberg, 1997). Another transcriptional regulator, RovA, interacts etbshE and
psaA promoter regions, suggesting that RovA is an upstream regulgisa géne cluster
(Cathelynet al., 2006). Identicapsa gene clusters are presentyirpestisandy.
pseudotuberculosis (Lindler & Tall, 1993)

Closely related tpsa gene cluster of. pestis, Y. enterocolitica containanyf encoding the
Myf fimbriae, which are built up of MyfA subunits. Tlpsa andmyf clusters have similar
general organisation. Moreover, proteins encoded by these gene clusgitag disignificant
sequence similarity, suggesting that piiigen and Myf fibriae have a common function in the
different species ofersinia. As PsaE and PsaF encodedby;, the MyfE and MyfF proteins
encoded bynyf have a role in regulation of the cluster transcription (Iriarte & Corri€igs).

Thecs-3 gene cluster frork. coli encodes for proteins for expression and assembly of the
colonization factor-3 that forms CS-3 fimbriae comprised of high-molecutgghtvpolymer of
CS-3 subunit (Jalajakumaeral., 1989). CS3-E functions as the periplasmic chaperone, and CS3-

D is the molecular usher.
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Thenfa gene cluster frork. coli encodes proteins for expression and assembly of the
nonfimbrial adhesin, NFA-I, comprised of high-molecular-weight polymer of NtdAusit
(Ahrenset al., 1993). NfaE functions as the periplasmic chaperone, and NfaE is the molecular
usher.

A group ofE. coli gene clustersfa-3, afa-8, agg, aaf, agg-3, dafa, dra, daa, that encode
proteins for expression and assembly of the afimbrial adhesins Afa-I11 fafd\All, the
aggregative adherence fimbria type |, Il and Il (AAF/I, AAF/Il andRAlll), the diffuse
adherence fibrillar adhesin (Dafa), the Dr hemagaglutinin flexible fiagbaind the F1845 (DaaE)
fimbrial adhesin, respectively, have a peculiar feature: each gesteraéncodes additional
subunit D for which an invasive function was suggested (putative invasin subunitefalye
1997; Servin, 2005). DrakE and AfaE-Illl adhesins may assemble into a flexibléhib@ovides
the link between the usher at the outer membrane and the putative invasin subunit lolcated at t
tip of the fibre (Andersoet al., 2004a, bPettigrewet al., 2004). However, expression of DraD
invasin subunit is independent of the DraC usher and DraE fimbrial subunit (Zakhatka
2005). In addition, polymerization of DraE fimbrial subunits into fimbrial strucwes not
require expression of DraD. Recently, ZalewskageRiet al. (2008) showed that type I
secretion irE. coli strain Df leads to DraD translocation to the bacterial cell surfatay.
recently, Korotkovaet al. (2008b) and Guignat al. (2009) demonstrated that the DraD subunit
Is not required fof; integrin recruitment or bacterial internalization. Therefore, the function of
D subunits is still under the question.

A group of Salmonella spp. gene clust&afs sef, cs6-1, cs6-2 that encodes proteins for
expression and assembly of the atypical fimbriae Saf, the flamentousdexie structures
SEF14/18, and the colonization factors CS6-1 and -2 has another common peculiar feature: all c
these gene clusters encode two adhesin subunits. The SefB chap&aemnteotidis assists in
the assembly of two distinct cell-surface structures, SEF14 and SEF18, véhiwmawpolymers

of SefA and SefD subunits, respectively (Cloutleteal., 1994). The CssC chaperone assists in
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assembling thin CS6 fibrillae that are composed of two heterologous CssAshdubsinits
(Wolf et al., 1997).

FGS chaperone-comprising gene clusters. A group of two gene clusteesf andpef that
encodes proteins for expression and assembly of the ambient-temperatures fiilbriaf P.
mirabilis (Massackt al., 1996) and plasmid-encoded (PE) fimbria&diyphimurium have
common peculiar feature: they encode only one structural subunit which is probahlynfagct
as an adhesin subunit. Recently a cosmid carryingefi@peron was introduced inf coli and
expression of fimbrial flaments composed of PefA was confirmed by flow cytpraied
immune-electron microscopy (Chessal., 2008). Plasmid-encoded fimbriae were purified
from the surface dE. coli and the resulting preparation was shown to contain PefA as the sole
major protein component. Binding of purified plasmid-encoded fimbriae to a glycgn arra
suggested that this adhesin specifically binds the tri-saccharide @4gBatal-3) GIcNAc, also
known as the Lewis X (Lex) blood group antigen.

Theaciad gene cluster ofcinetobacter sp., strain ADP1 (Barbet al., 2004; Gohkt al.,

2006) encodes only one structural subunit which may function as an adhesin subunit. This cluste
contains genes for two periplasmic chaperones.

A group of gene clustefdé7a, acu andfim/fha that encodes proteins for expression and
assembly of the F17 pili &. coli (Lintermanset al., 1988), thin pili ofAcinetobacter sp., strain
BD413 (Barbezt al., 2004; Gohkt al., 2006) and type 2 and 3 pili Bf pertussis (Willems et
al., 1992). They encode one structural and one adhesin subunit that are exposed on the tip of pil

A group of gene clustetsf, haf, nrk, Ipf andpmf that encodes proteins for expression and
assembly of thél. influenzae fimbriae (van Hanet al., 1994) H. influenzae biogroup aegyptius
fimbriae (Readtt al., 1996),K. pneumoniae type 3 fimbriae (Alleret al., 1991),S. typhimurium
long polar fimbriae (Baumler & Heffron, 1995) aRdmirabilis PMF pili (Massad & Maobley,
1994) encode two structural subunits and one adhesive subunit that is exposed on the tip of

fimbriae.
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A group of gene clustefss, csw andfot that encodes proteins for expression and assembly
of the 987P (Edwarda al., 1996), CS12 (EMBL accession number Q9ALLO) and CS18
(Honarvaret al., 2003) fimbriae oE. coli have very unusual feature since they encode three
distinct chaperones which assist in assembling of fibers composed of two atrsighumits and
one adhesive subunit exposed on the tip of fimbriae. E.g., in the case of 987P fimbriae the FasB
was shown to be a periplasmic chaperone for the major fimbrial subunit, FasArdEdina.,

1996). The periplasmic chaperone FasC specifically interacts and stathiézethesin FasG
(Edwardset al., 1996). FasE, a chaperone-like protein, is also located in the periplasm and is
required for optimal export of FasG and possibly for other subunits (Edetaalds1996).

Two gene clusterfos andstf that encode proteins for expression and assembly of the F1C
pili of E. coli (Riegmanet al., 1990) and Stf fimbriae @& typhimurium (Emmerthet al., 1999)
and they encode three structural and one adhesin subunit exposed on the tip of fimbriae.

A group of gene clustefam, sfp, sfa andmrp that encodes proteins for expression and
assembly of the type 1 pili &. coli (Jonest al., 1993), Sfp fimbriae dE. coli (Brunderet al.,
2001), S pili ofE. coli (Dobrindtet al., 2001) and mannose-resistant/Proteus-like MR/P pHi of
mirabilis (Bahrani & Mobley, 1994). They encode four structural subunits and one adhesin
subunit which is exposed on the tip of fimbriae.

The gene clusteffan, |da, fae andral encode proteins for expression and assembly of the F4
(K88), Lda and F5 (K99) thin flexible pili and REPEC fimbriageotoli, respectively (Adams
et al., 1997; Bakkeket al., 1991; Scaletskst al., 2005). These pili/fimbriae consist of four or
five subunits. However F4 (K88), F5 (K99) and Lda pili do not display specialized adhesive
domains on the tip of the pilus, but carry binding sites on their main structural subunit (FanH
FaeH and LdaH) (Bakket al., 1991; Scaletskst al., 2005). The overall arrangement of tlak
gene cluster closely resembles that offieecluster with homologous genes occupying the same
relative position in each cluster. Tha cluster also has some of the more specific features of the

fae cluster such as the overlapping reading frames of the genes encoded chapesteer and
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the apparent absence of promoters within the region carrying the strgemnesl (Adamet al.,
1997). This general similarity together with the significant levels of homaabipited by
individual genes makes it reasonable to propose functions foaltgene products based on the
known roles of their Fae counterparts. Thus, Adainas. (1997) proposed that RalC, RalF, and
RalH are minor fimbrial subunits of the fimbrial structure which is prim&oeimposed of RalG,
the major fimbrial subunit. The gene clustiirencodes proteins for expression and assembly of
theE. coli AF/R1 pili (Canteyet al., 1999). The subunits encodeddly gene cluster have the
highest percentage amino acid identity with the subunits encodetl dyster (Adamst al.,
1997).

Themrf andpap gene clusters that encode proteins for expression and assembly of mannose-
resistant fimbriae oPh. temperata (Meslet-Cladiereet al., 2004) and P pili oE. coli (Marklund
et al., 1992) have the most complex composition: they encode six structural and one adhesin
subunit that is exposed on the tip of fimbriae.

Fig. 1 shows the general organization of gene clusters for which the expresdieemas

experimentally confirmed.

STRUCTURE AND MECHANISM OF FUNCTION OF CHAPERONE/USHER

MACHINERY

Molecular Functions

Periplasmic chaperones and outer membrane molecular usher proteins function in co-
operation as the chaperone/usher machinery that drives the assemblyoafsypiased fimbrial
adhesins (Fig. 2).

Periplasmic chaperones possess the following main functions @lahg1996; Knightet

al., 2000; Remaudt al., 2006; Sauegt al., 2000, 2004; Thanasatial., 1998; Vergeet al.,
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2007; Zavialowet al., 2001, 2003, 2005, 2007; Zavialov & Knight, 2007; Zav'yadbal .,
1995b):
(1) Binding to nascent subunits as they enter the periplasm via the Sec pathway;
(2) Protection of subunits from non-productive aggregation and proteolytic degradation by
capping their assembly surfaces;
(3) Transport of subunits to an outer membrane molecular usher.
Periplasmic chaperones either form stable complexes with subunits entertliag
periplasm or form dimers (PapD) (Husetgal., 1999) or tetramers (CaflM) (Zavialov & Knight,
2007), where the subunit-binding sequences are protected against proteolysis andainspecif
binding (see the chapter “3D structures of chaperones”).
Outer membrane molecular ushers possess the following main functions (Fetaadzes
2008; Nishiyamat al., 2005; Remaut al., 2006, 2008; Yt al., 2009):
(1) Release of subunit from the chaperone;
(2) Formation of assembly platform for polymerization of subunits in linearsfiber
(3) Formation of twinned-pore translocation machinery for secretion of lineznsfon the cell
surface.
The recently decoded structure and proposed mechanism of the function of molecular usher
proteins are described in the chapters "Structure of outer membrane arolestdr proteins”

and "Mechanism of function of chaperone/usher machinery".

Structures of Chaperones

3D structure of chaperones. For a long time the PapD chaperone has been serving as a
prototype protein for the superfamily of periplasmic chaperones (Holmgremaig&Bn, 1989)
and was the first structure of a molecular chaperones in general. The PapDobdapeicture

consists of two domains joined at approximately right angle with a larfjdeteveen the
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domains (Fig. 3). Both domains are 7-stranflesndwiches with immunoglobulin-like
topology (Holmgren & Branden, 1989). The F1 andf=strands in the N-terminal domain of
PapD are connected by a long and flexible loop that protrudes like a handle fromyttoé thed
domain.

Two families of the periplasmic chaperones were suggested with sequenstsaR&p
(having a short F1-G1 loop) and FGL (having a long F1-G1 loop) (ldualg 1996; Zav'yalov
et al., 1995a) (Fig. 4). PapD chaperone represents the FGS class of chaperonesoHitibrre
crystal structures for two FGL chaperones, Caf1lM fhompestis and SafB front typhimurium,
in complex with corresponding subunits, Cafl of the F1 capsular antigen and SafA ofl atypica
fimbriae Saf, have been determined (Renshat., 2006; Zavialowet al., 2003, 2005). As FGS
chaperones (Choudhueyal., 1999; Holmgren & Branden, 1989; Knigtital., 2000; Saueet
al., 1999, 2002; Vergest al., 2007), FGL chaperones consist of two domains joined at
approximately right angle with a large cleft between the domains (Figo8).domains are 7-
stranded3-sandwiches with immunoglobulin-like topology (Remeial., 2006; Zavialowet al.,
2003, 2005). The F1 and @istrands in the N-terminal domain of CaflM and SafB are
connected by a flexible loop that is much longer than in PapD chaperone (Fig. 4).

When PapD is not engaged in binding to subunits, it is capable of interacting transigntly w
itself to form a weakly but specifically bound dimer (Hweb@l., 1999). The crystal structures of
two dimeric forms of PapD were solved to gain insight into the molecular basipfdiaer
formation (Hungget al., 1999). The structure—function analysis revealed that PapD interacts with
itself by means of the same interactive surfaces that it uses to bind subunildy poss
representing a self-capping mechanism that protects the subunit-binding sequaintsts
proteolysis and unspecific binding.

Zavialov & Knight (2007) found that typical representative of FGL chaperones, stitmnit-
CaflM, exists predominantly as a tetramer. A 2.9 A resolution crystaligeunftthe CafiM

tetramer revealed that each of the four molecules contribute to its subunit bieglirepses (the
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Al and G1 strands) to form an eight-stranded hetero-sandwich with a well-packed
phenylalanine-rich hydrophobic core (Zavialov & Knight, 2007). Tetramerizatmtiegs
chaperone molecules against enzymatic proteolysis. Deletions in the subdim)lonotifs
completely abolish tetramer assembly, suggesting that the hetero-slamgltiie main structural
feature holding the tetramer together. Deletions in the VGVFVQFAI motif dblotith tetramer
assembly and aggregation, consistent with the predictefaglgregation propensity for this
motif. Such a packing of the aggregation-prone subunit binding sequences into the hetero-

domain is a novel molecular mechanism preventing unspecific aggregation of freeocleap

Assembly of F4 fimbriae of enterotoxigeritccoli, indicate that self-capping of the pilin-
interactive interfaces is not the mechanism that is conservedly appliddoeyiplasmic
chaperones, but is rather a case-specific solution to cap aggregation-pfacessiyfan Molle
et al., 2009). FaeE crystal structure shows a dimer formed by interaction betweenrllimgbi
interfaces of two monomers. Thermodynamic and biochemical data show thaideaegas a

stable monomer in solution (Van Mokkal., 2009).

Characteristic features of FGL and FGS chaperones. Comparison of structures of FGS
and FGL chaperones reveals differences, which appear to locate in the fulycihopaitant
segments. These class-specific differences were correctly teckdirlier based on sequence
comparison and modelling using known structure of the FGS chaperone PapD (Chiagiman
1999; Hungget al., 1996; Zav'yalot al., 1995b), and functional studies (Chapregal., 1999;
Maclintyreet al., 2001; Zav'yalowt al., 1997):

(1) FGL chaperones contain a significantly longer binding motif in the F1-G1 loop afid G1
strand than FGS chaperones, due to the extension of this motif into the F1-G1 loop region
(typically by two hydrophobic alternating residues) (Fig. 4) (Hetreg., 1996; Macintyrest al.,

2001; Remautt al., 2006; Zavialowet al., 2003, 2005; Zav'yalost al., 1995b);
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(2) FGL chaperones also contain a longer binding motif at the N-terminushwethdlternating
bulky hydrophobic residues than in FGS chaperones (two), which extends to Al str&id in F
chaperones (at least 3 residues) (Chapehah, 1999; Remaudt al., 2006; Zavialowt al.,
2003, 2005; 2007).
(3) In contrast to FGS chaperones, the massive subunit binding hairpin, F1 strand-ldogm&1 s
of FGL chaperones is stabilized by a disulphide bridge between two conservessidygs, one
of which is localized in FB-strand, and the other in @istrand (Figs 3 and 4; C98 and C137 in
CaflM and C98 and C125 in SafB) (Remetdl., 2006; Zavialowt al., 2003, 2005).

Biochemical and mutagenesis studies showed that the unique structural feaf@és of
chaperones are crucial for function (see below).

I mportance of the disulphide bond in provision of FGL chaperone functionsin vitro and
in vivo. Reduction of the disulphide bond and alkylation of the cysteine residues in a FGL
chaperone considerably increase dissociation constant for CaflM—Cafl cddgMgalovet
al., 1997). Later on, it was also showed that cysteine residues of FGL chaperonerbraB f
disulfide bond and are crucial for the formation of the DraB—DraE binary complggkE al.,
2005). Probing the conformation and stability of Caf1M at different temperatureandH
concentration of urea by measurements of circular dichroism and fluoresuggested that
disulphide bond does not affect the general conformation, but induces changes in the local
structure around the bond (Zav'yakiwal., 1997). However, the level of expression of CaflM in
E. coli was clearly affected by disulphide isomerase DsbA. Caf1lM accumulated idezab$y
larger quantities in DsbArather than in Dsbistrain, suggesting an important role of the
disulphide bond in provision of Caf1M functiomsvivo (Maclintyreet al., 2001).

Gl and Al g-strands are crucial for chaperone function. The studies of Macintyret al.
(2001) had highlighted the importance of E&trand hydrophobic residues in protecting newly
secreted Cafl from proteolytic degradation. This could be explained in part by theedbser

importance of some residues (F132) in stabilizing chaperone—subunit complexufaitierm
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CaflMV128A, which also resulted in subunit degradation, however, enhanced chaperone—

subunit stability (communicated by A. Zavialov). Contrary to FGS chaperthreed1p-strand

of CaflM also significantly adds to the binding contact in this region (Figs 3)ab@l&tion of

the sequence 10-15 of CaflM in Aistrand (communicated by A. Zavialov) led to complete

loss of the chaperone function. Structure of the Caf1lM—Cafl complex suggests that the

chaperone Al and Gitrands are likely to form a binding platform, which is rigid enough to

prevent collapse of the open subunit conformation in this very unstable region (Fig. 3).
Correlation between the length of FG loop and the number of different types of subunits

operated by a chaperone. Fig. 5 shows the plot of correlation between the number of deleted

residues in a F1-G1 loop of chaperones (in comparison with the longest F1-G1 loop of the

CaflM chaperone) and the number of different types of subunits operating by the chaperones.

These parameters show a strong correlation, but the slopes of the plots oficor@d&GL

and FGS chaperones are different. That may be explained by an influehealsulfide bond

connecting F1 and G1 strands in FGLs. The coefficient of correlation for F@krdmees is

equal to 0.80 and for FGS chaperones it is equal to 0.72. The longer F1-G1 sequence creates a

longer subunit recognition motif for a more specific binding of one or two subunits foRGihg

chaperone-assembled fimbrial polyadhesins (Zavialal., 2003, 2007). Probably, the shorter

F1-G1 sequence in FGS chaperones was evolved as a consequence of a needaifitess spe

binding of subunits because monoadhesive fimriae/pili are composed of up to 7 different

subunits.

Structure of Subunitsand Molecular Architecture of Adhesive Organelles

3D structure of chaper one-complemented subunits. Chaperone-free subunits of fimbrial

polyadhesins (Zavialogt al., 2005; Zav'yalowt al., 1997) and mono-adhesive fimbriae/pili

(Bannet al., 2004; Nishiyamat al., 2003) are highly unstable and prone to form aggregates.
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Hence, structural information on many subunits of these organelles was dliaisteidying
chaperone-subunit complexes (Choudhairgl., 1999; Remaudt al., 2006; Saueet al., 1999,
2002; Vergeset al., 2007; Zavialowet al., 2003, 2005).

The crystal structures of the type-1 pilus FImC—-FimH (Choud#ual, 1999) and of the P
pilus PapD-PapK, PapD—PapE and PapD—-PapA (®aaky 1999, 2002; Vergeat al., 2007)
chaperone—subunit complexes show that pilus subunits (pilins), like chaperones, have
immunoglobulin-like folds (Figs 3 and 6). However, the C-terminalfGjrand of the fold is
missing, creating a deep hydrophobic groove on the surface of the subunit (Figs 3 and 6).
Chaperones bind pilins by inserting their B%trand into this groove in a process called donor
strand complementation (Choudhwtyal., 1999; Saueet al., 1999, 2002; Vergeat al., 2007)
(Figs 3 and 6). Three hydrophobic side chains in the conserved G1 motif are inserteel into t
hydrophobic acceptor groove and become an integral part of the subunit hydrophobic core.

The crystal structures of the Caf1lM-Cafl and SafB-SafA chaperone-sabomptexes
reveal the chaperone bound conformation of FGL chaperone-assembled polyadhesis subuni
(Remautet al., 2006; Zavialowt al., 2003, 2005). As pilins, the polyadhesin subunits Cafl and
SafA have an incomplete immunoglobulin-like fold (Figs 3 and 6). Despite the lack of
significant sequence similarity, polyadhesin subunits and pilins displaysonganization of
the B, C, E, and B-strands (Fig. 6a), which are known to form a common structural core of the
immunoglobulin-like fold (Borket al., 1994). However thp-strand A has different structures. In
pilins, thep-strands A starts hydrogen bonding to ffk&trand B, participating in formation of
the ABEDf-sheet, then it makes a switch in the middle and continues as part of the ABG1FC
sheet (Fig. 6a). In polyadhesin subunits thg#trand either switches very late (in Cafl) or
becomes disordered (in SafA). A region between C aétEands shows a large structural
variability for both pilus and polyadhesin subunits (Fig. 6a). Pilins tend to have larger loop
between th@-strands D” and E. Polyadhesin subunits have considerably longer sequences

which are involved in the region between flastrands C and D”. This region is clearly more
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structurally variable in polyadhesin subunits than in pilins and potentially it maghtipate in
formation of binding sites and organelle-specific epitopes (see the chaptémtBof FGL
chaperone-assembled polyadhesins to host cell receptors”).

The major differences between the two classes of subunits and correspondingreEsapey
found in the chaperone-subunit interactive area. Fig. 3 shows ribbon diagrams of the PapD—-Pap.
(Vergeret al., 2007), SafB-SafA (Remastal., 2006) and CaflM-Cafl (Zavial@ral., 2003,
2005) complexes. The end of the F1-G1 loop and the beginning [@fsBand in PapD harbour
a four-residue subunit binding motif of one small hydrophilic (N101) and three altgrbaticy
hydrophobic residues (L107, 1105 and L103) (Vemrgead., 2007). The same region in SafB
molecule harbours a similar five-residue motif of one small hydrophobic (A114) anluiby
hydrophobic residues (L116, L118, L120, and 1122) (Rerdaalt, 2006). The end of F1-G1
loop and the beginning of Gi&tstrand in CaflM harbour a subunit binding motif of five
alternating bulky hydrophobic residues (V126, V128, V130, F132, and 1134) (Zaetaby
2003, 2005). The rest of F1-G1 loop (residues 96-102 in PapD, 104-113 in SafB and 104-123 in
CaflM) is disordered in the crystal structures. Another subunit binding motif in R&lemones
of three alternating hydrophobic residues (Y12 in CaflM/F12 in SafB, V14, and lb6alized
in a long N-terminal sequence, which forms Al strand. Al anfl-&tands are the edge strands
of thep-sandwich fold of the N-terminal domain. In the complex A1 an@&Gfrands are
extended due to the partial ordering of the N-terminal sequence and F1-G1 loagivelypéo
form a binding platform, exposing the hydrophobic residues of the binding motifs. lloaddit
this binding structure, PapD, CaflM and SafB chaperones apply a pair of conservedlpositi
charged residues (R8 and K112 in PapD, R20 and K127 in SafB, R20 and K139 in CaflM) to
bind subunits by anchoring their C-terminal carboxyl groups.

Fig. 6a illustrates how Cafl subunit is complemented by Caf1lM chaperone (Xatiall.,

2003, 2005). The absence of the 7th (G) strand results in a 6-stfasdadwich where the

hydrophobic core of Cafl is partially exposed in a long and deep hydrophobic groove. Cafl
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interacts mainly with N-terminal domain in Caf1lM (Fig. 3). These two protents\ba edge
strands in Cafl and in the N-terminal domain of CaflM to form closed barrel with accomm
core (Zavialowt al., 2003). Strand G1 in Caf1lM is hydrogen bonded to strand F in Cafl.
Chaperone Al strand is hydrogen bonded to subunit strand A. As in FGS chaperone—pilin
complexes (Choudhumt al., 1999; Sauest al., 1999, 2002; Vergeat al., 2007), hydrophobic
residues from CaflM chaperone G1 strand are donated to Cafl subunit to compensate for the
missing G strand (Figs 3 and 6). The longer G1 donor strand of the Caf1M chaperose insert
motif of five bulky hydrophobic residues (P1 to P5 residues; see Figs 3 and 4) iriotiugg
pockets in the hydrophobic groove of the Cafl subunit (P1 to P5 binding pockets). As a result,
the acceptor groove of Cafl subunit is significantly longer than in the pilus suffeigit6a).
The longer Al strand in Caf1lM also interacts more extensively with the subunit thah the
strand in FGS chaperone—pilin complexes.

The crystal structure of the Saff5afA complex also shows a considerably larger interactive
area between the chaperone and subunit than that in the FGS chaperone-pilin soffijgelg
As in the Caf1M-Cafl complex, this is a result from the presence of a meralegt
hydrophobic groove in the SafA subunit than in pilus subunits, which is complemented by
subunit binding motifs of SafB containing the additional FGL specific sequencegviEQuhe
major F1-G1-loop-GPB-strand binding motif of SafB contains four rather than five bulky
hydrophobic residues (L116, L118, L120, and 1122), interacting with the hydrophobic P4-P1
pockets of the subunit’'s groove. The fifth donor residue inserting to the pocket P5 i$ a smal
Al14. It was observed two crystal forms of the SafB—SafA complex that uiffee extent of
ordering around Al114 (Fig. 3) (Remaaial., 2006). In type | crystals, A114 is ordered and is
inserted into the P5 pocket of the SafA subunit (Fig. 3). In type Il crystalethiie is
disordered and does not insert into the P5 pocket (Fig. 3). As a result, the loops and secondary
structure elements in the SafA subunit that form this P5 pocket are also disamidieee not

observed in the electron density map. These two structures suggest equilibvigenbiste two
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states of the SafB—SafA complex as a result of a weak binding of chaperone Gé&tdorbat
P5 site of the SafA binding groove (Remeiudl., 2006).

3D structure of fiber subunits. Elucidation of theerystal structure oY. pestis F1 minimal
fiber CaflM—-Cafl-Cafl’ (ternary complex) made an important step in understanding general
principles of subunit assembly via the chaperone/usher pathway, revealifggthe f
conformation of the organelle subunit (Cgfand subunit-subunit interactions in fibers
(Zavialovet al., 2003, 2005). The structure of Caf1lM and the chaperone-boundsobtinit is
virtually the same as in the CaflM-Cafl binary pre-assembling complex. Houwegentrast
to the disordered N-terminal region of Cafl in binary complex, the N-termiriahref§Caf? is
ordered and forms an antiparallel dofiestrand interaction with the last (B)strand of the
chaperone free Cafkubunit (Fig. 6b). The donated strand produces a bona fide
immunoglobulin-like topology in the fibre subunit. The N-terminal donor strand was denoted as
“Gd” (d for donor) because it plays in the fibre the same structural role as-teer{i@al) G
strand of the canonical immunoglobulin fold (Zaviaéal., 2003). Thus, the release of the
subunit from the chaperone-subunit complex and its incorporation into a growing fiber involves
an exchange of G1 and Al donor strands of the chaperone to Gd strand of the neighboring
subunit in the fiber. The replacement of G1 strand by Gd strand also involves the change of
direction of the donor strand from parallel to anti-parallel pagtrand of the subunit. This
process was predicted earlier for FGS chaperone-assembled adhe$tViequidhuryet al.,
1999; Saueet al., 1999) and for FGL chaperone-assembled polyadhesins (Zaweialby2002)
and was termed “donor strand exchange”. A similar “topological transition” ($eale, 2002)
was also observed for the P pilus subunit PapE bound to a peptide designed to have sequence ¢
the proposed donor strand of the PapK subunit, suggesting that the donor strand exchange take
place during assembly of both types of organelles.

Recently, the structure of a ternary complex of PapD bound to PapA (through donor—strand

complementation) was solved (Vergeal., 2007). The structure of this complex is shown in
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Fig. 6b. The structure provides a snapshot of PapA before and after donor strand exchange.
PapD—-PapA-PapA complex is similar to the one obtained for the Caf system (Zawtkly,
2003, 2005). The core sheet structure of donor strand-exchanged PapA is in a closer
conformation than that of donor strand complemented PapA, fssthends on each side of the
groove of donor strand exchanged PapA are nearer to each other. Also, the “63-74" loop is
ordered in donor strand exchanged PapA and not in donor strand complemented PapA, as this
molecule is missing residues 70 to 73 in this region.

High resolution structures of several other subunits of fimbrial polyadhesingDXédE
DaaE and SafA have been determined (Andeesah, 2004a, b; Korotkovet al., 2006b;
Pettigrewet al., 2004; Remaudt al., 2006). Artificially engineered constructs were made to
facilitate the structure determination in each of these studies. Strunforatation on the DaaE
and AfaE/DraE subunits was obtained by structure determination of cytoptaemiaed
trimers of these subunits (Andersairal., 2004a; Korotkovat al., 2006b; Pettigrewet al., 2004,
Remautet al., 2006). The crystal structures revealed that the trimers are connectée tdygt
strand swapping mechanism. Although non-nativepteand swapping is similar to the donor
strand complementation. A different approach was chosen to determine an NiktRrstof a
circularly permuted self-complemented AfaE subunit (Andeesah, 2004b). This construct
contains the donor sequence fused at the C-terminus, rather than at N-terminus|loive
insertion of this self-complementing Gd strand in the acceptor groove, restlassgal
immunoglobulin-like fold. To determine structure of the fiber form of the SafA subbait, t
group of Gabriel Waksman (Remaatial., 2006) employed the same technique, which they used
earlier for structure determination of PapE (Satiaf., 2002). SafA was co-crystallized with a
peptide corresponding to the N-terminal sequence, which was predicted to form to the donor
strand. Biological relevance of the constructs used by (Andetsbn 2004b; Remaut al.,
2006) in their structural studies rely on the correctness of the prediction of the donoiceeque

which is not easy to prove. Hence, these structures potentially may contasn Eneself-
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complemented AfakE (Anders@nal., 2004b) has slightly distorted structure at the beginning of
the donor strand, which makes it dissimilar to Cafl and SafA subunits (authors' obagrvati
Comparison with the crystal structure of the cytoplasm assembled tofrt@iessame subunit
suggests that this could be a result of changes introduced by the artieogitheered linker
connecting the donor strand to the C-terminus of the subunit. Nevertheless, all tretgsestr
show a similar incomplete immunoglobulin-like fold for the subunits and suggest that subunit-
subunit interactions in polyadhesins fibers involve N-terminal Gd donor-strand
complementation.

The Cafl polyadhesin subunit (Zavialehal., 2003, 2005) has a longer acceptor groove,
which accommodates longer Gd donor strand than the P pilus subunit PapA é/erger
2007) (Fig. 6b). This is in agreement with the observation of a more extended contact area
between FGL chaperone and polyadhesin subunit in structures of CaflM—Cafl an&fdafB-S
complexes than that between FGS chaperone and pilus subunit in structures of FithC—Fim
PapD—-PapK, PapD-PapE and PapD-PapA complexes (Chowtihliry1999; Sauest al.,
1999, 2002; Vergest al., 2007; Zavialowet al., 2003, 2005).

Chaperone preservesfolding energy of subunit for driving fiber assembly. No energy
input from external sources is required to convert periplasmic chaperone—subassemrely
complexes to free chaperone and secreted fibers (Jacob-Dubatiakpi994), in spite of a
much more extensive interface between chaperone and subunit than between fibes subuni
(Zavialovet al., 2003). Some clues as to how the process can be energetically driven have been
provided by structural studies (Sageal., 2002; Vergeet al., 2007; Zavialowt al., 2003,
2005). Comparison of chaperone complemented (Pafth fiber subunit (Cafl) revealed a
large conformational difference (Zavialewal., 2003, 2005). The fiber conformation was
referred to as the “closed” or “condensed” conformation (Zavietlalz, 2005). The observed
difference between open and closed conformations, involving a rearrangeheondensation

of the subunit hydrophobic core, suggested that periplasmic chaperones might trap subunits i
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high-energy molten globule-like folding-intermediate state (Zavial@l., 2003). A model was
proposed in which release of the subunit followed by Gd donor strand complementation allows
folding to be completed, driving fiber formation (Zavialke\al., 2003). In contrast to the bulky
hydrophobic donor residues in the chaperone G1 donor strand, much smaller donor residues in
the subunit N-terminal Gd donor segment do not intercalate between the two sheets of the
subunitB-sandwich, allowing close contact between the two sheets (Zagadby 2003, 2005).

A significant stabilizing contribution from the final fine packing of the subluyitrophobic
core is suggested by the melting of the native ternary complex. The sthyablserved
complete collapse of the Gd complemented fiber Cafl" subunit results in aidiacragse in
the enthalpy and transition temperature for the melting of the fiber modulen&rneotdynamic
studies provide strong evidence for the hypothesis that collapse of the subunit hyadroph®bi
shifts the equilibrium towards fiber formation (Zaviakial., 2005).

Zip-in-zip-out mechanism of the donor strand exchange. Zavialovet al. (2003) proposed
a model for the usher-catalyzed fiber assembly involving a sequential cdrmbentar strand
exchange in which G1 is gradually replaced by Gd with a zip-in-zip-out mechd&snauet
al. (2006) using real-time electrospray ionization mass spectrometry detéciadiant ternary
complex between the chaperone-subunit complex and a peptide mimicking the donor strand of
the subunit, providing an experimental support to the hypothesis. Exchange of the donor strand
of the chaperone to the peptide was highly dependent on the interactions at the P5 ploeket o
subunit (Fig. 7). This site may recruit the incoming subunit donor strand. Indeed, the adaservat
of two crystal forms with SafBSafA complex (Fig. 3) (Remaast al., 2006) suggests that the
acceptor cleft of SafA subunit could be easily uncapped at this site, providingrey siamt for
the donor strand exchange.

Recently, Vergeet al. (2008) solved the structure of the PapD: PapF complex in order to
understand why PapF undergoes slow donor strand exchange. The structure revtbal & #ydt

P5 pocket is partially obstructed. Molecular dynamics simulations show theggios of PapF
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is flexible compared with its equivalent in PapH, a subunit that also has an obstructe@d®5 poc
and is unable to undergo donor strand exchange. Using electro spray-ionization mass
spectrometry, Vergest al. (2008) showed that mutations in the P5 region result in increased
donor strand exchange rates. Thus, the partial obstruction of the P5 pocket serves as a
modulating mechanism of donor strand exchange.

Roseet al. (2008) used molecular dynamics simulations to probe the donor strand exchange
mechanism during formation of the Saf pilus frGnenterica at the atomic level, allowing the
direct investigation of the zip-in—zip-out hypothesis. The simulations provide an extaofat
how the incoming Gd is able to dock and initiate donor strand exchange due to inherent dynami
fluctuations within the chaperone—subunit complex. In the simulations, the chaperone donor
strand was seen to unbind from the pilus subunit, residue by residue, in direct support ef the zip
in—zip-out hypothesis. In addition, an interaction of a residue towards the Muisraf the Gd
with a specific binding pocket on the adjacent pilus subunit was seen to stabitisadhestrand
exchange product against unbinding, which also proceeded in the simulations by a zippering
mechanism. The study provides an in-depth picture of donor strand exchange, includisg the f
atomistic insights into the molecular events occurring during the zip-in—zim@chanism. Fig.

7 schematically presents the donor strand exchange mechanisimbased on the
experimental data obtain@advitro by Remautt al. (2006).

Zavialovet al. (2005) and Vitaglianet al. (2008) reported molecular dynamics
characterizations of. pestis Cafl subunit in its monomeric-unbound and dimeric states. Data on
properties of the monomeric form show that it is highly reactive and tends to evolvd towa
compact states, which likely hamper subunit—subunit association. The chaperase aek
subunit—subunit association evidently take place concerted.

Molecular architecture of adhesive organelles. The final architecture and morphology of
linear fibres depend on subunit composition and mode of subunit—subunit interactions. These

factors determine the coiling of secreted linear fibres into differanttates such as FGS
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chaperone-assembled thick rigid mono-adhesive pili with a diameter of 7-8 nr8dkig
reviewed in Knightt al. (2000); Saueet al. (2000, 2004); Soto & Hultgren (1999) and Thanassi
et al. (1998), FGS chaperone-assembled thin flexible hetero-polyadhesins with a dizvhete
nm (Fig. 8b), reviewed in van den Broegtlal. (2000), FGS chaperone-assembled homo-
polyadhesins with a diameter about 2 nm (Fig. 8c) (Chetstg 2008) and FGL chaperone-
assembled polyadhesins with a diameter about 2 nm (Fig. 8d) (Zastialoy2007). The latter
polyadhesins can aggregate to form amorphous masses or capsules, e.g. the F1 cagsular ant
(Chen & Elbergl1977), nonfimbrial adhesin | (NFA-I) (Ahremsal., 1993), NFA-I-like, Dr-lI
(Phamet al., 1997), or afimbrial adhesins, I, VII, and VIII (Joustal., 1997; Laliouiet al.,
1999).

In the case of FGS chaperone-assembled mono-adhesive fimbriae/pili, thézgubc
adhesive subunit always occurs at the tip of fimbriae, either as the ddé@f i (~2.5 nm)
and flexible fimbriae (e.g. F17G from F17 fimbriae), or at the edge of a thin (~2.6pnm
fibrillum that is stuck onto a relatively rigid, 1-2 mm long and ~7.5 nm wide right-handed
helical pilus rod (e.g. PapG of P pili and FimH of type 1 pili) (Fig. 8a) (de Gateale 2007).
This specialized subunit is called as adhesin.

All adhesive subunits of mono-adhesive fimbriae/pili are two-domain adi{€iosidhury
et al., 1999; Bouckaest al., 2005, 2006; de Grewtal., 2007; Liet al., 2007; Westerlund-
Wikstrom & Korhonen, 2005). A two-domain adhesin consists of N-terminal receptor-binding
domain that can be stably expressed on its own, and a rather conserved C-terminal pitin doma
Both domains have an immunoglobulin-like fold and are joined via a short interdomain linker.
The few known crystal structures of tip-located receptor-binding N-terradredsin domains of
mono-adhesive fimbriae/pili, PapGll, FimH, F17G/GafD, show that, despiéeditho sequence
identity, common to them all is an elongated beta-barrel jelly roll fold thatineritee receptor-
binding groove (Fig. 9) (Choudhugyal., 1999; Bouckaewt al., 2005, 2006; de Grewt al.,

2007; Liet al., 2007; Westerlund-Wikstrom & Korhonen, 200B)e adhesin domains differ in
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disulfide patterns, in size and location of the ligand-binding groove, as well ashammen of
receptor binding. In particular, their glycan-binding sites have evolved ereliff locations onto
this similar scaffold, and with distinct, highly specific binding properties.

Subunits of mono-adhesive fimbriae are called as pilins. In particular, Rderdre
composed of ~1000 copies of the major subunit protein, PapA, which polymerize to form a rigid
stalk connected to a flexible tip consisting of limited copies of the minor suburetroPapE
and PapF, and receptor-binding adhesin, PapG, at the distal end @akeht©992; Lindberget
al., 1987). Type 1 pili is composed of up to 3000 copies of the subunit FimA, which form a stiff,
helical pilus rod, and subunits FimF, FimG, and FimH, which form the linear tip ditorilhll
subunits in the pilus interact via the donor strand complementation, in which the incomplete
immunoglobulin-like fold of each subunit is complemented by insertion of an N-terminal
extension from the following subunit. Gossarél. (2007) determined the NMR structure of a
monomeric, self-complemented variant of FimF, FimFF, which has a secoRddbmor strand
segment fused to its C-terminus that enables intramolecular complemefate FimF fold.
NMR studies on bimolecular complexes between FimFF and donor strand-depletets vdria
FimF and FIimG support for the intrinsic flexibility of the tip fibrillum amet this flexibility
would significantly increase the probability that the adhesin at the distal ¢imel fadbrillum
successfully targets host cell receptors. To understand whether the mdgirapiedies of the
fimbrial rod regulate the stability of the FimH—mannose bond, Fateo (2006) pulled the
fimbriae via a mannosylated tip of atomic force microscope. Individual fimbriae rapidly
elongate for up to 10m at forces above 60 pN and rapidbntract again at forces below 25 pN.
At intermediate forces, fimbriae change length more slowly, and dige@&3-nm changes in
length can be observed, consistent with uncoiling and coiling of the helical quatgroatyre
of one FimA subunit at a time. The force range at which fimbriae are réjyadiable in length is
the same as the optinfalce range at which FimH—mannose bonds live longest. Higher or lower

forces, which cause shorter bond lifetimes, cause rapid length changes nmattie tihat help
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maintain force at the optimal range for sustainingiineH—mannose interaction. The
modulation of force and the rate at which it is transmitted from the bactelliab theadhesive
catch bond present a novel physiological role for the fimbrial rod in bacterialdiloaticesion.
Thissuggests that the mechanical properties of the fimbrial shaft have comkvé&b optimize
the stability of the terminadhesion under flow.

In the case of FGL chaperone-assembled polyadhesins, all subunits may passess t
independent binding sites specific to different host cell receptors (Fig. 9; Andeesgn
20044a,b; Korotkovat al., 2006a,b, 2008 ettigrewet al., 2009. Dimensions of the bacterial
poly-adhesive fibres Dr, assembling of which is assisted with FGL ahvageawnere investigated
with negative-stain electron microscopy (Andersbal., 2004a). Thin flexible fibers (2 nm
diameter) were observed. The results are entirely consistent with thewithdehd-to-end
contact between each subunit (Fig. 9) (Andeet@h., 2004a) and are reminiscent of the model
of capsular F1 antigen from pestis, Cafl (Zavialowt al., 2003). Similar thin fibres have been
observed for pH6 antigen (Lindler & Tall, 1993). In addition to the predominance of thia fiber
Dr, the electron microscopy also revealed thicker morphology with overall donerarger
than the linear model suggested (Andergtaad., 2004a). Thick fibers are not consistent with
end-to-end contact and imply that more extensive intersubunit interactions gtsdleis would
rigidify the resulting rod by the tighter coiling of a single fiber or fation of a trimeric coiled-
coil arrangement of fibers.

Recently Runcet al. (2008) examined the ultrastructure of theestis capsule with whole
bacteria and negative-stain transmission electron microscopy. Baeteeagrown to
logarithmic phase at 37°C, pH 7.4. The appearance of the capsule was more clbbrlthais
reported in previous studies, in which the capsule generally appeared as an anftapbaus
dense mass surrounding the bacteria (Chen & Elberg. 197&;dbu2002; Liuet al., 2006).
TheY. pestis KIM6 ™" strain consistently produced an extended halo composed of thin fibrils and

denser aggregates. This denser capsular material, likely composed of &ggoégae thin
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fibrils, sometimes extended out from the bacterial surface in long strandshiiH@orillar
appearance of the F1 capsule resembles structures previously reportbdrfanernbers of the
FGL family of chaperone/usher pathways, including the pH6 antig¥erghia (Iriarte et al.,
1993; Lindler & Tall,1993), and the CS3 and CS6 pili of enterotoxig&nicoli (Knuttonet al.,
1989; Levineet al., 1984). This supports a common structure and assembly mechanism for
members of the FGL family.

Salihet al. (2008) used negative-stain electron microscopy and single-particle imaggsana
to determine the three-dimensional structure o&hgphimurium Saf polyadhesin. Saf
polyadhesin comprises of highly flexible linear multi-subunit fibers thafioaneed by globular
subunits connected to each other by short links giving a “beads on a string”-like appearanc
Quantitative fitting of the atomic structure of the SafA polyadhesin subunithateléctron
density maps, in combination with linker modelling and energy minimization, has énable
analysis of subunit arrangement and intersubunit interactions in the Saf poiga8hest
intersubunit linker regions provide means for flexibility of the Saf polyadH®sacting as

molecular hinges allowing a large range of movement between congsesuwitunits in the fibre.

Structure of Outer Membrane Molecular Usher Proteins

3D structure of outer membrane molecular usher protein. Recently, the 3.4 A crystal
structure of the 130-640 amino acid fragment of the PapC usher was solved. The rgstdts hel
understand adhesive fiber biogenesis at the outer membrane (Feoaize3008; Remautt al.,
2008). It encompasses the full translocation pore consisting of a kidney-shapedn@ddtra
barrel (residues 146-635), Asin height and with outer and inner dimensions of 65 A 4fd
45 - 254, respectively (Figs 10a and b). Tpwbarrel closes in an end-to-end fashion and
positions the N- and C-termini on the periplasmic side of the outer membrane. The N- and C

terminal globular domains will thus be juxtaposed and reside in the periplasmieransith
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% their role in chaperone-subunit recruitment and adhesin-induced pore activatiera{Ng004;

g Nishiyamaet al., 2003; Saulin@t al., 1998; Thanasst al., 2002). The predicted middle domain

? (residues 257-332) (Capitaatial. 2006) is formed by a long sequence between stf#hdsad

§0 7 and consists of a six-strand@dsandwich fold (strand$A—pF). The domain is positioned

g laterally inside th@-barrel pore (Figs 10a and b). As a result, the middle domain, referred to as
ﬁ: the plug domain, completely occludes the luminal volume of the translocation pore, ipgevent
ig passage of solutes or periplasmic proteins across the channel in its nor@dtirat The PapC

ig plug domain is inserted into the loop connecting pradrands (strands 6 and 7). The plug

gz domain is held in place byfhairpin (strand$5 andp6, hereafter referred to as -6

;i hairpin) that is folded in from the barrel wall into the channel lumen. The inwardtace of the

32 5-6 hairpin creates a large gap in the side offtbarrel extending well into the part submerged
gé in the outer membrane bilayer (Fig@a and b). The luminal part of ti$&-6 hairpin is capped

32 from the extracellular side by the only helix in the structuregihleelix (residues 448-465).

gé Inside theB-barrel, the35-6 hairpin interacts with the inner surface of the channel anddielix

gg through a patch of hydrophobic interactions. In additionp8i6 hairpin forms two electrostatic

g; interaction networks that bridge the plug domain with the channel watilahdlix and help

33 position the plug domain laterally inside the translocation channel (Figs 10a and b).

E‘E M echanism of channel gating. In its non-activated form, the PapC channel is obstructed by
j;‘ the plug domain (Fig2 and 10). Therefore, the adhesive subunit-induced activation of the usher
%z (Saulinoet al., 1998) must include the displacement of the plug domain from the translocation
‘518 channel. A rotation of the plug domain out of the pore lumen and into the periplasm would create
2; a channel of 3%x25A or 454x254 when thg35-6 hairpin andil helix are displaced from the

gz channel as well (Fig. 2, position P'). Alternatively, a conformational change 5 dairpin

g? andal helix could allow an upward rotation of the plug domain inside the pore, thereby

gg liberating a translocation channel of approximately&Z?SA (Fig. 2, position P"). Outer

60

membrane ushers function independently of a hydrolyzable energy source or a radient g
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(Jacob-Dubuissod al., 1994). Gating of the plug domain in the usher therefore relies solely on
conformational changes induced by the binding of the chaperone-adhesin complex. Piwering
large conformational rotation of the plug domain must therefore come from thyy ener
emanating from the binding of the chaperone-adhesive subunit complex and/or musidasstor
structural strains in the non-activated PapC channel. One such area of apgpartemélkstrain is
seen in th@5-6 hairpin that breaks out of tRebarrel lining. The exposed part of the adjacent
strandp4 represents a large open-ed@esheet structure. Such exposed edges form highly
aggregative surfaces for the edge-to-edge dockipgsteinds off sheets (Richardson &
Richardson, 2002). As part of the activation proces$}3k@ hairpin could line up witf4 into
the barrel wall. This would break the interaction with the plug domain and allow itsdipwar
rotation or displacement out of the barrel lumen. Another area of structural suldireside in
the interaction of the plug domain with the barrel lumen, which includes a number cihdikge
residues. It seems plausible that during activation, these repulsivevoitcad in expelling the
plug domain from the barrel lumen.

Comparison of isolated Caf1A plug domain with the structure of the corresponding
domain of PapC usher. Yu et al. (2009) reported isolation and structural-functional
characterization of the plug domain of CaflA usher fhorpestis. The isolated CaflA plug
domain is a highly soluble monomeric protein capable of autonomous folding. A 2.8 A
resolution crystal structure of the CaflA plug domain reveals that this domain has a
immunoglobulin-like fold similar to that of donor strand complemented Cafl fibre subunit.
Moreover these proteins display significant structural similarity. Ajhahe CaflA plug
domain is in the middle of the predicted amphipafhbarrel of CaflA, the usher is still
assembled in the membrane in the absence of this domain. The CaflA plug domain does not bir
CaflM-Cafl complexes, but its presence shows to be essential for Cafdeftbetion. The
study suggests that CaflA plug domain may play the role of a subunit-substitoteig pr

(dummy subunit), plugging or priming secretion through the channel in the CaflA usher.
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Comparison of isolated CaflA plug domain with the structure of the corresponding domain of
PapC usher (Fig. 10c) shows a high similarity of the core structures suggestinvgrsal
adaptation of FGL and FGS chaperone/usher pathways for the secretion ohiffiees of

fibres.

M echanism of Function of Chaperone/Usher Machinery

N-ter minal periplasmic domain of the usher protein binds chaper one-subunit complex.
Nishiyamaet al. (2003) identified N-terminal periplasmic domain of FimD usher protein
(FimDy) comprising the N-terminal 139 residues of mature FimD. Purified Riogber domain
is @ monomeric, soluble protein that specifically recognizes complexesdneliveC chaperone
and individual Type 1 pilus subunits, but does not bind the isolated FimC chaperone, or isolated
subunits. In addition, Fimpusher domain retains the ability of FimD usher protein to recognize
different chaperone-subunit complexes with different affinities, and hasgheshiaffinity
towards the chaperone FimC—FimH adhesion complex. Overexpression of &gh& domain
in the periplasm of wild-typ€&. coli cells diminished incorporation of FimH adhesion at the tip
of Type 1 pili, while pilus assembly itself was not affected. Nishiyainah (2003) reported
nuclear magnetic resonance and Xegtein structures of the Fimpusher domain before and
after binding of &haperone FimC—Fim#pilin domain complex. Fimpusher domain consists
of a flexibleN-terminal segment of 24 residues (N-terminal "tail"), a structureslwadha novel
fold, and a C-terminal hinge segment (Fig. 11). Inténeary complex, residues 1-24 of FimD
usher domain specifically interaegith both FimC chaperone and the Figilin domain. The
structures of FimChaperone and Fimpilin domainin the ternary complex actosely similar
to those in the previously published chaperone FimC—FimH adhesion binary complex
(Choudhuryet al., 1999. The residues 1-24 of tiNeterminal tail, which are completely

unstructured in freEimDy usher domain, become ordered upon complex formation and
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specificallyinteract with both FimC chaperone and the bound Fipikh domain(Fig. 11,
Nishiyamaet al., 2005). The interactions formed by the N-termFiadDy usher domain tail
comprise 60% of the total interface ared #604% between FimR (1-125) usher domain and
the chaperone FimC—Finphbilin domaincomplex.The other 40% of the contact area is
contributed by théolded core FimR (25—-125) usher domain, which exhibits a complementary
surface to FIimC chaperone. The N-terminal tail 1-24 of ijm&her domain thus serves as a
sensothat selectively detects loaded FIimC chaperone molecules. As thaheibisly Fim@y
usher domain region that forms contacts with the chaperone-bound subunit, it may be
exclusively responsible for tltkscrimination of the different chaperone FimC—subunit
complexes byhe assembly platform (Saulimbal., 1998). FimD usher protein bindsdiferent
chaperone FimC—subunit complexes with different affinitidgch is a key element for correct
initiation of pilus assemblgnd for the correct ordering of the subunit incorporationthmgqilus
(Saulinoet al., 1998; Nishiyamat al., 2003). In thease of the chaperone FimC—-FimH adhesion
complex, which is bound by FimD usher proteith highest affinity (Saulin@t al., 1998),
additional contacteetween the FimH lectin domain and other FimD usher regiausl

contribute to binding, as FimD usher protein has been shokedagnize the isolated FimH
lectin domain (Barnhast al., 2003), which is not bound by Fimusher domain (Nishiyamet

al., 2003).The X-ray structure of the Fim{¥1-125) usher domain—FimC chaperone—FRimH
pilin domaincomplex thus predicts that the common element ahtieeactions of FimR usher
domain with the four different chaperone FimC—subcmoiplexes is the contact area between
the NterminalFimC chaperone domain and the structured Fjrff3—125) usher domain.
Nishiyamaet al. (2005) assumed that this contact area alone is, however, rseitheaent for
binding of chaperone FimC—subunit complexes to RyjraBher domain, nor for stable binding of
the free chaperone the assembly platform (Saulimbal., 1998; Nishiyamat al., 2003). The

fact that FimC chaperone alone is not bound by FimD wsisimres that FimC chaperone is
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released to the periplasm for anotresaction cycle as soon as the bound subunit dissociates from
the ternary complex and is delivered to the translocatoe.

Twinned-pore model of the translocation machinery functioning. The Type 1 pilus tip
complex was analyzed by cryo-electrone microscopy (Frozizts 2008; Remaudt al., 2008).
The available structural and biochemical data on the purified Type 1 tip complex@hd Pa
firmly establish the outer membrane ushers function as dimers organized in twineethpbris
the functional unit for chaperone/usher pilus biogenesist@li, 2004; So & Thanassi, 2006).
The dimer interface in the 3D crystals is formed by the flat side of theykilraped-barrel,
encompassing stranf$1-$20 (residues 397-573; Fig. 10). The 3D cryo-electron microscopy
reconstruction reveals translocation of the polymerized subunits occurs asialigetnd
through only a single pore (usher 1; Fig. e usher mediates the translocation of folded,
polymerized protein units across the outer membrane (8galer2002; Remautt al., 2006;
Vetschet al., 2006). The width of the PapC translocation pore (inner diametev&o@ﬁ)
corresponds well with the passage of P pilus subunits in an upright orientation, alomgtine le
of the polymer (P pilus subunit dimensions ard 830Ax254, 57Ax32Ax23A and
60Ax27Ax22A for PapE (Protein Data Bank accession number 1N12), PapK (Protein Data Bank
accession number 1PDK), and PapA (Protein Data Bank accession number 2UY6)yedgpect
(Saueret al., 1999, 2002; Vergeat al., 2007).

I ntegrated model for fiber assembly at the outer membrane molecular usher protein. Based
on the cryo-electron microscopy data, Renshat. (2008) proposed a mechanism where the
two ushers in the twin pores cooperate in pilus polymerization by alternataltirey new
chaperone-subunit complexes through their N-terminal domains (Fig. 2). Thismsecha
provides a rationale for the known requirement of a dimeric usher complex: one usher provides
the secretion channel, but two ushers are needed for successive rounds of subunit binding and
fiber assembly. The structural information presented and the available bioahbaukground

can be combined into an integrated model for subunit recruitment, subunit polyroeriaatl
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fiber translocation during pilus biogenesis at the outer membrane usher (Fig. &juthare of
the Fim(Dx2):C:F:G:H tip complex captures the fiber assembly protesd~anH, FimG, and
FimF have assembled into a pilus tip. In this complex, the last incorporated cleapabomit
complex (FImC:F) is bound to the N-terminal domain of usher pore 1. In the model, the next
subunit to be incorporated into the fiber is recruited to the twinned pores through thardterm
domain of usher 2 (step 1; Fig. 2). The N-terminal domain of the usher resides inplesperi
tethered by a 20-residue flexible linker to the translocation pore. This spageebéhe usher
translocation pore and its N-terminal domain allows reorientation of thercima@ggubunit
complex to a position where the N-terminal donor strand Gd of the newly recruitedtssiluni
proximity with the pilin domain of the previously recruited chaperone-subunit cor(ipbexd

to usher 1). This strand exchange reaction results in the release of the chapeardhe fr
previously recruited chaperone-subunit complex and its dissociation from thenidetiedomain
of usher 1 (the usher lacks any detectable affinity for the chaperone wharcootplex with

the adhesin or a pilus subunit [Dodssal., 1993; Nishiyamat al., 2003; Saulinat al., 1998])
(step 3; Fig. 2). Upon release of the chaperone, the subunit can now enter the tragglooati
of usher 1 and the N-terminal domain of usher 1 is free to bind a new chaperone-subunit
complex from the periplasmic pool and bring it within proximity of the previouslyiteck
chaperone-subunit complex for donor strand exchange (steps 4 and 5; Fig. 2). In this way,
iterations of the alternating recruitments of new chaperone-subunit compteaitfger usher’s
N-terminal domain, followed by donor strand exchange with the previously assemnlgit s
allow the stepwise polymerization and translocation of the pilus fiber (steps & &ig. 2).

The model for chaperone/usher pilus assembly presented above incorporatesableavail
biochemical data into the new structural framework. It does, however, lack thieQsveninal
domain. Earlier studies in the P pilus system showed that the C-terminal durRaipC is
involved in the activation of the usher (So and Thanassi, 2006). From studies in type 1 pili, it is

known that FimH recruitment triggers a conformational change in the usher defquires
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activation (Saulin@t al., 1998). This activation step depends on the presence of the FimH
adhesin domain (Munegt al., 2007). Remaudt al. (2008) proposed that, in its inactive state,

the C-terminal domain (not shown in Fig. 2) is positioned at least partially undeapi@or

©CoO~NOUTA,WNPE

FimD channel and is in contact with th&-6 hairpin and plug domain. This is consistent with

12 cryo-electron microscopy data showing that in the absence of the C-termirahdtme

14 electron density within the channel is weakereflal., 2004). When the chaperone-adhesive

16 subunit complex is recruited to the usher via the usher’s N-terminal domain, a padatitenal

19 interaction between the adhesive subunit and the usher’'s C-terminal domainayay rel

21 conformational change to the plug domain and3&€ hairpin and result in opening of the
channel. Such an interaction has been observed between the PapC C-terminal domain and the
26 PapD:G chaperone-adhesive subunit complex (So & Thanassi, 2006). As the FimD:tigxcompl
28 captures a later stage of pilus biogenesis, a stage at which the twinned pahesadyeactivated
and the C-terminal domains may no longer be involved, it is not surprising that theiQate

33 domains should not be seen. The C-terminal domains may lay idle, possibly tethered to a long
35 linker (as for the N-terminal domain). However, further functional and stalatuark is needed

38 to elucidate the role of the usher C-terminal domain and the mechanism of chéingel ga

42 FUNCTIONS OF ADHESIVE ORGANELLESASSEMBLED WITH

45 CHAPERONE/USHER MACHINERY

Binding of Bacterial Adhesive Organellesto Host Cell Receptorsand Serum Proteins

54 Binding of polyadhesinsto host cell receptorsand serum proteins. Afa/Dr polyadhesins.
Dr, F1845 (DaaE), NFA-1, and AfaE-IIl adhesins allow binding to thbivod-group antigen
59 presented on the CD55/decay-accelerating factor (DAF), a complemerattoegaind signaling

molecule (Nowickiet al., 1988). Under physiological conditions, CD55/DAF plays a central role
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in preventing the amplification of the complement cascade on host cell suFajtse al.,
1987; Lublin & Atkinson, 1989). CD55/DAF interacts directly with membrane-bound C3b or
C4b and prevents the subsequent uptake of C2 and factor B.

Human CD55/DAF is a cell-associated protein wibhof 55,000 to 70,000, depending on its
glycosylation level. Membrane-bound CD55/DAF is attached to the cell surfanbraree by a
glycosylphosphatidylinositol anchor (Casisl., 1987; Davitzt al., 1986), attached to a serine-
threonine-proline-rich region followed by four repeating domains (Caatrall, 1988; Rey-
Campost al., 1988). They are currently named complement control protein repeat (CCP)
domains, originally known as short consensus repeats (Le Bouguénec & Servin, 2006; Se
2005). Removal of CCP-1 has no effect on CD55/DAF function, but individual deletion of CCP-
2 and CCP-3 or CCP-4 totally abolished it (Brodbetcd., 1996; Coynet al., 1992). Afa/Dr
adhesins recognize CCP-3 on CD55/DAF (Nowatlal., 1993). Indeed, a single point
substitution in CCP-3 (Serl55 to Leu) causes complete abolition of adhesin binding to
CD55/DAF (Nowickiet al., 1993). Dr adhesin-binding and complement-regulating epitopes of
CD55/DAF appear to be distinct and are approximately 20A apart (ldaabn2002). The
amino acids Gly159, Tyr160, and Leul62 also aid in binding adhesin Dr, while residues Phe123
and Phel48 at the interface of CCP-2 and CCP-3, and also Phel54 in CCP-3 cavity, are
important in complement regulation.

An atomic resolution model for functions of AfaE-Ill adhesin reveals the pivaabf CCP-
2 and CCP-3 in binding of adhesins onto CD55/DAF (Andeesah, 2004a). Simultaneously
the residues of AfaE-Ill adhesin involved in CD55/DAF binding were localized 9ig
Andersonet al., 2004a). Like DraE, AfaE-Ill binds to CCP-2 and CCP-3, but CCP-3 contributes
most to the free energy of binding. The binding regions for Afak-lll and the eamept

pathway convertases lie in close proximity to each others on CD55/DAF-.

Binding of adhesin Dr to CD55/DAF is inhibited by chloramphenicol, whereas binding of

AfaE-lll is unaffected (Nowicket al., 1988; Westerlunet al., 1989). This was used for
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localization of DraE adhesive site. 3-D structure of strand-swappest of wild-type DraE in
complex with chloramphenicol was solved. NM&a supported the binding position of
chloramphenicol withithe crystal (Andersost al., 2004b; Pettigrewt al., 2004).
Chloramphenicol binds to a surface pocket between the N-terminal portion of strand B and C
terminal portion of strand E and lies within the recently identified CD55/DABHbg site (Fig.
9; Andersoret al., 2004a). Recently Pettigresvval. (2009) reported X-ray structures of DraE
bound to two chloramphenicol derivatives: chloramphenicol succinate (CLS) and
bromamphenicol (BRM). The CLS structure demonstrates that acylation ehifardyl group
of CLM with succinyl does not significantly perturb the mode of binding while thigl BR
structure implies that the binding pocket is able to accommodate bulkier substdnehe N-
acyl group. It is concluded that modifications of the 3-hydroxyl group would gereegaitent
haemagglutinin Dr inhibitor that would not cause the toxic side effects thatsa@aasd with
the normal bacteriostatic activity of CLM. Korotkosiaal. (2006b) solved the 3D structure of
DaakE at resolution 1.48 A. Trimers of the protein were found in the crystal, asshathéease
for other adhesins Dr. Naturally occurring variants and directed mutationsh lidae been
generated and analyzed for their ability to bind CD55/DAF. Mapping of the putates onto
the DaaE molecular structure shows that several of them contribute to a consigdaas that
is likely the primary CD55/DAF binding site (Fig. 9).

Dr, F1845 (DaaE), and AfaE-Ill adhesins interacts also with carcinoembrgntigen
(CEA)-related cellular adhesion molecules, CEACAM1, CEACAMS5, and CEACABABderet
al., 2004). This recognition is followed by activation of CEACAMS-associated Isigriay
pathogens triggering the cellular events. CEACAM1, CEACAMS5, and CEACAMG6 belohg to t
immunoglobulin superfamily of adhesion molecules (Grunert & Kuroki, 1998; Hanmorarst
1999; Obrink, 1997; Thompsahal., 1991). They share a conserved N-terminal
immunoglobulin variable-like domain that is followed by 3, 6 and 2 immunoglobulin constant-

like domains, respectively. CEACAML is inserted into the cellular membran@-terminal

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 38 of 157

transmembrane and cytoplasmic domains, whereas CEACAMS5 and CEACAMG6 have a
glycosylphosphatidylinositol anchor. CEACAMS family generally functiassntercellular
adhesion molecules (Benchinalal., 1989), and could play a role in innate immunity (Fahlgren
et al., 2003). CEACAML1 has been shown to be expressed in leukocytes, including granulocytes,
activated T cells, B cells, and natural killer cells (Grunert & Kuroki, 1998). ©&M1 acts as a
novel class of immunoreceptor tyrosine-based inhibition motif-bearing regutatdegules on

T cells that are active during the early phases of the immune response iBemchkiolet al.,
1989; Fahlgremt al., 2003; Kammereet al., 1998, 2001; Nakajimet al., 2002). The
intracytoplasmic domain, which contains two immunoreceptor tyrosine-based onitiditif-

like domains, is required for activation of a fraction of T cellsamina propria that express
CEACAML1 by IL-7 and IL-15, indicating that CEACAM1 amplifies T-celligation and thus
could facilitate cross talk between epithelial cells and T lymphocyté® imtestinal immune
response (Dondet al., 2002). The particular role of CEACAM1 Neisseria pathogenicity has
been documentedl. gonorrhoeae evades host immunity by switching off T lymphocytes
(Bradbury, 2002). IMN. gonorrhoeae, the Opg, protein is able to bind CEACAM1 expressed by
primary CD4 T lymphocytes and to suppress their activation and proliferation after the Opa
gonococcal protein associates with the tyrosine phosphatases SHP-1 and SHRTh dihe
CEACAML1 (Boulton & Gray-Owen, 2002; Chenal., 2001). Rougeauet al. (2008) found

that, as Opa, the adhesin Dr induces the Tyr-phosphorylation of ITIM and ITSM and the
recruitment of Shp-2. The recent review by Nouvion & Beauchemin (2009) summarizgademul
functions of CEACAML. It was shown that this multifunctional protein plays a role in
intercellular adhesion, as an inhibitor of tumor development, as a bacterial adhesia,aa
receptor for the mouse hepatitis virus. Moreover, CEACAML1 is an active regafatell
signaling, modulating the insulin or EGF receptor pathways in epithelialccdhe Zap-70
pathway in hematopoietic cells. The recent development of genetically moddiesermodels

altering theCeacaml gene corroborates most of these data, but also highlights CEACAML1's
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functional complexity. Thus, in addition to the functions identified previously, CEACAM# is
important regulator of lipid metabolism, of tumor progression as a regulator \Wfrthsignaling
pathway, of normal and tumor neo-angiogenesis and of immunity (Nouvion & Beaachemi
2009).

Random mutagenesis with functional analysis and chemical shift mappinglRysNow a
clear-cut CEACAMS binding site located primarily in the A, B, E and Dhdsaf adhesin Dr
subunit (Fig. 9; Korotkovat al., 2006a). This site is located opposite to irgheet
encompassing the previously determined binding-site for CD55/DAF, which intipdiethe
polyadhesin Dr can bind simultaneously to both receptors on the epithelial celestéaently,
the structure of the CEA/Dr adhesin complex was proposed based on NMR spectarstopy
mutagenesis data in combination with biochemical characterization (Koratkalva2008). The
Dr adhesin/CEA interface overlaps appreciably with the region responsil@é& for
dimerization. Binding kinetics, mutational analysis and spectroscopic examiohiCEA
dimers suggest that adhesins Dr can dissociate CEA dimers prior to the binding of monome
forms (Korotkoveet al., 2008).

Hemagglutinin Dr is unique in Afa/Dr adhesin family since it bisgecifically to the 7S
domain (tetramer) of the basement membrane protein type \yeaollthat is inhibited by the
presence of chloramphenicol (Nowic&i al., 1988; Westerlundet al., 1989; Westerlund &
Korhonen, 1993). Site-directed mutagenesis has been used to show thatielyegarged
amino acid is required at position 54 of adhesive subunit Dr to cahieramphenicol
sensitivity of binding and that mutations at positions 32, 40, 54, 90, and 113diff@vent
effects on type IV collagen binding and the chloramphenicol sengit¥ibinding (Carnoy &
Moseley, 1997). In particular, replacement of a single amirmb atcposition 113 of the DraE
subunit results in loss of type IV collagen binding. Moreover, the ¢denserved Cys of the
Afa/Dr family structural subunits form a disulfide bond, and mutatiointhese residues abolish

both hemagglutination and binding to type IV collagen. Together witlorfdmtin, laminin,
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tenascin, and heparin sulfate proteoglycans, type IV collaganc@nmponent of the basement
membrane, which is involved in complex interactions at the epithe#aknthymal interface. In
particular, type IV collagen interacts with integrins expegsat the basal domain of polarized
cells (Beaulieu, 1999), to form a link between the basement meenlanrash epithelial cells
(Louvard et al., 1992). However, during inflammation, deregulated expression of membrane-
bound molecules that are normally segregated in the basolateraindofrpolarized intestinal
cells occurs, and it is possible that in this context typedlagen binding may contribute to the
pathogenic action of Afa/Dr adhesins (Selvarangaah., 2004; Servin2005).

pH6 antigen. It was found that pH6 antigen %f pestis is a novel bacterial IgG-binding
receptor (Zav'yalowt al., 1996). A pseudo-immune complex with human IgG1, 1gG2 and IgG3
was formed. No binding to human IgG4, rabbit, mouse and sheep IgG was found. Antigen pH6
binds human IgG1 Fc subunit and does not bind Fab and pFc' subunits. This finding may be
explained by pH6 antigen binding ftd-linked galactosyl residue (Payeteal., 1998) in a
carbohydrate moiety of human IgG1, IgG2 and IgG3 that is linkegi2cd@mains of their Fc
subunit (Deisenhofer, 1981).

Binding of purified recombinant pH6 antigen to gangliotetraosylceramide,
gangliotriaosylceramide, and lactosylceramide was indicated by gmedmked
immunosorbent assay (Payeteal., 1998). The binding was saturable, with 50% of maximal
binding occurring at 498, 390, and 196 nM, respectively. Ifiaotli cells that expressed pH6
antigen had specificity similar to purified pH6 antigerYopestis on a thin-layer
chromatography, except that nonhydroxylated galactosylceramidalseaound. The binding
pattern indicates that the presenc@ biinked galactosyl residue in glycosphingolipids is the
minimum determinant required for binding of pH6 antigen.

Purified pH6 antigen selectively binds to apolipoprotein B-containing lipoproteins (low
density lipoproteins) in human plasma (Makoveicbuéd., 2003). Low density lipoproteins at

normal physiological concentration in human blood (equal to 185@l1) nearly abolish the
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interaction of purified pH6 antigen with macrophages. This process could prevemtitieooaf
a pathogen by the host immune defense system (Makovesthuk2003). Such immune
masking might be important for the ability of the pathogen to cause the dise&sw¢Mhuket
al., 2003).

Liu et al. (2006) found by flow cytometry that individudl pestiscells can express the
capsular F1 antigen concomitantly with pH6 antigen (Psa) on their surfacamdigred. To
better evaluate the separatfects of F1 and Psa on the adhesive and invasive projpdrties
pestis, isogenicAcaf (F1 genes)Apsa, andAcaf Apsa mutantsvere constructed and studied with
the three respiratory tragpithelial cells. Thé\psa mutant bound significantly lessaé three
epithelial cells compared to the parental wild-tgprain and thecaf andAcaf Apsa mutants,
indicating that pH6 antigen acts as an adhesin for respiratory tract ipitkeés. Ananti-
adhesive effect of F1 antigen was clearly detectable only ebence of pH6 antigen,
underlining the dominance of the PgdlenotypeBoth F1 and pH6 antigens inhibited the
intracellular uptake oY. pestis. Thus, F1 inhibits bacterial uptake by inhibiting bacterial
adhesiorto epithelial cells, whereas pH6 antigen seems to block bacterial lyytakeracting
with a host receptor which controls the direct internalizafibe Acaf Apsa double mutant
bound and invaded all three epithetiall types well, indicating to the presence of undefined
adhesin(sand invasin(s).

It was found that pH6 antigen (Psa) fimbriae mediate bacterial binding to huweataal
epithelial cells (Galvaet al., 2006). The pH6 fimbriae bound mostly to one component present
in the total lipid extract from type Il alveolar epithelial cells A549. Remeof pH6 antigen was
identified as phosphatidylcholine with thin-layer chromatography, molybdenium binmgta
and pH6 antigen overlays. The pH6 antigen fimbriae bound to phosphatidylcholine in a dose-
dependent manner while the binding was inhibited with phosphorylcholine and choline. Antigen
pH6 also bound to pulmonary surfactant, which covers the alveolar surface as a progect of t

Il alveolar epithelial cells and includes phosphatidylcholine as the majgrarwnt. The
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observed dose-dependent interaction of pH6 antigen with pulmonary surfactant was bjyocked b
phosphorylcholine. Interestingly, surfactant did not inhibit pH6 antigen-mediateztibact

binding to alveolar cells, suggesting that both surfactant and cell membrapéatichdcholine
retain pH6 antigen -fimbriated bacteria on the alveolar surface. Altog#taersults indicate

that pH6 antigen uses the phosphorylcholine moiety of phosphatidylcholine as a receptor t

mediate bacterial binding to pulmonary surfactant and alveolar epithelial cells

F1 antigen. It was found that human ILBlspecifically binds to a protein céf operon,
expressed on the surface of recombitardoli strain (Zav'yalowet al., 1995a). The binding was
specifically inhibited by the CaflM—-Cafl complex but not by the free CaflM obaper
Partially purified CaflA also demonstrated binding with humanfL3he contradiction
between the results can be explained by a presence of an admixture of CaflLb+@pliex in
CaflA sample. Indeed, it has been demonstrated that chaperone-subunit complexifging-pur
in complex with usher protein (Nishiyansgal., 2005). A surprise is the absence of k-1
binding with the fragments of F1 antigen that are scattering into culturaarif@aen & Elberg,
1977). This implies that only short non-aggregated F1 fibers, expressed duringytistaggd of

cultivation/infection, possess the II3-binding activity.

Binding of monoadhesinsto host cell receptorsand serum host proteins. FGSchaperone-
assembled mono-adhesive fimbriae or pili are cell-surface fibers thattpagpecialized
bacterial lectin, or adhesin subunit, away from the bacterial surface, to redohspécific
glycan receptors on the host cell (De Gretva., 2007). Mono-adhesive fimbriae/pili can also
mediate interbacterial interactions, thereby facilitating biofilnmfation (De Grevet al., 2007).
Monoadhesins are important virulence factors that exploit the diversity andllyinlimited
combinatorial potential of their carbohydrate receptors to ensure selediVimetuned
pathogen-host interactions (De Greval., 2007). In recent years, it was shown that mono-

adhesive fimbriae/pili allow bacterial pathogens to colonize, multiply, diss¢e and, in some
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cases, persist for weeks to months within their animal hosts (Bbaley 2005). Among these
invasive bacteria, there are strains of uropathodersoli which were previously characterized
as strictly extracellular microbes but have been now shown to behave as opportunist
intracellular pathogens. Worldwide, uropathogdhicoli account for the majority of urinary
tract infections, including both cystitis (bladder infection) and pyelonephkitia€y infection)
(Foxman & Brown, 2003). These infections are exceedingly common in femalesgdidje
11% of women each year (Foxmetral., 2000).

FimH adhesin. Uropathogeni. coli typically expresses filamentous adhesive organelles,
called Type 1 pili, which mediate both bacterial attachment to and invasion of blaolthedial
cells. Type 1 pili or fimbriae possess a lectin-like component, FimH that isioaiy thought to
cause binding to mannose-containing oligosaccharides of host receptors. Sinmmaifhigge
1 fimbriated organisms are inhibited by mannose, the reactions are descmha&chase
sensitive.

Sokurenkcet al. (1992) studied the adhesion of the Type 1 fimbriated CSH-50 str&in of
coli (which expresses only Type 1 fimbriae) to fibronectin (ENxoli CSH-50 does not bind
detectable amounts of soluble FN but adheres well to immobilized plasma cardeNulThis
adhesion was inhibited by mannose-containing saccharides. By using purifiechslofrfaN, it
was found thak. coil CSH-50 adheres primarily to the N-terminal and gelatin-binding domains,
only one of which is glycosylated, in mannose sensitive (MS) way. Binding of theose
specific lectin concanavalin A to FN and ovalbumin was eliminated or reduced;tresiyeby
incubation with periodate or endoglycosidase. Adhesidh ofli CSH-50 to ovalbumin was
reduced by these treatments, but adhesion to FN was unaftectell. CSH-50 also adheres in
an MS way to a synthetic peptide copying a portion of the amino-terminal FN ddhespl).
Purified CSH-50 fimbriae bound to immobilized FN and FNspl in an MS way and inhibited
adhesion of intact organisms. However, fimbriae purified from HB101(pPKL4), a recantbi

strain harboring the entire Typ&m gene locus and expressing functional Type 1 fimbriae,
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neither bound to FN or FNspl, nor inhibitEdcoil adhesion to immobilized FN or FNspl. These
findings suggest that there are two forms of Type 1 MS fimbriae. One fdnmite>only the
well-known MS lectin-like activity that requires mannose-containingapyoteins. The other
form exhibits not only the MS lectin-like activity but also binds to nonglycosylatgidns of
proteins in an MS manner. Sokurerdt@l. (1994) provided evidence that this functional
heterogeneity is due to variations in thraH genes. They also investigated functional
heterogeneity among clinical isolates and whether variatibmih genes accounts for
differences in receptor specificity. Twelve isolates obtained from humae were tested for
their ability to adhere to mannan, fibronectin, periodate-treated fibronectin,symthatic
peptide copying 30 amino-terminal residues of fibronectin. CSH-50 and HB101 (pR¥dra)
tested for comparison. Selected isolates were also tested for adhesion éd fragiments
spanning the entire fibronectin molecule. Three distinct functional classegnated M, MF,
and MFP, were observed. ThenH genes were amplified by PCR from chromosomal DNA
obtained from representative strains and expressefinm strain (AAEC191A) transformed
with a recombinant plasmid containing the entinegene cluster but with a translational stop-
linker inserted into thémH gene (pPKL114). CloneiiimH genes conferred on AAEC191A
(pPKL114) receptor specificities mimicking those of the parent strains fiaohwhefimH
genes were obtained, demonstrating that the FimH subunits are responsibléuioctibaal
heterogeneity. RepresentativesH genes were sequenced, and the deduced amino acid
sequences were compared with the previously published FimH sequence. Allaltsvari
exhibiting >98% homology and encoding proteins differing by as little as a&sngho acid
substitution confer distinct adhesive phenotypes. This unexpected adhesiveydnigngitthe
FimH family broadens the scope of potential receptors for enterobaeidnesion and may lead
to a fundamental change in the understanding of the role(s) that Type 1 fimbgig®day in

enterobacterial ecology or pathogenesis.
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% To further study the relationship between allelic variation ofithEl gene and adhesive

g properties of Type 1 fimbriae, Sokurenttal. (1995) cloned thémH genes from five strains

? and used to complement the FimH deletioi&.igoli KB18. The parental and recombinant

§0 strains showed a wide quantitative range in the ability of bacteria toeathienmobilized

g mannan. The differences in adhesion are due to differences in the levels datfonlor relative
ﬁ, levels of incorporation of FimH, because these parameters were similaradtesion and

15

i? high-adhesion strains. The nucleotide sequence for eachfoithgenes was determined.

ig Analysis of deduced FimH sequences showed two sequence homology groups, based on the
gz presence of Asn70 and Ser78 or Ser70 and Asn78 residues. The consensus sequences for eact
gi group conferred very low adhesion activity, and this low-adhesion phenotype predominated
32 among a group of 43 fecal isolates. Strains isolated from different host mdhesurinary tract,
gé expressed Type 1 fimbriae which conferred an increased level of adhesion.ultsestegest

32 that the quantitative variations in MS adhesion are primarily due to structdeaéddes in the

gg FimH adhesin.

34

gg The differences in MS adhesion amond:otoli isolates makes possible that phenotypic
g; variants of FimH play a functional role in population dynamics. Sokureindo (1997)

33 analyzed in more detail the ability of isogenic, recombinant straiBsaofi expressindimH

41

jé genes of the predominant fecal and urinary tract infection (UTI) phenotypekdmeao

j;‘ glycoproteins and to uroepithelial cells. Type 1 fimbriae differ in their giidirecognize

%Z various mannosides by utilizing at least two different mechanisms. All Fubtihgs studied to
‘518 date are capable of mediating adhesion via trimannosyl residues, but only caritants are

2; capable of mediating high levels of adhesion via monomannosyl residues. The abilgy of

gz FimH lectins to interact with monomannosyl residues strongly correlatiesheir ability to

g? mediateE. coli adhesion to uroepithelial cells. It would be possible for certain phenotypic

gg variants of Type 1 fimbriae to contribute more than others to virulen€ecofi in the urinary

60
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tract. Sokurenket al. (1998) showed that genetic variation in FimH lectin of Type 1 fimbriae,
can change the tropism Bf coli, shifting it toward the urovirulent phenotype.

Random point mutations finmH genes that increase binding of an adhesin to mono-mannose
residues, structures abundant in the oligosaccharide moieties of urothekgdrgtgins, confer
increased virulence. These mutant FimH variants, however, owe increaségigettsssoluble
inhibitors bathing the oropharyngeal mucosa, the physiological pofalcofi. This functional
trade-off seems to be detrimental for the intestinal ecology of the urovikileoli. Thus,
bacterial virulence can be increased by random functional mutations in a oeatitnait that are
adaptive for a pathologic environment, even at the cost of reduced physioldgesd fn the
nonpathologic habitat. Schemiatial. (2000) used random mutagenesis to specifically identify
nonselective mutations in the FimH adhesin which modify its binding phenotype. Is&genic
coli clones expressing FimH variants were tested for their ability to birel gells and model
glycoproteins which contain oligosaccharide moieties rich in either termwmadmannose,
oligomannose, or nonmannose residues. Type 1 fimbriae were altered for amino d&ds in t
FimH protein. The monomannose-binding phenotype was particularly sensitivectatiges,
with extensive differences in binding being observed in comparison to wild-type [Eirals.
Different structural alterations caused similar functional changesiH,Fsuggesting to a high
degree of flexibility to target recognition by this adhesin. Alteration efluesPro49 of the
carbohydrate-binding pocket of FimH, completely abolished its function. Amidachanges
which increased the binding capacity of FimH were located outside recefg@eting residues,
indicating that functional changes relevant to pathogenicity are likely dod&
conformational changes of the adhesin.

Weissmaret al. (2006) analysed the variability HmA andfimH in strains ofE. coli O1:K1-,
02:K1- and O18:K1 serotypes. Multiple locus sequence typing (MLST) of this groe@led
that the strains are identical at eight housekeeping loci around the genome agdd#ien

ST95 complex. Multiple highly diverdemA alleles have been introduced into the ST95 clonal
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complex via horizontal transfer, at a frequency comparable to that of gemesgldfe major O-
and H-antigens. However, no further significant FimA diversification occureegaint

mutation after the transfers. In contrast, whiteH alleles also move horizontally (along with
thefimA loci), they acquire point amino acid replacements at a higher rate than either
housekeeping genesfomA. These FimH mutations enhance binding to monomannose receptors
and bacterial tropism for human vaginal epithelium. A similar pattern of ragihvatonal
structural evolution of the adhesive, but not pilin, subunit is also seen, respectipalyGiand
papA alleles of the di-galactose-specific P-fimbriae. Thus, while strucpudtalerse pilin
subunits ofE. coli fimbriae are under selective pressure for frequent horizontal transferdret
clones, the adhesive subunits of extraintes-finabli are under strong positive selection (Dn/
Ds > 1 forfimH andpapG) for functionally adaptive amino acid replacements. Thoghak
(2002) showed that bacterial attachment to target cells switches from loose tpdn a 10-
fold increase when a shear stress is applied. Steered molecular dynamiasSans of tertiary
structure of the FimH receptor binding domain and subsequent site-directed resimgardies
indicate that shear-enhancement of the FimH-receptor interactions inegteesion of the
interdomain linker chain under mechanical force. The ability of FimH toifumes a force
sensor provides a molecular mechanism for discrimination between surfaxsedyxand soluble
receptor molecules. Thomeisal. (2004) demonstrated that raising the shear stress (within the
physiologically relevant range) increased accumulation of Type 1 fimihtaieteria on
monomannose surfaces by up to two orders of magnitude, and reducing the shezausteess
them to detach. In contrast, bacterial binding to anti-FimH antibody-coafedesishowed
essentially the opposite behaviour, detaching when the shear stress waesdndiiease results
can be explained if FimH is force-activated; that is, that FimH medcateh-bonds' with
mannose that are strengthened by tensile mechanical force. As a resdh@mnannose-coated
surfaces, bacteria displayed a complex 'stick-and-roll' adhesion in whicletitetotroll over

the surface at low shear but increasingly halted to stick firmly as #ae slas increased.
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Mutations in FimH that were predicted earlier to increase or decraaseifidluced
conformational changes in FimH were furthermore shown to increase orsietitegrobability
that bacteria exhibited the stationary versus the rolling mode of adhesisrstidk-and-roll’
adhesion could allow Type 1 fimbriated bacteria to move along mannosylated surfaces under
relatively low flow conditions and to accumulate preferentially in high sleggons.

Nilssonet al. (2008) described two distinctively different conformations of the mannose-
bound FimH binding site. Force-induced dissociation was slowed when the mannose ridg rotate
such that additional force-bearing hydrogen bonds formed with the base of the Rt bi
pocket. The lifetime of the complex was further significantly enhanced ioyfyigg this base.

It was shown how even sub-A spatial alterations of the hydrogen bonding pattémthétbase
can lead to significantly decreased bond lifetimes (Nilgsah, 2008). Pereverzest al. (2005)
developed a physical model that explains how the ligand escapes the receptor dmdiag si
two alternative routes, a catch-pathway that is opposed by the applied forcsligrobdhway
that is promoted by force. The model predicts under what conditions and at whail forite
the catch-to-slip transition would be observed, as well as the degree to which thiéehomel i
enhanced at the critical force. Nilssaral. (2006) discovered that when surface adhesion is
mediated by catch bonds, whose bond life increases with increased applied forcgtystea
may dramatically increase the ability of bacteria to withstand detatthgesoluble competitive
inhibitors. This shear stress-induced protection against inhibitor-mediatetrdetsovas
shown for the fimbrial FimH-mannose-mediated surface adhesiéncofi. Shear stress-
enhanced reduction of bacterial detachment has major physiological and thernagdigations
and needs to be considered when developing and screening drugs.

Nilssonet al. (2006) showed that the oligosaccharide-specific interaction of FimH with
trimannose (3M), lacks a shear threshold for binding, since the number of bacie s ter
static conditions stronger than under any flow. However, similar to 1M, the bindangtstrof

surface-interacting bacteria is enhanced by shear. Bacteriaectiangrolling into firm
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% stationary surface adhesion as the shear increases. The shear-enhardatithading on 3M

g Is mediated by catch bond properties of the 1M-binding subsite within the extended

? oligosaccharide-binding pocket of FimH, since structural mutations in theveutatce-

§0 responsive region and in the binding site affect 1M- and 3M-specific binding in arcadenti
g manner. A shear-dependent conversion of the adhesion mode is also exhibited byaetiibr
ﬁ, coli adhering to digalactose surfaces.

15

i? Andersonet al. (2007) compared levels of surface colonizatiorEbgoli strains that differ in
ig the strength of adhesion as a result of flow conditions or point mutations in FimHsHAhegd
gz that the weak rolling mode of surface adhesion allows a more rapid spreadinggiavitiy on a
;i surface in the presence of fluid flow. An attempt to inhibit the adhesion of strongheatihe

32 bacteria by blocking mannose receptors with a soluble inhibitor actuallasscte¢he rate of

gé surface colonization by allowing the bacteria to roll. This work suggests)thatddvantage of
32 a weak adhesion is a rapid surface colonization and (ii) antiadhesive theramdsadinto

gé prevent biofilm formation can have unintended effect of enhancing the rate afesurfa

%% colonization.

g; Nilssonet al. (2007) showed that removal of the cysteine bond in the mannose-binding
23 domain of FimH did not affect FimH-mannose binding under static or low shear conditions (< 0
41

fé = 0.2 dyne crif). However, the adhesion level was substantially decreased under incteiased f
j;‘ flow. Under intermediate shear (2 dynes®gnthe ON-rate of bacterial attachment was

%z significantly decreased for disulphide-free mutants. Molecular dynammgations

‘518 demonstrated that the lower ON-rate of cysteine bond-free FimH could be dstatuildation
2; of the mannose-free binding pocket of FimH. In contrast, mutant and wild-type FidhH ha
gz similar conformation when bound to mannose, explaining their similar binding $titengt

g? mannose under intermediate shear. The stabilizing effect of mannose on disulphidevfiee
gg was also confirmed by protection of the FimH from thermal and chemical irtamtiva the

60

presence of mannose. However, this stabilizing effect could not protect thetynmégimH
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structure under high shear (> 20 dynes crif)gwhere lack of the disulphide significantly
increased adhesion OFF-rates. Thus, the cysteine bonds in bacterial adhedibe edabpted to
enable bacteria to bind target surfaces under increased shear conditions.

Yakovenkoet al. (2008) applied force to single isolated FimH bonds with an atomic force
microscope in order to test this directly. If force was loaded slowly, most bbtids broke up
at low force (<60 pN of rupture force). However, when force was loaded rapidly, all bonds
survived until much higher force (140-180 pN of rupture force), behavior that indicates to
catch bond. Structural mutations or pretreatment with a monoclonal antibody both of which
allosterically stabilize a high affinity conformation of FimH causdahds to survive until high
forces regardless of the rate at which force is applied. Pretreatnfa@nttéfoonds with
intermediate force has the same strengthening effect on the bonds. This date®tisat FimH
forms catch bonds and that tensile force induces an allosteric switch to thé&ihigh strong
binding conformation of the adhesin. The catch bond behavior of FimH, the amount of force
needed to regulate FimH, and the allosteric mechanism, all provide insight into Henabac
bind and form biofilms in fluid flow. Additionally, these observations may provide asnea
designing antiadhesive mechanisms.

Thomaset al. (2008) reviewed experimental data and biophysical theory to analyze why
mechanical force prolongs the lifetime of these bonds rather than shortenstitme lify pulling
the ligand out of the binding pocket. Although many mathematical models can expdain ca
bonds, experiments using structural variants have been more helpful in determiniragdiow c
bonds work. The underlying mechanism has been worked out so far only for the bacterial
adhesive protein FimH. This protein forms catch bonds because it is alldistacti&ated when
mechanical force pulls an inhibitory domain away from the ligand-binding domain. Ottler ca
bond-forming proteins, including blood cell adhesion proteins called selectins and the motor
protein myosin, show evidence of allosteric regulation between two domains, buaiigem

unclear if this is related to their catch bond behavior.

ScholarOne Support 1-434/817-2040 ext 167



Page 51 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

FimH adhesin consists of a fimbria-associated pilin domain and a mannose-bintimgrlec
adhesin domain, with the binding pocket positioned opposite the interdomain interface (Fig. 9;
Choudhuryet al., 1999). By using the yeast two-hybrid system, purified lectin and pilin domains,
and docking simulations, it was showed that the FimH domains interact with one another
(Aprikian et al., 2007). The affinity for mannose is greatly enhanced (up to 300-fold) in FimH
variants in which the interdomain interaction is disrupted by structural mutatietser the
pilin or lectin domains. Also, affinity to mannose is dramatically enhanced ateslllectin
domains or in FimH complexed with the chaperone molecule that is wedged between the
domains. Furthermore, FimH with native structure mediates weak binding at lanssiess but
shifts to strong binding at high shear, whereas FimH with disrupted interdomaints¢atdabe
isolated lectin domain) mediates strong binding to mannose-coated surfateméeelow
shear. Interactions between lectin and pilin domains decrease the affitngyraannose-binding
pocket via an allosteric mechanism (Choudhatrgl., 1999). Mechanical force at high shear
separates the two domains, allowing the lectin domain to switch from a lowyatifirsithigh
affinity state. This shift provides a mechanism for FimH-mediated shwd@nced adhesion by
enabling the adhesin to form catch bond-like interactions that are longer lived arst t
force. FimH lectin domain possesses a ligand-induced binding site - a typestdrathlly
regulated epitopes characterized in integrins (Tchesnakt@la 2008). Analogous to integrins,
in FimH the ligand-induced binding site epitope becomes exposed in the presencegahthe |
(or 'activating' mutations) and is located far from the ligand-binding $iie to the interdomain
interface. Also, the antibody binding to the ligand-induced binding site shifts adiwesithe
low- to high-affinity state. Binding of streptavidin to the biotinylated residliflein the ligand-
induced binding site also locks FimH in the high-affinity state, suggestinghthatlosteric
perturbations in FimH are sustained by the interdomain wedging. In the presantibadies,
the strength of bacterial adhesion to mannose is increased similar to thedralysarved under

shear force, suggesting the same allosteric mechanism - a shift iretide@mnéin configuration.
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Thus, an integrin-like allosteric link between the binding pocket and the interdomain
conformation can serve as the basis for the catch bond property of FimH and, possiiigt of
adhesive proteins. Pereverztal. (2009) found that the Type 1 fimbrial adhesive protein
(FimH)/mannose bond is governed by the interface between the lectin and pilin domains of
FimH. Catch-binding occurs in these systems when the external force sttsiemneceptor
proteins and increases the interdomain distance. The proposed model accuraiblysdibsc
experimentally observed anomalous behavior of the lifetimes of the FimH/neacomplexes

as a function of applied force and provides valuable insights into the mechanisnhef catc
binding.

Recently Pereverzes al. (2009) reviewed the proposed model that demonstrates the
allosteric role of the two-domain region of the receptor protein in the incretetedds of
biological receptor/ligand bonds subjected to an external force. Interactoeenethe domains
is represented by a bounded potential, containing two minima corresponding to thel attathe
separated conformations of the two protein domains. The dissociative potential wglea s
minimum, describing receptor/ligand binding, fluctuates between deep and stiaitosy
depending on whether the domains are attached or separated. A number of valugiide anal
expressions are derived and are used to interpret experimental data foictwioocals.

Using overlay assays with FimH, the purified type 1 pilus adhesin, and mass soggtros
B1 anda3 integrins were identified as key host receptors for uropathoBeoati (Etoet al.,
2007). FimH recognizes N-linked oligosaccharides on these receptors, whigprassed
throughout the urothelium. In a bladder cell culture syspdnanda3 integrin receptors co-
localize with invading type 1—piliated bacteria and F-actin. FimH-mediatedrlzenvasion of
host bladder cells is inhibited I3 anda3 integrin—specific antibodies and by disruption of the
B1 integrin gene in the GD25 fibroblast cell line. Phosphorylation site mutatitims Wie
cytoplasmic tail of31 integrin alter integrin signaling. They also variably affect uropathodenic

coli entry into host cells, by either attenuating or boosting invasion frequenties &£, 2007).
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Furthermore, focal adhesion and Src family kinases, which propagate intekeid-$ignalling
and downstream cytoskeletal rearrangements, are shown to be required fetdpartdent
bacterial invasion of target host cells. Cumulatively, these results iedrzfl anda3
integrins are functionally important receptors for type 1 pili—expressioggbum within the
urinary tract and possibly at other sites within the hosté&ah, 2007).

GP2 is the major membrane protein present in the pancreatic zymogen granule, and is
cleaved and released into the pancreatic duct along with exocrine secigtiefignction of
GP2 is unknown. GP2'’s closest homologue is uromodulin, a protein expressed by the kidney tha
shows 52% identity and 67% conservation in amino acid sequence. Uromodulin is secreted into
the urine and bindg. coli with Type 1 fimbriae. A role in host defense has been proposed in
which uromodulin serves as a molecular decoy that prevents bacteria from bindinga&iayopl
the host receptor in uroepithelia (Mbal., 2004; Palet al., 2001). In addition, two independent
laboratories (Mat al., 2004; Palet al., 2001) have produced uromodutiall mice that showed
increase sensitivity to urinary tract infections. Yu S & Lowe (2009) exahwiether GP2 also
shares similar binding properties to bacteria with Type 1 fimbria. Conahand pathogenic
bacteria, includingt. coli andSalmonella, express type 1 fimbridn in vitro binding assay was
used to assay the binding of recombinant GP2 to defined strdinsalf that differ in their
expression of Type 1 fimbria or its subunit protein, FimH. Studies were also pedféom
determine whether GP2 binding is dependent on the presence of mannose residues, which is a
known determinant for FimH binding. It was demonstrated@Rr2 bind<. coli which
expresses Type 1 fimbria. Binding is dependent on GP2 glycosylation, and sfigcliie
presence of mannose residues. Thus, GP2 binds to Type 1 fimbria, a bacterial adhssin that
commonly expressed by members of Bméer obacteriacae family.

PapG adhesin. The most extensively studied adhesin, and also the first virulence-associated
factor identified for uropathogente coli is P fimbria (Lane & Mobley, 2007), encoded by the

pap (pyelonephritis-associated pili) genes. P fimbria are prevalent anrangsof
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uropathogeni. coli causing pyelonephritis4 and are characterized by their mannosentesista
adherence to Gal(al-4)Galb moieties present in the globoseries of membrahgidgyon
human erythrocytes of the P blood group and on uroepithelial cells (Johnson, 199% dbnes
1996; Leffler & Svanborg-Edén, 1980, 1981). Three major and well-studied classg&of
alleles exist, which encode the molecular variants of adhesin PapGlgd-HJlakEach PapG
variant is known to have a distinct isoreceptor specificity, which in turn resulteliecahost
tissue tropism. PapGll, which is clinically associated with acute pyethoitis in humans, binds
preferentially globoside, or GbO4, the predominant glycolipid isoreceptor of thentkidmey.

Both the solution structure of the PapGll adhesin domain and the crystal struchee of t
PapGll receptor bound to GbO4 as well as the unbound form of the adhesin have been
determined using NMR and the multiwavelength anomalous dispersion phasing meth8d (Fig
Dodsonet al., 2001; Sungt al., 2001).

F17G/GafD adhesin. Bacterial adhesion to intestinal surfatesnportant for successful
colonization, an@ number of fimbrial adhesins expressing differageptor-binding
specificities and serological propertles/e been detected on enterotoxigénicoli from
differenthosts (Nataro & Kaper, 1998 he G fimbria is most closely related to thE/c
fimbriae that are common on bovisepticemic and diarrhea-associdedoli (Saarelat al.,
1995 andthey occur in humakg. coli infections as wellLe Bouguénec & Bertin, 1999The G
fimbriaebind to the terminal N-acetyl-D-glucosamif@@cNAcCc) residues of glycoproteins at calf
intestinalbrush borders as well as mammalian basemenibrangSaarelat al., 1996; Sanchez
et al., 1993) The latter is thought to potentidtanslocation of the enterotoxigeritccoli into
circulation.G fimbrial binding to GIcNAc receptors msediated by the 321 amino acid residue
GafD lectinsubunit(Saarelat al., 1995 present mainly at the G-fimbrial t{@aarela, 1999The
structure of the ligand-binding domain, GafD1-178, has been determined at 1.7A resolution in
the presence of the receptor sugar N-acetyl-D-glucosamine (Fig. 9; Vietrake2003). As in

N-terminal adhesin PapG and FimH domains the overall fold of GafD1-178lsael jelly-
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roll fold. The ligand-binding site was identified and localized to the side of thecuie.
Receptor binding is mediated by side-chain as well main-chain interactiodS-Asn44,

Serl16-Thrll17 form the sugar acetamide specificity pocket, while Asp88 cagifedsinding

©CoO~NOUTA,WNPE

and Trpl109 appears to position the ligand. There is a disulfide bond that rigidifiesttdreidee

12 specificity pocket.

14 MrkD adhesin. Li et al. (2009) expressed B coli and purified to homogeneity the

16 recombinant adhesin MrkD &F. pneumoniae. The adhesive activity of MrkD was examined and
19 the binding site was studied with the laser confocal microscopy. The adhénatyt atkK.

21 pneumoniae was significantly inhibited by MrkD showing that MrkD putative adhesin contains

adhesion epitopes.

28 Anti-lmmune and Pro-Inflammatory Activities of Adhesive Organelles

33 Features of anti-immune and pro-inflammatory activities of poly- and mono-adhesive

35 organelles. In contrast to mono-adhesive pili, which possess only one binding domain on the tip
38 of pilus (Fig. 12a), each poly-adhesive fiber potentially might (Fig. 12b):

40 (1) Ensure a powerful polyvalent fastening of a bacterial pathogen to a lyestdalt (Galvaret
42 al., 2006);

45 (2) Aggregate host cell receptors and trigger transduction of signals causigosuppressive
47 and pro-inflammatory responses (Galefal., 2006; Sharmat al., 2005a,b; Sodhet al., 2004);
(3) Pull a bacterium to a host cell by a zipper-like mechanism that incregiseess of the

52 contact.

54 It was directly demonstrated that Psa fimbriae (pH6 antigew) pstis are functioning as
polyadhesins (Galvaet al., 2006). The Psa fimbriae bound to phosphatidylcholine in a dose-
59 dependent manner and binding was inhibited by phosphorylcholine and choline. Binding

inhibition was dose-dependent, although only high concentrations of phosphorylcholine
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completely blocked Psa binding to phosphatidylcholine. In contrast, less than 1 uM of a
phosphorylcholine-polylysine polymer inhibited specifically the adhesion ofiPdaidtedE.
coli to phosphatidylcholine, and type | (WI-26 VA4) and type Il alveolar epitheliksl. ce

A tight contact between interacting cells hampers diffusion &t i@ahe site of contact, and,
consequently, triggers Cadependent Type IlI secretion system (encoded by the pCD1
virulence plasmid) that destroys defense activity of the host cell (@Go&®Volf-Watz, 1997;
Viboud & Bliska, 2005). This is extremely important for the bacterial virulemcpaiticular,y.
pestis appears to utilize the Type Il secretion pathway to destroy cells nidia immune
functions (macrophages, dendritic cells and neutrophils) that represeinstthiad of defence,
thereby preventing adaptive responses and precipitating the fatal outconguef (Mearketoret
al., 2005). It was found that dendritic cells infected Witipestis failed to adhere to solid
surfaces and to migrate toward the chemokine CCL19, indtro transmembrane assay. Both
effects were dependent on presence of a pCD1 plasmid, and on bacterial growd33H(, t
prior to infection (Velaret al., 2006). Moreover, while instillation of a pCD1-curédoestis
strain into mice airways triggered effective transport of alveolar denciells to the mediastinal
lymph node, instillation o¥. pestis harboring the plasmid failed to do so. Taken together, these
results suggest that pCD1 virulence-plasmid dependent impairment of dendritiaycation is
the major mechanism utilized b pestis to subvert dendritic cell function.

Contribution of polyadhesinsto virulence and anti-immune activity of bacteria. The
most important structure-functional information by now was obtained for the Adaltiesins.

Nowicki et al. (1994) found gestational age-dependent distributida obli fimbriae in
pregnant patients with pyelonephritis. Later Hahdl. (1996) indicated that it is likely th&
coli associated with acute pyelonephritis during different trimesters afigmey represents non-
random closely related isolates, and some of these strains may be clstiactgregnant
patients only. Nowicket al. (1997) demonstrated that the rate of uterine infection in pregnant

rats was about 10-fold higher than in non-pregnant animals. It was proposed that infectious
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complications of pregnancy may be related to gestation-dependent sensitikigypiathogenic
microorganism and the host nitric oxide, NO, status. feaag (1999) with

immunofluorescence studies indicated that macrophages and natural kdiglocalled in the
endometrial layer clustering around epithelial cells, expressed tppetdin. They suggested

that localized increase in type Il NO synthase (NOS) expression and NO tayochaTurs in
response to intrauterine infection while the NO system may play a role ireBpsinse to

restrict the infection. Moreover, Faegal. (2001) demonstrated that intrauterimiection

induced an elevated expression of tumor necrosis factor (&hFpoth non-pregnant and
pregnantats. The sequential stimulation of N&&ression, especially the inducible isoform,
and generation afterine NO may be lacking during pregnancy despite of an elevated TNF-
after infection. Fangt al. (2001) indicated that NO synthesis respanag be maximal at
pregnancy, and infection may not further indtheeNO system. These studies, together with the
previous report (Fang al., 1999) suggest that intrauterine infection-induced lethality in
pregnant rats amplified with the inhibition of NO and that pregnancy is a state predisposed for
increased complications associateth intrauterine infection. The constitutively elevatgdrine
NO during pregnancy may help reduceriBk of infection-relatedomplications.

Kaul et al. (1999) reported that expression of CD55/DAF protein, recognized by adhesin Dr
of diffusially adheringkt. coli as the host tissue receptor, is increased during pregnancy.
Induction of pathogenesis is a cumulative process of the host-pathogen relptionsiving
specific host factors and virulence characteristics of the invading engaliaulet al. (1999)
developed an experimental model of chronic pyelonephritiskvithli bearing adhesin DE(
coli Drl) in non-pregnant lipopolysaccharide-hyporesponder C3H/HeJ mice. With thisthde
role of E. coli Drl was investigated on the outcome of pregnancy in C3H/HeJ mice. Groups of
pregnant mice were infected wih coli Drl or its isogenic mutant which does not bear the
adhesin DrE. coli Dr2) by urethral catheterization. Nearly 90% of pregnant mice infeated w

E. coli Drl delivered preterm (before 90% gestation) compared to 10% of mice infathde w
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coli Dr2 but none of the mice treated with phosphate-buffered saline (PBS). There was a
significant reduction in fetal birth weight in tie coli Drl-infected group compared to tke

coli Dr2- and PBS-treated groud® £ 0.003) (Kaulkt al., 1999). Goluszket al. (2001) used a
gentamycin protection assay to assess the ability of gestational pyelteegpblates ok. coli

to invade Hela cells. The ability to enter HelLa cells was strongly assdavith the presence of
dra gene clusters coding adhesins Dr. In contrast, the nonivasive isolates piattomi
expresse@apG, coding P fimbriae. Hast al. (2001) found significant increase of ampicillin
resistance among gestational pyelonephticoli and the association with tklea gene cluster
encoding colonization and invasive capacity.

It was found that the family of adhesins Dr, like Type 1 fimbriae, mediated rinaten-
dependent adherence to human neutrophils (PMNs) (Jokhalbn1995). Adherence to human
neutrophils was mannose sensitive for Type 1 fimbriae but mannose resistant foul{pr fa
adhesins. Chloramphenicol inhibited PMNs adherence for the hemagglutinin Dr witmtihe sa
potency as that with which it inhibited hemagglutination, but it was inactive agaiiét P
adherence and hemagglutination mediated by other members of the adhesidyDirfami
contrast to PMN adherence, mediated by type 1 fimbriae, the adherenceethbylitte
hemagglutinin Dr, did not lead to significantly increased bacterial killing. & tlata suggest that
family of adhesins Dr mediate a novel pattern of adherence to PMNs, probably dpyizewp
CD55/DAF, with minimal consequent bacterial killing.

Peifferet al. (1998) studied F-actin rearrangements in the host cells expessing CD55/DAF
protein as a result of attachmenttofcoli strain bearing adhesin Dr. Infection of INT407 cells
by the diffusely adhering straka coli C1845 (DAEC C1845) can provoke dramatic F-actin
rearrangements without cell entry. Clustering of phosphotyrosines was ahsemealing that
the DAEC C1845- CD55/DAF F interaction involves recruitment of signal transduction
molecules. DAEC C1845-induced F-actin rearrangements can be blocked dose depbydently

protein tyrosine kinase, phospholipase Cg, phosphatidylinositol 3-kinase, proteinjreame
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CaZ21 inhibitors. F-actin rearrangements and blocking by inhibitors were othsdtaeinfection

of the cells with twdE. coli recombinants carrying the plasmids containing the fimbrial adhesin
F1845 or the fimbrial hemagglutinin Dr, belonging to the same family of adhesuns,. DAEC

Dr family of pathogens promotes alterations in the intestinal cell cyttskeby piracy of the
CD55/DAF -GPI signal cascade without bacterial cell entry. LatéiePet al. (2000a) provided
evidence that infection of the polarized human intestinal cell line Caco-2/TGialyyG1845 is
followed by an increase in the paracellular permeability#d]-fnannitol without a decrease of
the transepithelial resistance of the monolayers. Alterations in the distniloditight-junction-
associated occludin and ZO-1 protein were observed, whereas the distribution of the zonula
adherens-associated E-cadherin was not affected. Using the recorib@nstrains HB101-
(pSSS1) and - (pSSS1C) expressing the F1845 fimbrial adhesin, it was demorisdtates t
adhesin- CD55/DAF interaction is not sufficient for the induction of structural antidoat
tight-junction lesions (Peiffeat al., 2000). Moreover, using the actin filament-stabilizing agent
Jasplakinolide, Peiffeat al., 2000 demonstrated that the C1845-induced functional alterations in
tight-junctions are independent of the C1845-induced apical cytoskeleton rearratsydrne
results indicated that pathogenic factor(s) other than F1845 adhesin may be opefaiiirin A
DAEC C1845. Infection of human intestinal Caco-2/TC7 cells by the Afa/CEDAtrains

C1845 and IH11128 causes clustering of CD55/DAF around adhering bacteria (@uajnot
2000). Mapping of CD55/DAF epitopes involved in CD55/DAF clustering by Afa/Dr DAEC
was conducted with CD55/DAF deletion mutants expressed by stable transfecid®icells.
Deletion in the short consensus repeat 1 (SCR1) domain abolished Afa/Dr DAECdinduce
CD55/DAF clustering. In contrast, deletion in the SCR4 domain does not modiyrAA&EC-
induced CD55/DAF clustering. It was shown that the brush border-associated
glycosylphosphatidylinositol (GPI)-anchored protein CD66e/CEA (carcinoamiargantigen) is
recruited by the Afa/Dr DAEC strains C1845 and IH11128. This conclusion is based on the

observations that (i) infection of Caco-2/TC7 cells by Afa/Dr DAEC stngif@lowed by
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clustering of CD66e/CEA around adhering bacteria and (ii) Afa/Dr DAEdIhstbound
efficiently to stably transfected HelLa cells expressing CD66e/Ce&mnapanied by
CD66e/CEA clustering around adhering bacteria.

Inhibition assay with monoclonal antibodies directed against CD55/DAF SCR donmins, a
polyclonal anti- CD55/DAF and anti- CD66e/CEA antibodies demonstrate that CR5%
CD66e/CEA function as receptors for the C1845 and IH11128 bacteria. Moreover, using
structuraldraE gene mutants, Guignet al. (2000) found that a mutant in which cysteine
replaces aspartic acid at position 54 displayed conserved the binding capaateduof
induce CD55/DAF and CD66e/CEA clustering. Peitfieal. (2000b) further characterized cell
injuries following the interaction of wild-type Afa/Dr DAEC strains C1845 Hihti1 128
expressing fimbrial F1845 adhesin and hemagglutinin Dr, respectively, with pad|dtike
differentiated Caco-2/TC7 cells. In both cases, bacterium-cell intamagas followed by
rearrangement of the major brush border-associated cytoskeletal protetns FHén, and
fimbrin; proteins which play a pivotal role in brush border assembly. In contrastisin of
G-actin, actin-depolymerizing factor, and tubulin was not modified. Peiff#r (2000b) found
that a mutant in which cysteine replaces aspartic acid at position 54 conservediiting bi
capacity but failed to induce F-actin disassembly. Distribution of brush boraerzissl
functional proteins sucrase-isomaltase, dipeptidylpeptidase 1V, glueosparter SGLT1, and
fructose transporter GLUT5 was dramatically altered. In parallelasegsomaltase and
dipeptidylpeptidase IV enzyme activity decreased.

Selvarangamt al. (2004) constructed an isogenic mutant in the DraE adhesin subunit that
was unable to bind type IV collagen but retained binding to CD55/DAF and examined its
virulence in the mouse model. The collagen-binding mutant Dri113T was eliminatethiom
mouse renal tissues in 6 to 8 weeks, while the parent strain caused persistanfectioen
which lasted at least for 14 weeks. Trans-complementation with the intact oparestored

collagen-binding activity, interstitial tropism, and the ability to causdagters renal infection. It
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was concluded that type IV collagen binding mediated by DraE adhesin isal sti¢p for the
development of the infection in murine modeEotoli pyelonephritis.

Brestet al. (2004) found that infection of polymorphonuclear leukocytes by Afa/Dr DAEC
strains induced PMNL apoptosis characterized by morphological nuclear chandges, DN
fragmentation, caspase activation, and a high level of annexin V expression. PMNisepopt
depended on their agglutination, induced by Afa/Dr DAEC, and was still observed after
preincubation of PMNs with anti-CD55/DAF and/or anti-CD66e/CEA antibodies. ewveld of
phagocytosis of Afa/Dr DAEC strains were observed both in nontransmigrated and in
transmigrated polymorphonuclear leukocytes compared to that observed with theEam i
DH5a strain. Interaction of Afa/Dr DAEC with polymorphonuclear leukocytes magase the
bacterial virulence both by inducing apoptosis of polymorphonuclear leukocytegttaou
agglutination process and by diminishing their phagocytic capacity.

Wroblewska-Seniukt al. (2005) investigated the role of teaE andafaD genes in the
mortality of pregnant rats from intrauterine infection, usafaE and/orafaD mutants. The
highest maternal mortality was observed in the group infected witifaBé afaD™ strain,
followed by the group infected with tleéaE" afaD strain. TheafaE afaD double mutant did not
cause maternal mortality, even with the highest infection doseénMmneo studies corresponded
with the invasion assay, where thfaE" strains were the most invasivafdE" afaD strain >
afaE" afaD" strain), while theafaE mutant strainsafakE afaD* andafaE afaD strains) seemed to
be noninvasive. This study shows for the first time thaathE gene coding the AfaE subunit of
Dr/Afa adhesin is involved in the lethal outcome of gestational infection in ratslefhal effect
associated with AfaE correlates with the invasivenes$aff E. coli strainsin vitro.

Korotkovaet al. (2008b) demonstrated that CD55/DAF or CEACAM receptors
independently promote DraE mediated internalizatio. @bli by CHO cell transfectants
expressing these receptors. They also found that DraE-positive recombinanalzattiere to

and are internalized by primary human bladder epithelial cells which exppEssDAF and
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CEACAMSs. DraE-mediated bacterial internalization by bladder celfsim@bited by agents,
which disrupt lipid rafts, microtubules, and phosphatidylinositol 3-kinase (PI3Kjtgcti
Immunofluorescence confocal microscopic examination of epithelialdetisted considerable
caveolin,f1 integrin, phosphorylated ezrin, phosphorylated PI3K, and tubulin, but not F-actin,
by cell-associated bacteria. DraD subunit, previously implicated as asiimYVis not required
for 1 integrin recruitment or bacterial internalization. Guiggiat. (2009) also provided
evidence that AfaD or DraD putative invasin subunits do not participate in treesselitation
and-entry of bacteria, whereas DraE or AfaE-Ill adhesin subargtsiecessary and sufficient to
promote the receptor-mediatealcterial internalization into epithelial cells expressing
CD55/DAF,CEACAML1, CD66€e/CEA, or CEACAMG. They confirmed independently data of
Korotkovaet al. (2008b) that internalization of Dr fimbriae-positiZecoli within CHO-
CD55/DAF, -CEACAM1, - CD66€e/CEA, or -CEACAMG cells occtinsough microtubule- and
lipid rafts-dependent mechanism. Wild-type Dr fimbriae-positive bacenaved more than
within cells expressing CD55/DAF as compared Wdbteria internalized within CHO-
CEACAML1, - CD66€e/CEA, or -CEACAMSG6ells (Guignott al., 2009).

Korotkovaet al. (2007) supposed that immune escape is considered to be the driving force
behind structural variability of major antigens on sheface of bacterial pathogens, such as
fimbriae. Inthe family Dr ofE. coli adhesins, structurahd adhesive functions are carried out by
the same subunit. Adhesins Dr have been shown to bind CD55/DAF, collagen 1V, and
CEACAMSs. They showed that genes encoding adhesifio®r100E. coli strains form eight
structuralgroups with a high level of amino acid sequedigersity between them. However,
genes comprisingach group differ from each other by only a smathber of point mutations.
Out of 66 polymorphismislentified within the groups, only three were synonynmusations,
indicating strong positive selectidor amino acid replacements. Functional analysis of
intragroup variants comprising the haemagglutidir{DraE) group revealed that the point

mutations resuln distinctly different binding phenotypes, witheadency of increased affinity
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é to CD55/DAF, decreasesgnsitivity of CD55/DAF binding to inhibition by chloramphenicol,

g and loss of binding capability to collag€&@EACAM3 and CEACAMSG. Thus, variability by

? pointmutation of major antigenic proteins on the bactasualace can be a signature of selection
§0 for functionalmodification.

11

ié F1antigen. Y. pestisis the etiologic agent of bubonic and pneumonic plague, one of the most
E deadly diseases known to man (Chtral., 1997; Liet al., 2009; Perry & Fetherston, 1997;

g Smiley, 2008a, b). Electron micrographsyopestis demonstrate that Fintigen forming capsule
;g is maximally expressed at 37°C after 72 hours of cultivatiaitro (Chen & Elberg, 1977). The
gé expression of F1 antigen at 22°C is negligible (Chen & Elberg, 1977). Dbdrearly stages of
gg infection, when the F1 capsule is not yet formed, type Ill secretion systeecigl. pestis from

EZ phagocytosis (Cornelis & Wolf-Watz, 1997; Viboud & Bliska, 2005). This system dedoon

gg a virulence plasmid of 70 kb in size that is commoMW. feestis, Y. pseudotuberculosis, and Y.

2; enterocolitica. After 24-h of cultivatiorin vitro at 37°C,Y. pestis expresses enough large

gz capsule-like structure composed of aggregating F1 antigen (Chen & Elberg, Tl9 ¢ppsule

g? material is readily soluble and dissociates from the bacterium duarinigo cultivation.

23 Association of F1 antigen with virulence is evident from recent studies sirfee atiutants

%z were of low virulence to mice compared with the wild types (Wetkas., 2004). Similar to

ji other capsules or capsule-like antigens, F1 seems to be inuoblhedantiphagocytic activity

jg reported forY. pestis, but the contribution of F1 to this activity was not understood until recently.
% Y. pestis strain EV76 is highly resistatd uptake by J774 cells (Daial., 2002).Y. pestis strain

22 EV76 with an in-frame deletion of tloaflM genefails to express F1 polymer on the bacterial
gg surface. Thistrain had somewhat lowered ability to prevent uptake bycail&} Strain EV76C,
gg cured with the virulence plasmidsas much reduced in its ability to resist uptake. A strain

2; lackingboth the virulence plasmid ardf1M was almost totally phagocytosed (95%; é@al.,

23 2002). It was concluded that F1 and the type lll secretion system act in donoaieY. pestis

highly resistant to phagocytosis. Type Il secrefigstem ofY. pestis may function optimally
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only during early stages infection, when the contact-dependent delivdryop effector

proteins is the highest. Later on, when the surfadé pédstis iscovered with the F1 capsule, the
deliveryof Yop effector proteins may be lower. While the expressidfil capsule reduces the
number of bacteria that interacts witle macrophages, it does not influence on the general
phagocytic ability of 3774 cells (Dat al., 2002). This suggests that F1 capsule prevents uptake
by interferingat the level of receptor interaction in the phagocytosis process. Salhne

(2009) found that aaf - Y. pestis mutant was neither impaired in flea colonization nor in
virulence in mice after intradermal inoculation of cultured bacterisomtrast, absence of the

caf operon decreased bubonic plague incidence after fleabite. Successful devetfjptaante

in mice infected by fleabite with tteaf mutant required a higher number of infective bites per
challenge. In addition, the mutant displayed a highly autoaggregative phenotymeiadiiver
and spleen. The results suggest that acquisition aifdecus via horizontal transfer by an
ancestral. pestis increased transmissibility and the potential for epidemic spread. Sedilzhne
(2009) suggested a model in which atypizl " strains could emerge during climatic conditions
that favor a high flea burden. Human infection with such strains would not be diagnosed by the
standard clinical tests that detect F1 antibody or antigen, suggestingofeatomprehensive

surveillance for atypica¥. pestis strains in plague foci may be necessary.

Y. pestis survives and replicates in phagosomes of murine macrophagestis -containing
vacuoles (YCVs) acquire markers of late endosomes or lysosomes in naive ngesapiththat
this bacterium can survive in macrophages activated withylN autophagic process known
as xenophagy, which destroys pathogens in acidic autophagolysosomes, can occur in naive
macrophages and is upregulated in activated macrophages. Studies on mechénest ©f
survival in phagosomes of naive and activated macrophages were undertaken ioeldttdren
pathogen avoids or co-opts autophagy. Colocalization of the YCV with markers of
autophagosomes or acidic lysosomes and the pH of the YCV were determined bgopicros

imaging of infected macrophages (Pwgbél. 2009). Some YCVs contained double membranes
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characteristic of autophagosomes, as determined by electron micrdskcapgscence
microscopy showed that approximately 40% of YCVs colocalized with green fbenitgsrotein
(GFP)-LC3, a marker of autophagic membranes, and that YCVs failed to dmtbiy pH 7 in
naive macrophages. ReplicationYopestis in naive macrophages caused accumulation of LC3-
II, as determined by immunoblotting. While activation of infected macrophagesgsc LC3-II
accumulation, it decreased the percentage of GFP-LC3-positive YCVs (appatetyi 30%). A
viable count assay showed tiapestis survived equally well in macrophages proficient for
autophagy and macrophages rendered deficient for this process by Cre-me théitmd afe

ATG5, showing that this pathogen does not require autophagy for intracellular repli€atjol

et al. (2009) concluded that although YCVs can acquire an autophagic membrane and

accumulate LC3-II, the pathogen avoids xenophagy by preventing vacuole aawfificat

pH6 antigen. The pH6 antigen was first described more than 40 years ago anttiatg
identified as an antigen expressed only at pH bélaiv37°C (Ben-Efrainet al., 1961). The
electron micrographs of highly virulent phenotypeestis grown at 37°C, pH6, indicate the
expression both the F1 capsule and thin filaments of pH6 (PsaA) antigen on the macfacal
(Lindler & Tall, 1993). The pH6 antigen is essential for full virulenc¥.qdestis (Lindler et al.,
1991; Lindler & Tall, 1993). AA\psaA mutant had a significant dissemination defect after
subcutaneous infection but only slight attenuation by the pneumonic-disease modeghgdica
different roles of the pH6 antigen in bubonic and pneumonic plague (Cathelyn2006). The
expression of pH6 antigen adds to the antiphagocytic armament of the bacterium&Huang
Lindler, 2004).Y. pestis psaA isogenic strains do not show any significant difference in their
association with mouse macrophage cells. However, expresgisafodppeared to reduce
significantly phagocytosis of both pestis andE. coli by mouse macrophageB € 0.05).
Furthermore, complementation ggaA mutant ofY. pestis strains could completely restore the
bacterial resistance to phagocytosis. Fluorescence microscopy fagldiffierential labeling of

intracellular and extracellular portion ¥f pestis revealed that significantly lower numbers of
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psaA-expressing bacteria were located inside the macrophages. Enhanced phegocytos
resistance was specific for bacteria exprespgag\ and did not influence the ability of the
macrophages to engulf other bacteria. This showsrthmstis pH6 antigen does not enhance
adhesion to macrophages but rather promotes resistance to phagocytosis helprtgribeda
escape host immune defence mechanisms (Huang & Lindler, 2004). RecentlyoAretsain
(2009) generated by site-directed mutagenesis gisheperon and subsequent
complementation in trans two isogenic set¥.gdestis strains, composed of wild-type strains
231 and 1-1996, their non-polar pHénutants with deletions in thgsaA gene or the whole
operon, as well as strains with restored ability for temperature- and piHedepeynthesis of
adhesion fimbriae or constitutive production of pH6 antigen. It was shown that the loss of
synthesis or constitutive production of pH6 antigen did not influ&nhpestis virulence or the
average survival time of subcutaneously inoculated BALB/c naive mice or anmnnalsized
with this antigen.

SefD putative invasin. The translocation of the minor putative invasin SefD subunit is a
prerequisite for the export of the major structural SefA subunitsache outer membrane and
formation of the SEF14 fimbriae (Edwards, Matlock & Maloy, unptigiés observations); thus,
SefD is probably located at the tip of the fimbrial shaft (Ediset al., 2000). The LD50 values
for the wild-type strain and mutants lacking Seffe comparable, but both the oral and intra-
peritoneal virulence of mutants lacking SefD are greatly reflu¢eneans that major SEF14
subunit SefA is not required for the virulence ®fenteritidis, indicating that the tip of the
fimbrial structure composed of SefD subunits is probably suffid@nsuccessful interactions
with phagocytes (Edwards al., 2000). SefD may bind to a receptor on the macrophage surface
and alter the uptake & enteritidis into the phagocyte so th&t enteritidis can survive in the
intracellular environment.

Polyadhesin Ral. Hart et al. (2009) investigated the contribution of a fimbrial polyadhesin,

Ral, of rabbit-specific EPEC (REPEC) to host specificityifiiyoducing Ral into derivatives of
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human-specific EPEC (hEPEC) strain, E2348/69, in which expression &fmineal adhesin,
Bfp, had been interrupted. Although unable to cause diarrhoeal disead®its,rRal-bearing
hEPEC strains colonised rabbit intestine more efficiently ahowed altered intestinal
localisation when compared to an isogenic Ratfain. These findings suggest that Ral enhances
the initial interaction between &bfpA mutant of hEPEC and rabbit intestine and may influence
tissue specificity, but is not sufficient on its own to transform hEPEC into a paibigen.
Contribution of monoadhesinsto virulence. Type 1 fimbriae. Urinary tract infection is the
second most common infectious disease and is caused predominantipdoyl-fimbriated
uropathogenic. coli (UPEC). UPEC initiates infection by attaching to uroplakifP)lUa, its
urothelial surface receptor, via the FimH adhesins capping tted died of its fimbriae. UP Ia,
together with UP Ib, UP I, and UP llla, forms a 16-nm receptonpiex that is assembled into
hexagonally packed, two-dimensional crystals (urothelial plaquesgriog >90% of the
urothelial apical surface. Recent studies indicate that Fimkhdsinvasin of UPEC as its
attachment to the urothelial surface can induce cellular Isignavents including calcium
elevation and the phosphorylation of the UP Illa cytoplasmic teddihg to cytoskeletal
rearrangements and bacterial invasion. However, it remains unknow the binding of FimH
to the UP receptor triggers a signal that can be transmittedgtinrthe highly impermeable
urothelial apical membrane. Wang et al. (2009) showed by crytraiemicroscopy that FimH
binding to the extracellular domain of UP la induces global confione changes in the entire
UP receptor complex, including a coordinated movement of the tightly daditidinsmembrane
helices. This movement of the transmembrane helix bundles can aaeeesponding lateral
translocation of the UP cytoplasmic tails, which can be sufficte trigger downstream
signaling events. The results suggest a novel pathogen-induaeadmembrane signal
transduction mechanism that plays a key role in the initial stages o UvEsion and receptor-

mediated bacterial invasion in general.
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Enteropathogeni&. coli (EPEC) produce attaching/effacing (A/E) lesions on eukaryotic
cells mediated by the outer membrane adhesin intimin. EPECsudrgrouped into typical
(tEPEC) and atypical (aEPEC). aEPEC strain 1551-2 (serotypmrtypable, non-motile)
invades Hela cells by a process dependent on the expression oh istibitype omicron.
Yamamotoet al. (2009) showed that invasion of HeLa cells by aEPEC 1551-2 depends on actin
filaments, but not on microtubules. In addition, disruption of tight junctiornisamced its
invasion efficiency in T84 cells, suggesting preferential invasiarawnon-differentiated surface.
It was concluded that some aEPEC strains may invade intesgéhglin vitro with varying
efficiencies and independently of the intimin sub-type.

FimH, the mannose-specific, Type 1 fimbrial adhesinEofcoli, acquires amino acid
replacements adaptive in extraintestinal niches (the genitoyriret) but detrimental in the
main habitat (the large intestine). This microevolutionary dyosms reminiscent of an
ecological "source-sink" model of continuous species spread frotabée primary habitat
(source) into transient secondary niches (sink), with eventual gatinof the sink-evolved
populations. Chattopadhyast al. (2007) adapted two ecological analytical tools - diversity
indexes DS and alpha - to compare size and frequency distributifingHohaplotypes between
evolutionarily conserved FimH variants ("source" haplotypes) and Riartdnts with adaptive
mutations (putative "sink" haplotypes). Both indexes show two- to thiéencreased diversity
of the sink fimH haplotypes relative to the source haplotypesterpdhat ran opposite to those
seen with nonstructural fimbrial gendsmC andfiml) and housekeeping loadk andfumC) but
similar to that seen with another fimbrial adhesinEofcoli, papG-Il, also implicated in
extraintestinal infections. The increased diversity of the sink pbatihesin genes is due to the
increased richness of the number of unique haplotypes, rather thaextesit of similarity in
relative abundances. Taken together, this pattern supports a continwsgsreza and extinction
of the gene alleles adaptive to virulence sink habitaks ofli, rather than a one-time change in

the habitat conditions. Thus, ecological methods of species diversiygiaran be successfully
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adapted to characterize the emergence of microbial virulenbadterial pathogens subject to
source-sink dynamics.

The enteric bacteriurk. pneumoniae is an environmental organism that is also a frequent
cause of sepsis, urinary tract infection (UTI) and liver absdgge 1 fimbriae have been shown
to be critical for the ability oK. pneumoniae to cause UTI in a murine model. Stahlietial.
(2009) showed that thE. pneumoniae fimH gene is found in 90% of strains from various
environmental and clinical sources. TheH alleles exhibit relatively low nucleotide and
structural diversity, but are prone to frequent horizontal transfent®&veetween different
bacterial clones. Addition of thigemH locus to Multiple Locus Sequence Typing significantly
improved resolution of the clonal structure of pathogenic strainsidimg) the K1-encapsulated
liver isolates. In addition, th&. pneumoniae FimH protein is targeted by adaptive point
mutations, though not to the same extent as FimH from uropathdgesoti or TonB from the
sameK. pneumoniae strains. Such adaptive mutations include a single amino acidotieledim
the signal peptide that might affect the length of the fiahlbod by affecting FimH translocation
into the periplasm. Another FimH mutation (S62A) occurred in the course of endecoilation
of a nosocomial uropathogenic clonekofpneumoniae. This mutation is identical to one found
in a highly virulent uropathogenic strain Bf coli, suggesting that the FimH mutations are
pathoadaptive in nature. Considering the abundance of Type 1 fimbiftaenobacteriaceae,
the finding, presented by Stahlrafital. (2009), suggests thAtmH genes are subject to adaptive
microevolution substantiates and the importance of Type 1 fimbriaeateddadhesion iiK.
pneumoniae.

Long Polar Fimbriae.The Long Polar Fimbriae (Lpf) is one of few adhesive factors of
enterohemorrhagi&. coli O157:H7 associated with colonization of the intestike.coli
0O157:H7 strains possess twaf loci encoding highly regulated fimbrial structures. Database
analysis of the genes encoding the major fimbrial subunits dentedistrat they are present in

pathogenicE. coli (including commensal as well as intestinal and extra-in@spiathogenic.
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coli isolates), andsalmonella strains; and that thigpfAl andIpfA2 genes are highly prevalent
among LEE-positivé. coli strains associated with severe and/or epidemic disease (€@oates
2009). Further DNA sequence analysis of lihid1l andIpfA2 genes from different "Attaching
and Effacing"E. coli strains has led to the identification of several polymorphismstiaad
classification of the major fimbrial subunits in distinct variatiferreset al., 2009). Using
collections of pathogeniE. coli isolates from Europe and Latin America, Toreesl. (2009)
demonstrated that the differelpfA types are associated with the presence of specific intimin
(eae) adhesin variants, and most importantly, they are found ifisfeaoli pathotypes. Their
results showed that the use of these fimbrial genes as mankeosnbination with the different
intimin types, resulted in a specific test to idenkfycoli O157:H7 from other pathogeric coli
strains.

Induction of pro-inflammatory responses by polyadhesins. Afa/Dr polyadhesins. Afa/Dr
diffusely adheringe. coli strains in polarized monolayers of intestinal T84 cells, were able to
promote the basolateral secretion of IL-8 through the activation of the mitatjgated protein
kinases (MAP kinases), including ERK1/2, p38, and SAPK/JINK (stress-activateuh prote
kinase/c-Jun NH2-terminal kinases) kinases (Battas., 2003a). IL-8 induced in turn the
transmigration across the epithelial monolayer of polymorphonuclear leuk¢Bgteset al .,
2003a). The polymorphonuclear leukocytes transepithelial migration induced epgyatireesis
of TNF-a and IL-18, which in turn promoted the upregulation of DAF, increasing the adhesion
of Afa/Dr diffusely adherinde. coli bacteria (Betigt al., 2003b). Moreover, upregulation of the
inflammation-associated molecule, MICA, has been found in intestinal Caces 2ndetited by
AfaE-lll-positive bacteria, an effect mediated by the specific interabetween bacterial
adhesin and DAF (Tieng al., 2002).

Angiogenesis has been recently described as a novel component of inflammoatety
disease pathogenesis. The level of vascular endothelial growth factoehdsired increased in

Crohn’s disease and ulcerative colitis mucosa. To question whether a pro-inttagnigaoli
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% could regulate the expression of vascular endothelial growth factor in humamattegithelial

g cells, Canest al. (2007) examined the response of cultured human colonic T84 cells to infection
? by E. coli strain C1845 that belongs to the typical Afa/Dr diffusely adhegirgpli family

§0 (Afa/Dr DAEC). Vascular endothelial growth factor mRNA expression waséed by

g Northern blotting and g-PCR. VEGF protein levels were assayed by ELISA anoaitsivaty

ﬁ, was analysed in endothelial cells. The bacterial factor involved in vasculahelmmajrowth

%g factor induction was identified by recombin&htcoli expressing adhesin Dr, purified adhesin
ig Dr and lipopolysaccharide. The signaling pathway activated for the up-tiegudévascular

gz endothelial growth factor was identified by a blocking monoclonal anti-DAF antibodstevvie

gi blot analysis and specific pharmacological inhibitors. C1845 bacteria induced thetjonodd

32 vascular endothelial growth factor protein which is bioactive. Vascular legltdtgrowth factor

gé was induced by adhering C1845 in both a time- and bacteria concentration-dependent manne
32 This phenomenon was not cell line dependent since &ahe(2007) reproduced this

gé observation in intestinal LS174, Caco2/TC7 and INT407 cells. Up-regulation of vascular

gg endothelial growth factor production requires:

gg (1) The interaction of the bacterial F1845 adhesin with the brush border-associaté®@&B55
E? acting as a bacterial receptor;

jé (2) The activation of a Src protein kinase upstream of the activation of the Erk and Akhgigna
f{g pathways.

46

j; Results demonstrate that Afa/Dr diffusely adhefingoli strain induces an adhesin-

‘518 dependent activation of CD55/DAF signaling that leads to the upregulation ofil@ozascular

2; endothelial growth factor in cultured human intestinal cells. Thus, these resultstsautigke

gz between an enteroadherent, pro-inflammakbrgoli strain and angiogenesis which appeared
g? recently as a novel component of inflammatory bowel disease pathogenesis.

23 Diard et al. (2006) showed that fragments of polyadhesin Dr are released in response to
60

multiple environmental signals. Production and secretion of fragments of polyadmesie
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clearly regulated by temperature. Secretion of fragments of polyadhesimiastically

increased during anaerobic growth in minimal medium. The secretion wasahaliring the
logarithmic-phase growth and corresponded to 27 and 57% of total fimbriae Dr produced by
bacteria grown in mineral medium with glucose and LB broth, respectively. Codtreléase of
fragments of polyadhesin Dr, which are carried out in the absence of celtitalypears
independent of the action of proteases or process of maturation. The fragmentadtigmty Dr
secreted into environmental medium by diffusely adhdfingpli strains can provoke
unproductive pro-inflammatory responses like the fragments of F1 capsuézestaito cultural
media byyY. pestis (see below the chapter "F1 antigen").

F1 antigen. Fragments of recombinant F1 capsulé gbestis scattered into cultural media
activate mice peritoneal macrophagesitro (Sodhiet al., 2004). The fragments of F1 capsule
induce the production of pro-inflammatory cytokines, T&HL-1 and IL-6. The activation
suggests the involvement of NdB- and MAPK pathways (Sharnehal., 2005a, b; Sodtet al.,
2004). While IL-B and F1 stimulate macrophages to produce various pro-inflammatory
mediators via the same pathway (Kelal., 2005),Yersinia virulence factor YopJ, that is
essential for the death of infected macrophages, can block host pro-inflamreapmyses by
inhibiting both NFxB and MAPK pathways (Zhoet al., 2005). Lemaitret al. (2006)
confirmed that YopJ suppresses Tihkaduction and contributes to apoptosis of immune cells
in the lymph node but is not required for virulence in a rat model of bubonic plague.

Thus, during early stage of infection, the type Il secredymtem and short non-aggregated
F1 Ag act in concert: the former inhibits production of pro-inflammatory cytokineshardtter
inhibits binding of IL-PB to the host cell receptors. However, at the final stage of systemic
infection, fragments of F1 capsule from the disseminated bacteria can provoke umpequioet
inflammatory response contributing to a toxic shock and death of the host. Setdia(2006)
demonstrated that high NO levels induced during plague may also influence tlupoeyel

adaptive immune response and contribute to septic shock.
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Induction of pro-inflammatory responses by monoadhesins. P pili. Bergsteret al. (2005)
uncovered a molecular crosstalk between innate immune Toll-like receptor 4 bitetgabac

lipopolysaccharide signaling and P-fimbrial-mediated attachment, whiigoplysaccharide-

©CoO~NOUTA,WNPE

independent. Upon P-fimbrial attachment to its glycosphingolipid receptor, cersmalieased
12 from the lipid part of the receptor; in particular, it has recently been sh@atndramide acts as
14 an agonist of Toll-like receptor 4 and potentially acts as a signaling intetebdiaveen Toll-
16 like receptor 4 and the glycosphingolipid receptor (Fisehak., 2007). Activation of the Toll-
19 like receptor 4 receptor by P-fimbrial attachment subsequently leadspmthection of pro-

21 inflammatory cytokines and chemokines (interleukin-6 and CXCL8, respectaadly)
recruitment of neutrophils (Bergstenal., 2005). Although this proinflammatory response is
26 beneficial in initiating bacterial clearance, it also causes damalge sutrounding tissue and is
28 associated with renal complications. Since P fimbriae are implicatadgering inflammation,
it can be deduced that they may also contribute to the pathology and symptoms of acute

33 pyelonephritis.

38 FUNCTION-STRUCTURAL CLASSIFICATION OF ADHESIVE ORGANELLES

40 ASSEMBLED WITH CHAPERONE-USHER MACHINERY

45 In fact, the first classification of periplasmic chaperones and orgaasbesbled by them

47 was suggested by Zav'yalewal. (1995b). For this aim the 3D structure of the CaflM chaperone
was reconstructed by computer modeling, using a primary structure homologebedaflM

52 and PapD proteinand the atomic coordinates obtained by the X-ray crystallography for PapD
54 (Holmgren & Branden, 1989). In the 3D model of CaflM an accessory sequencerbEtaael

Gl B-strands (as compared to PapD) was recognized. The sequences of 17 periplasmi

59 chaperones known at that time were aligned and two families with spedcifituséd properties

were identified. It was found that the characteristic structural feafuhe family of periplasmic
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chaperones with the accessory sequence (CaflM family) is the existesmlgent exposed Cys
residues in Fl and @-strands which can form disulfide bond in the putative binding site for
organelle subunits. The specific functional property of CaflM family is thistasy in assembly
of nonfimbrial surface structures or thin fibrillae of a simple composition fileand pH6
antigens ofY. pestis consist of only one subunit) in comparison with the chaperones of PapD
family which assist in assembling of more complex thick fimbriae/pili, Peili are composed
of 7 different subinits).

Hunget al. (1996) studied 26 chaperones and defined proteins containing a relatively long
F1-G1 loop as the FGL chaperone family and proteins with a short F1-G1 loop as the FGS
chaperone family. Hungt al. (1996) also revealed that the FGL chaperone family assembles
nonfimbrial surface structures or thin fibrillae, composed of 1-2 subunits, while the FG
chaperone family assembles thick fimbriae/ pili, composed of up to 7 subunits.

Sequence comparison of 31 chaperones by the neighbor-joining method suggests that the
classical chaperone/usher superfamily can be divided into several cidesauding
members that apparently share a common ancestor that is not shared by aoigtineoytside
of the clade (Bonait al., 1997). This phylogenetic tree suggests that members of the FGL
chaperone family (i.e., MyfB, PsaB, CaflM, CS3-1, AggD, AfaB, Nfak, SefB, and)Ghat:

a common ancestor. However, this analysis also shows that the FGS chaperondyscenfati
be defined by a single node or branch on the phylogenetic tree, suggestinghbat fur
subdivision is needed to explicitly categorize the respective fimbriae imtesctan the basis of
common ancestry.

The next principal step in development of function/structural nomenclature of adhesive
fimbrial organelles, assembled with the classical chaperone/ushemergchvas the discovery
that FGL chaperone-assembled organelles possess polyadhesive functiooyZaealal 2007)
in distinction to FGS chaperone-assembled monoadhesive thick fimbriae/pili with oseradhe

domain on the tip of fibre.
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% Analysis of the currently available data suggests that the classagarame/usher

g machinery involves three distinct families and a few subfamilies of suebgquesed adhesive

? organelles, which have unique functional and structural properties (Table 2).

§0 The FGL chaperonassembled adhesive organelles represent linear polymers of one or in
g some cases two distinct types of protein subunits. The characteristie feftine organelles is

ﬁ, that each protein subunit in the fiber possesses two independent binding sites, whiebiface sp
ig to different receptors on cells of the host. Such architecture enables dibiergle establish

ig polyvalent contacts with receptors on the host cells. The FGL chaperonghkstpolyadhesins
gz may be subdivided into three subfamilies (Table 2):

gi (1) FGL chaperone-assembled polyadhesins-1-1 where the first numeral shoovgdhalles of
SZ this subfamily are homopolymers composed of only one subunit. The second numeral displays
gé that assembly of the organelles is assisted by one chaperone;

32 (2) FGL chaperone-assembled polyadhesins-(1+1)-1 where the numerals in pascinithieate

33 that organelles of this subfamily are heteropolymers composed of two distincttsigaaneted

gg via different pathways. One subunit is secreted with the classical chapstwrahachinery,

g; and another subunit is displayed on the tip of fibre with type Il secretion systemuifieeal

E? out the parentheses indicates that assembly of the organelles is assistatewitaperone;

fé (3) FGL chaperone-assembled polyadhesins-2-1 where the first numeral shioovgdhalles of
j;‘ this subfamily are heteropolymers composed of two distinct subunits both of whisecaeted

%z with the chaperone/usher machinery. The second numeral shows that assemblygainbiéesr
‘518 is assisted by one chaperone.

2; The majority of FGS chaperone-assembled adhesive fimbriae/pili are dim@soas, which

gz display only one adhesin domain on the tip of the pilus. The FGS chaperone-assembled

g? monoadhesins may be subdivided into six subfamilies (Table 2):

23 (1) The subfamily of FGS chaperone-assembled monoadhesins-2-1 collects tleadtyuct

60

simplest mono-adhesive organelles composed of two subunits one of which is structural and
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another contains adhesive domain exposed on the tip of pili. Assembly of the organelles i
assisted with one chaperone.
(2) The subfamily of FGS chaperone-assembled monoadhesins-3-1 includes the monve-adhesi
organelles composed of three subunits two of which are structural and one contaiive adhes
domain exposed on the tip of pili. Assembly of the organelles also is assisted with one
chaperone.
(3) The subfamily of FGS chaperone-assembled monoadhesins-3-3 also represeatswthe
adhesive organelles composed of three subunits two of which are structural and onéds speci
adhesin exposed on the tip of pili. However, assembly of these organellest&sldssitiree
distinct chaperones.
(4) The subfamily of FGS chaperone-assembled monoadhesins-4-1 collects the moive-adhes
organelles composed of four subunits three of which are structural and one containg adhes
domain exposed on the tip of pili. Assembly of the organelles is assisted with one chaperone
(5) The subfamily of FGS chaperone-assembled monoadhesins-5-1 represents the mono-
adhesive organelles composed of five subunits four of which are structural and one is
specialized adhesin exposed on the tip of pili. Assembly of the organellesisd®sth one
chaperone.
(6) The subfamily of FGS chaperone-assembled monoadhesins-7-1 is the most complex
subfamily of mono-adhesive organelles composed of seven subunits six of whichciueattru
and one is specialized adhesin exposed on the tip of pili. Assembly of the organskestesi a
by one chaperone.

The FGS chaperone-assembled thin flexible pili F4 (K88), F5 (K99) and LElacoli, PE
(plasmid-encoded) fimbriae & typhimurium, atypical fimbriae ACIAD ofAcinetobacter sp.
and ATF ofP. mirabilis, however are an exception, as they do not display specialized adhesive
domains on the tip of the pilus, but carry binding site on their main structural subunit (FaeH,

FanH and LdaH) or are composed of only one structural subunit that is functioning as an
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adhesin subunit (ACIAD122, AtfA and PefA). Such architecture enables a sivgjledi
establish polyvalent contacts with receptors on the host cells. Therefoed@getlois family as
FGS chaperone-assembled polyadhesins. These polyadhesins may be subdivided into fi
subfamilies (Table 2):

(1) The subfamily of FGS chaperone-assembled polyadhesins-1-1 collects tlzelpesjve
homopolymers. Assembly of the organelles is assisted by one chaperone;

(2) The subfamily of FGS chaperone-assembled polyadhesins-1-2 also repteseotyg-t
adhesive homopolymer. However, assembly of the fiber is assisted with twotdistinc
chaperones;

(3) The subfamily of FGS chaperone-assembled polyadhesins-3-1 includes thpdigteer
composed of three distinct subunits. The organelle carries binding site on its mauradtruc
subunit. Assembly of the polyadhesin is assisted by one chaperone;

(4) The subfamily of FGS chaperone-assembled polyadhesins-4-1 includes thpdigteer
composed of four distinct subunits. The organelle carries binding site on its matorsir
subunit. Assembly of the polyadhesin is assisted by one chaperone;

(5) The subfamily of FGS chaperone-assembled polyadhesins-5-1 includes tbhpdigteers
composed of five distinct subunits. The organelles carry binding site on their mafarstruc

subunit. Assembly of the polyadhesins is assisted with one chaperone.

PHYLOGENESISOF THE CLASSICAL CHAPERONE/ USHER GENE CLUSTERS

It is very interesting to compare the suggested function-structural ntaneamf adhesive
organelles, assembled with the classical chaperone/usher machinery, aphyilogenetic
classification.

Sequence comparison of chaperones (Betrdli., 1997) may not be ideally suited for

developing of a phylogenetic subdivision because some fimbrial operons encodeanaed
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chaperone, thus raising the question as to which protein should be used to assign tineerespec
operon to a phylogenetic group. Therefore comparison of usher sequences has been used t
derive phylogenetic trees of members of the chaperone/usher assesbiAdanthat al.,

2004; Yenet al., 2002). This approach has the advantage that the resulting definition of
phylogenetic groups is unambiguous, because all fimbrial operons belonging to the
chaperone/usher assembly class contain only a single usher gene. Acamiparison of 58
members of the fimbrial usher protein (FUP) superfamily distinguished li@rdus the basis

of common ancestry (Yest al., 2002) A revised phylogenetic tree of the FUP superfamily
constructed by comparing 189 proteins is shown in Fig. 13 (Nuccio & Baumler, 2007). The
phylogenetic analysis of 189 usher proteins suggests a classificatiofades,avhich is similar
but not identical to that proposed based on analysis of 58 usher proteiret &¥e2002).

Nuccio & Baumler (2007) proposed a nomenclature using Greek letters to refer tduativi
clades. Using a node-based definition, the FUP superfamily can be divided intusk, ¢
designated, B, v, «, n, ando-fimbriae, each stemming from a common ancestor represented by
a node in the phylogenetic tree (Fig. 13). THambrial clade is further subdivided into four
clades, termegll, y2, y3, andy4-fimbriae. Nuccio & Baumler (2007) assigned arbitradgil, v,

K, @, ando-fimbrial clade names to recall a particular characteristic oflHe®r a prominent
member as followsi-fimbriae, alternate chaperone/usher famiyimbriae, K88 (F4) fimbriae;
n-fimbriae, pyelonephritis-associated fimbriae (P fimbriae); &fichbriae, spore coat protein U
from Myxococcus xanthus. The- andy-fimbriae were assigned names alphabetically. This
subdivision of the FUP superfamily largely confirms the subdivisions proposedyr(¥iah et

al., 2002), but former FUP clusters 4 and 5 now form a single cj8d@{briae). The

subdivision of the chaperone/usher class into six FUP clades confirms that thetealter
chaperone/usher familyfimbriae) (Ananthaet al., 2004) contains operons that stem from a
common ancestor (Fig. 13; Nuccio & Baumler, 2007). The FGL chaperone assemblgafa

polyadhesins forms a monophyletic groyp-{imbriae) within the classical chaperone/usher
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% family (Hunget al., 1996; Zav'yalot al., 1995b). However, the FGS chaperone assembled
g family of adhesive organelles is composed of several cl@idegl(, y2-, y4-, k-, andr-fimbriae)

? that are not more closely related to each other than to the FGL chapemmbladsamily of

§0 polyadhesinsy3-fimbriae). The analysis also reveals the existence of a major FU#Ela

g fimbriae) that was represented only by two usher proteins in a previousis(ébset al.,

ﬁ, 2002) and whose members share limited or no sequence homology to members of the alternat
1

1% chaperone/usher family{fimbriae) or the classical chaperone/usher fanfityy-, k-, andn -

o fimbriae).

20

g; The utility of delineating the genealogy of gene clusters that encotadlradhesins lies in
;i its value for predicting their evolutionary relationship. For instance, generdwustthey3- and

SZ k-fimbrial clades, identified by Nuccio & Baumler (2007), encode exclusiwvEélL and FGS

gé chaperone assembled polyadhesins, respectively, while gene clusters lpeonigga-, y1-, y2-
32 , Y4-, andr-fimbrial clades exclusively encode monoadhesins. When the most common gene
33 clusters within each clade are placed at the end of each of the correspongohg$en the

gg FUP tree, an evolutionary scenario explaining the divergence of genesfustera common

gg precursor can be derived. The exact relationship between major clogteedHUP tree (Fig. 13;
E? Nuccio & Baumler, 2007) is currently not clear, since the nodes connec¢fing, «, n, ando-

fé fimbrial clades are supported by low bootstrapping values. However, the geresabiis- and

j;‘ n-fimbriae are related to each other, as both share a core structure composes ehgeding a
%z major subunit, an usher, and a chaperone. Furthermore, a close relationshipfwhbnme to

gg thex- and=n-fimbriae is indicated by the presence of a PFAM00419 domain exclusively in
2; subunits of gene clusters belonging to these three clades (Nuccio & B&200I€). These data
gz suggest that members of thex-, andr-fimbrial clades form a monophyletic group, which will
g? be referred to as than cluster from here on. Thean cluster and th@-fimbriae together

23 comprise the previously defined classical chaperone/usher superfamily.

60
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The FGL chaperone-assembled polyadhesins that correspgBydinabriae (Fig. 14; Nuccio
& Baumler, 2007) comprise the adhesive organelles, which consist of only one or two distinct
types of subunits and at low resolution typically have non-pilus, amorphous or capsule-like
morphology (Andersost al., 2004a,b; Hungt al., 1996; Korotkovaet al., 2006a,b, 2008; Lat
al., 2007; Pettigrevet al., 2004; Remaudt al., 2006; Saliket al., 2008; Soto & Hultgren, 1999;
Vergeret al., 2007; Westerlund-Wikstrom & Korhonen, 2005; Zaviagbal., 2003, 2005,
2007). Their notable property is that all subunits possess two independent bindingesifes s
to different host cell receptors. In particular, DraE/AfaE/DaaE subohite Dr/Afa
polyadhesins have two independent binding sites to CD55/DAF and CEACAMSs (Fig. 9;
Andersoret al., 20044, b; Korotkovat al., 2006a, b; 2008a; Pettigreaval., 2004). The PsaA
subunit of pH6 antigen binds pi-linked galactosyl residue of glycosphingolipids (Pastreg.,
1998) and to phosphorylcholine moiety of phosphatidylcholine (Gadvaln, 2006) as the host
cell receptors.

Thex-clade (Fig. 15; Nuccio & Baumler, 2007) comprises all subfamilies of the FGS
chaperone-assembled polyadhesins, in particular, the FGS chaperone-aspeighthesins-1-
1 (Pef pili), -3-1 (AF/R1 pili), -4-1 (K88 pili), and -5-1 (K99 pili, REPEC fimbriae, afwhlarial
adhesin, encoded by thecusfor diffuse adherencelda). Like the FGL polyadhesive fibers, the
FGS polyadhesins carry binding site on their main structural subunit (FaeH, rdrda) or
are composed of only one structural subunit that is functioning as an adhesin subunit
(ACIAD122 and PefA). In contrast to mono-adhesive pili, which possess only one binding
domain on the tip of pilus (Fig. 12a), each poly-adhesive fiber potentially mightl¢Hi
ensuring powerful polyvalent fastening of a bacterial pathogen to a hostaglid&alvanet al.,
2006), and aggregating host cell receptors by a zipper-like mechanism thext tiéggduction
of signals causing immunosuppressive and pro-inflammatory responses (&alvag006;

Sharmeet al., 2005a,b; Sodhet al., 2004).
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They2-clade (Fig. 14; Nuccio & Baumler, 2007), corresponds to the FGS chaperone-
assembled monoadhesins-3-3 which are representing the mono-adhesive organellesdooimpos
three subunits two of which are structural and one is specific adhesin exposedmpofthéit
Assembly of these organelles is assisted by three distinct chaperahesighlthe FasB, CswB
and FotB chaperones belong to the FGS family, they possess the same lengtil dbé{l-&5
the CssC1 and CssC2 chaperones of the FGL family (see Fig. 4).

Thevyl-clade (Fig. 14; Nuccio & Baumler, 2007) comprises some of the members of the FGS
chaperone-assembled monoadhesins-3-1, 4-1 and 5-1, however, the Ambient-temperature
fimbriae (Atf) of Pr. mirabilis related to the FGS chaperone-assembled polyadhesins-1-1, is the
exception. Like the most of FGL chaperone assembled polyadhesins, Atf @rabgia
polyadhesive homopolymers.

Thevy4-clade (Fig. 14; Nuccio & Baumler, 2007) includes some of the members of the FGS
chaperone-assembled monoadhesins-2-1, -3-1, 4-1 and 5-1.

Thern-clade (Fig. 15; Nuccio & Baumler, 2007) consists of some of the members of the FGS
chaperone-assembled monoadhesins-3-1, -4-1, -5-1, and -7-1.

The remarkable feature of tkeandn-gene clusters is the location of gene encoding
chaperone after gene encoding usher, while iy4tlasters gene encoding chaperone, precedes
gene for usher. This finding underlines more close phylogenetic relationstweehbe- andz-

clusters of genes than with thelusters.

APPLICATIONS OF ADHESIVE ORGANELLESASSEMBLED WITH

CHAPERONE/USHER MACHINERY

Applications of Polyadhesins
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Applications of polyadhesinsfor vaccine design. Anti-plague vaccines based on the
recombinant F1 antigen or on peptides from the F1 antigen. Y. pestis, the causative agent of
pneumonic plague, is a rapidly progressing and exceptionally virulent diseasevéa\ay Cleri
et al., 1997; Perry & Fetherston, 1997; Smiley, 2008a, b). Extensively antibiotic-resistans
of Y. pestis exist and a safe and effective pneumonic plague vaccine is currently alosgey,(S
2008a, b). These facts raise concern Yhaestis may be exploited as a biological weapon.

F1 antigen is the major or single protective component of the current human whole-cel
vaccines against plague (&ial., 2005; Li & Yang, 2008; Smiley, 2008a, b). This vaccine is,
however, ineffective against pneumonic plague caused by typitatfains ofy. pestis (Heath
et al., 1998). It is also ineffective against FY. pestis strains, which have been isolated from
one human patient and from several rodents. For these reasons, new recombinant plague
vaccines comprising Cafl and V antigen¥ opestis are under development.

Heathet al. (1998) developed a recombinant vaccine composed of a fusion protein of F1
with a second protective immunogen, V antigen. V antigen is an essential virdetareahd
mediator of immunity common fofersinia. It plays a crucial role in the functioning of the type
[l secretion system. This protein forms a distinct structure at the tipegtispme needle
(Muelleret al., 2005). Derewendat al. (2004) solved the three-dimensional structure of V
antigen with high resolution X-ray analysis. The developed recombinant F1ewi fumicine
protected mice against pneumonic as well as bubonic plague produced by efttieoraR1’
strain ofY. pestis and provided a better protection than recombinant F1 or recombinant V alone
against the Flstrain. Therefore, the recombinant proteins serve as the basis of an improved
human anti-plague vaccine (Heathal., 1998).

Powellet al. (2005) re-engineered a two-component F1-V fusion protein antigen and tested
as a medical countermeasure against the possible biological threat ofizaedds pestis. As
formulated with aluminum hydroxide adjuvant and administered in a single subcutanequs dose

this new F1-V fusion protein also protected mice from wild-type and non-encaululpestis
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challenge strains, modeling prophylaxis against pneumonic and bubonic plaguet dbnes
(2006) found that the rF1V antigen given intramuscularly with Alhydrogel adjuvant protects
mice against the challenge, but is less effective in nonhuman primates agghrdbse
aerosolized. pestis, perhaps because the antigen fails to induce respiratory immunity. Mice
immunized intranasally with rE1V formulated with a proteosome-based adjuvant

(ProtollinTM) were 100% protected against aerosol challenge with 170 LDB@edtis and

80% protected against 255 LD50 (Joeeal., 2006). Indeed, the examination of different prime-
boost regimens with rE1V demonstrated that inclusion of an appropriate adjuvant is critical for
nonparenteral immunization (Glymhal., 2005). In view of the extraordinary potency of

flagellin as an inducer of innate immunity and the contribution of innate responses to the
development of adaptive immunity, Hongioal. (2006) evaluated the efficacy of recombinant
Salmonella flagellin as an adjuvant in subunit antiplague vaccine. Mice immunized intranasally
or intratracheally with the F1 antigen and flagellin exhibited dramatieases in anti-F1

plasma IgG titers that remained stable over time. Importantly, intlanasanization with

flagellin and the F1 antigen was protective against intranasal challergeinvienty. pestis

C092, with 93-100% survival of immunized mice. Vaccination of cynomolgus monkeys with
flagellin and the rFLV fusion protein induced a robust antigen-specific IgG antibody response.
Alvarezet al. (2006) developed a novel production and delivery system for an anti-plague
vaccine of the rF1V fusion protein expressed in tomato. The immunogenicity of the V1
transgenic tomatoes was confirmed in mice that were primed subcutanedbdbpeterially-
produced rFLV and boosted orally with transgenic tomato fruit. Expression of the plague
antigens in fruit made it possible to produce an oral vaccine candidate without protein
purification and with minimal processing technology. The recombinant plaguerenEdeV,

and fusion protein F1-V were produced by transient expressiditatiana benthamiana using

a reconstructed tobacco mosaic virus-based system that allowed very rapittemelgxigh

levels of expression (Sarial., 2006). All of the plant-derived purified antigens, administered
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subcutaneously to guinea pigs, generated systemic immune responses and proédgohprot
against an aerosol challenge of virul¥npestis. Chichesteet al. (2009) reported a plague
vaccine consisting of the F1 and LcrV antigens fused to a single carriecuteglthe
thermostable enzyme lichenase fr@hostridium thermocellum, and expressed in and purified
from Nicotiana benthamiana plants. When administeré&momol gus Macaques this purified
plant-produced vaccine induced high titers of serum IgG, mainly of the IgG1 isatgiast

both F1 and LcrV. These immunized animals were subsequently challenged and ti. LcrV-
plant-produced vaccine conferred complete protection against aeros6lpestis. Del Preteet

al. (2009) produced iNlicotiana benthamiana F1 and V antigens, and F1-V fusion protein and
administered them to guinea pigs resulted in immunity and protection against ah aeros
challenge of viruleny. pestis. They examined the effects of plant-derived F1, V, and F1-V on
human cells of the innate immunity. F1, V, and F1-V proteins engaged TLR2 sigaaiting
activated IL-6 and CXCL-8 production by monocytes, without affecting the expnessSTNF-

a, IL-12, IL-10, IL-18, and CXCL10. Native F1 antigen and plant-derived rF1 and rF1-V all
induced similar specific T-cell responses, as shown by their recognitibrcels from subjects
who recovered fronY. pestis infection. Native F1 and rF1 were equally well recognized by
serum antibodies of. pestis-primed donors, whereas serological reactivity to rF1-V hybrid was
lower, and that to rV was virtually absent. In conclusion, plant-derived F1, V, and Filggrent
are weakly reactogenic for human monocytes and elicit cell-mediated andahuesponses
similar to those raised by pestis infection.

The subunit vaccine involving a mixture of recombinant F1 and V antigens protects mice
against exposure to 4104 CFUs of virulent plague organisms (100 LD50 doses), whereas the
whole cell vaccine provided only 50% protection against 1.8-103 CFUs (Williaeghsbn
1997). The enhanced protective efficacy of this subunit vaccine over existingasheis been
demonstrated in an animal model of pneumonic plague. Bronchopulmonary administration of the

combined subunits (1 mg V plus 5 mg F1) entrapped within microspheres composed of a
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biodegradable polyester (poly-L-lactide) elicits a similar level ofgmtote immunity against
systemic plague infection as that evoked by injecting coencapsulated sufitortie muscle
(Eyleset al., 2000). Such findings indicate that introduction of appropriately formulated F1 and
V subunits into the respiratory tract may be an alternative to parenteral inratiomischedules
for protecting individuals from plague (Eyletsal., 2000). Elvinet al. (2006) individually
encapsulated the recombinant F1 and V antigens in polymeric microspheres; tlaatsgemne
was adsorbed to the surface of these microspheres. Virulent challengemerpeshowed that
noninvasive immunization by intranasal instillation can provide strong systardilocal
immune responses and protect against high-level challenge. Recently Tégham&2009)
reported that the pathogenesis patterns of plague infections caused by thédegpfdsitand
12ume-particle aerosols of. pestisin the lower and upper respiratory tracts (URTS) of mice are
different. The median lethal dose for i@ particles was 4.9-fold higher than that fourh-
particles. The 12dm-particle infection resulted in the degradation of the nasal mucosa and nasal-
associated lymphoid tissue (NALT) plus cervical lymphadenopathy prior toréete
dissemination. Lung involvement was limited to secondary pneumonia. In contrasfyrthe 1-
particle infection resulted in primary pneumonia; in 40% of mice, the involvement lof l[dAd
cervical lymphadenopathy were observed, indicating entry via both URT lymplsuidgiand
lungs. Despite bacterial deposition in the gastrointestinal tract, the inveivefifeeyer's
patches was not observed in either infection. Although there were major difenence
pathogenesis, the recombinant F1 and V antigen vaccine and ciprofloxacin proteictstd aga
plague infections caused by small- and large-particle aerosols.

Human immune response to the recombinant plague vaccine comprising F1 and V antigens
was assessed during a phase 1 safety and immunogenicity trial in healtitgers (Williamson
et al., 2005). All the subjects produced specific IgG in serum after the priming dose, which
peaked in value after the booster dose (day 21). However, no significant vaccinatech-re

change in activation of peripheral blood mononuclear cells was detected ahanyhus, any
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evidence on the cell immune response to recombinant F1 and V antigens is missiagi3ili

et al. (2005) suppose that it may be associated with the immunosuppressive action of these
antigens. DeBoret al. (2006) therefore designed the recombinant V10 (rV10) variant lacking
residues 271-300. This variant does not suppress the release of proinflammatory<tpkine
immune cells. In contrast t pestis LcrV, the immunization with rV10 generates robust
antibody-induced protective responses against bubonic plague and pneumonic plagu&mguggest
that rvV10 may serve as an improved component of anti-plague vaccine.

The antigen structure may critically influence on the protective immune resp@atts,
2004). The data on the structural and thermodynamic properties of Cafl (Zavialo2003,
2005) can explain the failure to induce the cell immune response to this antige utheaty
observed complete collapse of the donor-strand-complemented fiber Cafl subusiimesult
dramatic increase in the enthalpy and transition temperature for thegredithe fiber module
(Zavialovet al., 2005). The collapse of the hydrophobic core of subunits shifts the equilibrium
towards fiber formation (Zavialost al., 2003, 2005). As a result, the temperature of melting of
the fiber subunit increases as high as ttC(Zavialovet al., 2005). The subunit preserves
practically the same stability at pH 2.4 (Foekal., personal communication). It can be deduced
that such a high stability can reduce the processing of Cafl antigen in macsojgh@@el T
cell epitopes and therefore abolish cellular immune responses. Indeed, Mduas¢2006)
found that optimal T cell responses required significantly extended exposuregehanti
presenting cells to highly stable polymeric Cafl compared with Cafl tisadepmlymerized
and destabilized by heating. Destabilization of Cafl caused a shift towaedtptes by mature
MHC class Il and toward independence of low pH and proteolytic processing.

An overcoming of low proteolytic processing of highly stable native Cafl radlgebattempt
to develop an anti-plague vaccine based upon the peptide conjugates made beterean Blff
and T-cell epitopes of F1 antigenYafpestis (Sabhnani & Rao, 2000; Sabhnanal., 2003;

Tripathiet al., 2006). Intranasal immunization generated consistently high titers and a
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longlasting immune response for both IgG and IgA in sera and secreted Ig8hasyahereas
the intramuscular route generated peak IgG levels in seralomyo protective studies showed
that B1-T1 and B2-T1 peptide conjugates protected the mice till day 15.

Anti-plague passive immunization with monoclonal antibodies against the F1 antigen. The
newest anti-plague vaccines based on the F1 and V antigens provide a high degreeiohprotect
However, they must be administered several weeks before exposure to preventlplag
unlikely that vaccines will provide post-exposure protection against plague. Agrratite to
vaccines, the passive immunization with monoclonal antibodies against the F1 proteermas
demonstrated to be effective in mice for protection from fatal bubonic and pneumonie plag
(Andersonret al., 1997). Moreover, Hilet al. (2003) showed that intraperitoneal injection of
monoclonal antibodies that target the F1 and LcrV proteins protected mice inrgisiane
manner as either a pretreatment or a post-exposure therapy. RecendyalH{2006)
demonstrated that intratracheal delivery of aerosolized monoclonal antibdtthespecificity
for LcrV and F1 antigens protected mice in a model of pneumonic plague. These datateappo
utility of inhaled antibodies as a fast-acting post-exposure treatment goiepléhe efficacy of
passive immunization with monoclonal IgG antibodies specific for Cafl ssgipast
opsonization is a major mechanism to overcome the resistaivcpeastis to phagocytosis
conferred by the Cafl capsule.

Application of polyadhesin Saf for design of Salmonella vaccine. Typhoid fever caused by
S enterica serovar Typhi & Typhi), which is a predominantly human pathogen, remains a
burden problem in India and worldwide (Crumtg@l., 2004; Hamid & Jain, 200.7The mortality
rates in untreated typhoid fever infections can be 10-15%. There are estimateib2Ccasks
and 200,000 deaths worldwide each year (Crenagb., 2004). In some instances patients
recover but remain carriers of the bacteria for many years. Anotheatkyndrome associated
with Salmonella infection is nontyphoidal salmonellosis — a gastrointestinal disease also known

as enteritis. Components of t8amonella atypical fimbriae (Saf) were investigated for
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inclusion in a vaccine (Strindeligsal., 2004). A complex of recombinant SafB chaperone with
SafD adhesin was expressedEircoli and purified. Starch microparticles were used as the
adjuvant. The recombinant cholera toxin B subunit (rCTB) was included as mucosal antigen-
uptake enhancer. BALB/c mice were immunized orally or subcutaneously ilgfDSand
rCTB-conjugated microparticles and intranasally or subcutaneously WwBiiCSaixed with

rCTB. The systemic and mucosal immune responses were studied. An oralgehafirs.
enteritidis was performed. All the immunized groups, except the group receiving oral
immunization, responded with high IgM—IgG titers to SafB/D. Analysis of the ssgcdéio
(IlgG1/1gG2allgG2b) indicated a mixed Thl and Th2 response, with Thl predominating. Only
the group receiving intranasal immunization got the mucosal response, measecifas
IgA/total IgA (from fecal samples), significantly higher than that inth&eated control group

(P < 0.05). Spleens were removed 6 days after oral challenge and Salmohkkliee@Fcounted.
The group immunized subcutaneously with SafB/D- and rCTB-conjugated microsaintcie
significantly lower CFU counts than the untreated control group (P < 0.05).

Application of sefA genefor design of a live recombinant Salmonella vaccine. Lopeset al.
(2006) cloned theefA gene, which encodes the main subunit of the SEF14 fimbrial protein, into
a temperature-sensitive expression vector and transformed it into a nonpathegenent
strain ofE. coli. The recombinant strain was used as a vaccine to elicit specific immune e2spons
against the SefA protein & enteritidisin 1-day-old chickens. The recombinant strain was
reisolated from the intestines of treated birds for up to 21 days after tréati@monstrating its
ability to colonize the intestinal tracts of 1-day-old chickens. In additionafgginst the SefA
protein was detected by ELISA in intestinal secretions from treated batdgs7after treatment
and in bile samples 14-21 days after treatment. Non-treated birds did not show anyeesidenc
intestinal colonization by the recombinant strain or anti-SefA IgA responkeiirbile or
intestinal secretions. Thus, the preliminary evaluation of the recombinantsttoaved a

potential use of this strain to elicit protection aga&nteritidis infection in chickens.
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Vaccination with E. coli polyadhesin Dr against chronic urinary tract infection. E. coli
expressing Dr fimbria and related adhesins are associated with ura@mntection, including

cystitis and/or pyelonephritis and diarrhea. Children and pregnant women arégorecarent

©CoO~NOUTA,WNPE

or persistent infections caused by these organisms (Ghatial996). Goluszket al. (2005)

12 used purifiecE. coli Dr fimbrial antigen to vaccinate C3H/HeJ mice against an experimental
14 urinary tract infection due to a homologous strain bearing Dr polyadhesins. Thepsteated
16 reduced mortality in the vaccinated animals. Immune sera with highdftargi-Dr antibody

19 inhibited bacterial binding to bladders and kidneys but did not affect the rate of renal

21 colonization.

o5 Oral vaccination with E. coli F4 (K88) poly-adhesive fimbriae against intestinal infection.

27 Enterotoxigenid. coli (ETEC) is the leading cause of diarrhea in piglets and newborn calves.
Massive efforts have therefore been made to develop a vaccine for the inductioeaifyarot

32 mucosal immunity against ETEC. Verdoratlal. (2009) showed that as a result of oral

34 immunization of piglets with F4 fimbriae purified from pathogenic entergexcE. coli, the
fimbriae bind to the F4 receptor (F4R) in the intestine and induce a protectivedispe

39 immune response. F4 fimbriae are very stable polymeric structures compose@ ofiismm

4l subunits and a major subunit FaeG that is also the fimbrial adhesin. Vestahd2009)
identified with the mutagenesis experiments FaeG amino acids 97 (N to K) and 20} &éisto V
46 determinants for F4 polymeric stability. The interaction between the Ram@its in mutant F4
48 fimbriae is reduced but both mutant and wild type fimbriae behaved identically ibiRdiRg

51 and showed equal stability in the gastro-intestinal lumen. Oral immuwmnzatperiments

53 indicated that a higher degree of polymerisation of the fimbriae in the intestseorrelated
with a better F4-specific mucosal immunogenidiy.et al. (2009) developetecombinant

58 Lactococcus lactis which expresses K88 (F4) fimbrial polyadhesin FaeG for oral vaccination.
60 They demonstrated protective immune response in mice to FaeG. RecentlyeRam@009)

constructed the recombinant strain ECN pMut2-kanK88 (EcN-K88) stably expréssing
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determinant for the K88 fimbrial adhesin of ETEC on the bacterial surface.oidtieapplication
of ECN-K88 to mice for one week, ECN-K88 as well as wild-type EcN and EcN-mock
transformed with the plasmid vector only could be detected in faecal samplesifomam of
7 days after the last feeding, indicating that ECN can transiently colbeisaurine intestine.
Oral application of ECN-K88 resulted in significant IgG serum titresast)&88 as early as 7
days after the initial feeding with ECN-K88, but no significant IgA tittesontrast, Remest
al. (2009) failed to detect any specific T cell responses towards the K88ndmtihein spleen
and mesenteric lymph nodes. Although dendritic cells readily upregulated tioatarad
activation markers in response to K88 stimulation, accompanied by secretionletikate(IL)-
12, IL-6, IL-10, and tumour necrosis factor, restimulation of T cells from mizadaeceived
EcN-K88 with K88-loaded dendritic cells did not result in detectable T cellf@ration and IL-
2 secretion, but rather induced an IL-10 bias. While the serum antibody respondgs clea
demonstrate that K88 is recognized by the humoral immune system, the findirgyaerieRal.
(2009) indicate that oral application of probiotic ECN expressing the K88 fihalieesin does

not induce a selective T cell response towards the antigen.

Applications of polyadhesinsfor expression of heterologous proteins. Application of
polyadhesins for design of antiviral vaccines. The potential of the major structural subunit DraE
of E. coli Dr fimbriae has been used to display a peptide of glycoprotein D derivedHiages
simplex virus (HSV) type 1 (Zalewsket al., 2003). The heterologous sequence mimicking an
epitope from glycoprotein D was inserted in one copy inta@tbE gene in place of a predicted
11-amino acid sequence in the N-terminal region of surface-exposed domain 2 within the
conserved disulfide loop (from Cys21 to Cys53). The inserted epitope was displayed on the
surface of the chimeric DraE protein as evidenced by immunofluorescencesneoagnized
by monoclonal antibodies to the target HSV glycoprotein D antigen. Conversely, ipatiomi

of rabbits with purified chimeric Dr-HSV fimbriae resulted in a serum thetifcally
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recognized the 11-amino acid epitope of HSV glycoprotein D, indicating the ofilibe
strategy employed (Zalewskgal., 2003).

Application of polyadhesinsfor expression of cytokines. The ability of the CaflM
chaperone/CaflA usher pathway to express large amounts of F1 antigen (Eatbjiinvas
investigated to facilitate secretion of full-length heterologous prefeised to the Cafl subunit
(Zavialovet al., 2001). Despite correct processing of chimeric protein composed of a modified
Cafl signal peptide, mature human Ig(hlIL-1B), and mature Cafl, the processed product
(hIL-1p—Cafl) remained insoluble. Coexpression of this chimera with a functiorH/ACaf
chaperone led to the accumulation of soluble HiEQafl in the periplasm. Soluble hil34
Cafl reacted with monoclonal antibodies directed against structural epitopési@f fihe
results indicate that the CaflM-induced release of h=Qafl from the inner membrane
promotes folding of the hiLfidomain. Similar results were obtained with the fusion of Cafl to
hiL-1ra or to human GM-CSF. Following co-expression of the IfiLclafl precursor with the
CaflM chaperone and CaflA outer membrane protein, BHGaf1 could be detected on the
cell surface ok. coli (Zavialovet al., 2001). These results demonstrated for the first time the
potential of the chaperone/usher secretion pathway in the transport of subtimits ge
heterogeneous N-terminal fusions. This represented a novel means for the déloggrectly
folded heterologous proteins to the periplasm and cell surface as either podyraleravable

monomeric domains (Korpet al., 1999).

Applications of Monoadhesins

Applications of monoadhesinsfor vaccine design. Vaccination with FimH adhesin
against infection by uropathogenic E. coli. Virtually all uropathogenic strains & coli, the
primary cause of cystitis, assemble adhesive surface organelezbstgakk 1 pili that contain the

FimH adhesin. Langermann et al. (1997) demonstrated that sera from animalstedatitia
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candidate FimH vaccines inhibited uropathogéhicoli from binding to human bladder ceils
vitro. They found that immunization with FimH reduded/ivo colonization of the bladder
mucosa by more than 99% in a murine cystitis model, and immunoglobulin G to FimH was
detected in urinary samples from protected mice. Furthermore, passivaisyadeinistration

of immune sera to FimH also resulted in reduced bladder colonization by uropathHagehic
Later Langermanst al. (2000) studied 4 monkeys inoculated with 1@0of FImCH adhesin-
chaperone complex mixed with MF59 adjuvant, and 4 monkeys given adjuvant only
intramuscularly. After 2 doses (day 0 and week 4), a booster at 48 weeks elititedydgs
antibody response to FimH in the vaccinated monkeys. All 8 monkeys were challatiggéd w
ml of 108E. coli cystitis isolate NU14. Three of the 4 vaccinated monkeys were protected from
bacteruria and pyuria; all control monkeys were infected. These findiggssitthat a vaccine
based on the FimH adhesinm®fcoli type 1 pili may have utility in preventing cystitis in
humans.

Monoadhesins astargetsfor specific inhibition of adhesion. Mannose-binding type 1 pili
are important virulence factors for the establishmeii ¢bli urinary tract infectiongJTIs).
These infections are initiated by adhesion of uropathodemali to uroplakin receptors in the
uroepithelium via the FimH adhesin located at the tips of type 1 pili. Blocking adrizdct
adhesion is able to prevent infection. Bouckaeat. (2005) providednhebinding data of the
molecular events underlying type 1 fimbrial adherence, by crystallographlyses of the FimH
receptor binding domains froma aropathogenic and a K-12 strain, and affinity measurements
with mannose, common mono- and disaccharides, and a series of alkyl and aryl mannosides
Their results illustrate that the lectin domain of the FimH adhesin ible stad functional entity
and that an exogenous buiyD-mannoside, bound in the crystal structures, exhibits a
significantly better affinity for FimH (=0.15uM) than mannose ({&2.3uM). Exploration of
the binding affinities of-D-mannosides with longer alkyl tails revealed affinities up to 5 nM.

Aryl mannosides and fructose can also bind with high affinities to the FimiH tkohain, with
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a 100-fold improvement and 15-fold reduction in affinity, respectively, comparednaithose.
Taken together, these relative FimH affinities correlate exceptyomwall with the relative
concentrationsf the same glycans needed for itif@bition of adherence of type 1 piliatéd

coli. Wellenset al. (2008) demonstrated thatD-mannose based inhibitors of FimH not only
block bacterial adhesion on uroepithelial cells but also antagonize invasion and biofilm
formation. Heptyl-D-mannose prevents binding of type 1-piliakeaoli to the human bladder
cell line 5637 and reduces both adhesion and invasion of the UTI89 cystitis isolatelimrstille
mouse bladder via catheterization. HeptyD-mannose also specifically inhibited biofilm
formation at micromolar concentrations. The structural basis of the ghéaitony potential of
alkyl and arylo-D-mannosides was elucidated in the crystal structure of the FimH receptor-
binding domain in complex with oligomannose-3. FimH interacts with
Man1,3Ma1,4GIcNA@P1,4GIcNAc in an extended binding site. The interactions along the
al,3 glycosidic bond and the fif81,4 linkage to the chitobiose unit are conserved with those of
FimH with butyla-D-mannose. The strong stacking of the central mannose with the aromatic
ring of Tyr48 is congruent with the high affinity found for synthetic inhibitors in whah t
mannose is substituted with an aromatic group.

Chaperone/usher assembly-translocation machinery astarget for a new generation of
antimicrobialsinterrupting assembly of adhesive organelles. Pinkneret al. (2006) rationally
designed small compounds that specifically inhibit biogenesis of adhesivespihlaled by the
chaperone—usher pathway in Gram-negative pathogens. The activity ofyadamdyclic 2-
pyridones, termed pilicides, was evaluated in two different pilus biogesystems in
uropathogeni&. coli. Hemagglutination mediated by either type 1 or P pili, adherence to
bladder cells, and biofilm formation mediated by type 1 pili were all reduce8@%b in
laboratory and clinicéE. coli strains. Fig. 16 shows stereocimage of the PapD—piltodeplex
(Pinkneret al., 2006) in overlay with the FimD1-125 N-terminal usher domain in complex with

the FIimC-FimH158-279 chaperone—adhesion complex (Fig. 16; Nishgtaaha2005). The
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conserved hydrophobic patch across the back of the F1-(Btsbhéet formed by residues
190/193, L32/L32, and L54/V56 (FImC/PapD) forms part of both the usher-interactiomdite a
the pilicide-binding site. In the chaperone—pilicide interaction, the plane @fplgadone
system and the R1-cyclopropyl and R2-CH2-naphthyl substituents coincide withrardtine
interactions made by the F4, L19, and F22 side chains from the usher N-terminigl. ddraa
overlay demonstrates the steric clash between the pilicide and the usherridtdomain.

Point mutations in the pilicide-binding site dramatically reduced pilus fooméatit did not
block the ability of PapD to bind subunits and mediate their folding (Pirgka&r 2006).
Surface plasmon resonance experiments confirmed that the pilicide irdevidiehe binding of
chaperone—subunit complexes to the usher (Pirdtratr, 2006). These pilicides thus target key
virulence factors in pathogenic bacteria and represent a promising proof gbtcmmce

developing drugs that function by targeting virulence factors.

CONCLUSIONS AND FUTURE PERSPECTIVES

Extensively antibiotic-resistant strains of Gram-negative pathageesged during the last
dozen of years whereas safe and effective vaccines against many autinently are absent.
There are now a growing number of reports of cases of infections caused by&yatine
organisms for which no adequate therapeutic options exist (de Jong & Ekdahl, 200&t @iske
2008). This return to the pre-antibiotic era has become a reality both in Europe as padther
of the world. Targeting bacterial virulence is an alternative approacttitoierobial therapy
that offers promising opportunities to inhibit pathogenesis and its consequetiuas piacing
immediate life-or-death pressure on the target bacterium. Two getratabies exist to inhibit
fimbrial adhesion mediated functions (Cegekhtlal., 2008; Cusumano & Hultgren, 2009):

(1) The specific inhibition of adhesion, which involves physically precluding pathogen binding

to host cells, for example, with carbohydrate derivatives of host ligands.
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(2) The interruption of fimbrial adhesion assembly, which also blocks adhesion aswell
invasion and intracellular biofilm formation.

The first strategy is most effective for specific inhibition of monoadheings

©CoO~NOUTA,WNPE

demonstrated that D-mannose based inhibitors of FimH adhesin not only block bacterial

12 adhesion on uroepithelial cells but also antagonize invasion and biofilm formation (Bo@tkae
14 al., 2005; Wellenst al., 2008).

16 The second general strategy to inhibit fimbrial adhesion mediated functiorgei®thto the
19 classical chaperone/usher assembly-translocation machinery (Pehkhef006; Aberg &

21 Almgvist, 2007). The recently solved structure of the usher translocator pore ofrthedvgore
translocation machinery created a ground for a rational design of a newatgenef

26 antimicrobials interrupting assembly of adhesive organelles. However, chapesher

28 machinery contains a few crucial details that are not studied well y&¢.ark likely to be the
major direction for future studies.

33 The revealed strong correlation between a number of residues in a F1-G1 loop of

35 chaperones and a number of subunits operating by them was as the basis for the nmrel funct
38 structural classification of the fimbrial adhesins. The FGS chaperoaevalesi polyadhesive

40 fimbriae were discovered in addition to the previously found family of the FGhecbae-

42 assembled polyadhesins. The FGL and FGS chaperone-assembled polyadhesinsede encod
45 exclusively by the gene clusters of {f#&e andk-monophyletic groups, respectively, while gene
47 clusters belonging to thd -, y2-, y4-, andrn-fimbrial clades exclusively encode monoadhesins
(Nuccio & Baumler, 2007). Poly-adhesive binding possesses an advantage over nesineadh
52 binding because it would result in formation of more powerful and tight contact betveeen t
54 pathogen and the host cell and it may lead to a massive aggregation of the receptors. This
subsequently would trigger subversive signals directed to mislead functions of lssh cel

59 particular, the cells of inmune system. Anti-immune function is likely to be @confor all

fimbrial polyadhesins including FGS chaperone-assembled poly-adhesiveag/pilri Hence,
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a search for binding to immune system associated receptors could be a startifay poi
functional characterization of known and newly revealed members of both FGL and FGS
chaperone-assembled families of polyadhesins.

The fimbrial polyadhesins that are represented by the linear homopolymers ofdsuiadre
thousands of subunits have very high potential for cross-linking of B cell receptors and
stimulation of antibody production. They are specific and very powerful surfagemsiti
typical only for pathogenic strains. Therefore they are promising caedifta development of
recombinant vaccines against Gram-negative infections and for medical diegjobstiem.

The exploitation of these extraordinary properties of fimbrial polyadhesaigeat
importance because Gram-negative infections are a burden problem worldwide with
considerable negative economic impact and health risk to people.

In particular, the outbreak of pneumonic plague in Surat in 1994 and its spread to other
cities in India, lasted only a little over 2 weeks, but it created an unpreeddmnic that had
global repercussions (Dt al., 2006). At first, the Surat hospital doctors could not diagnose
the disease, but when they did, immediate intervention, in the form of prevention amemntea
(administration of antibodies) ceased the disease spreading beyond Surat, Dmittga,Ca
Bombay and their vicinities. Fewer than 1,200 people were diagnosed with plague. A DNA-
based study in 2000 decisively concluded that the Surat episode was a plague, butrthe India
isolates were genetically more heterogeneous compared to others in the WetastT
outbreak of primary pneumonic plague took place in the Shimla District of HimRcddésh
State in northern India during February 2002 (Gupta & Sharma, 2007). Sixteen galsgsief
were reported with a case-fatality rate of 25%.

The infections caused by two other representativé&msinia genus,Y. enterocolitica and
Y. pseudotuberculosis, also have a significant health concern in India and worldwide.
enterocolitica is the important food-borne enteropathogen that causes a variety of syndromes

(Virdi & Sachdeva, 2005). Most commonly, it causes gastroenteritis, termiiial aled
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mesenteric lymphadenitis. Postinfectious sequalae includes reactiviesaatid erythema
nodosumy. pseudotuberculosis also causes a variety of gastrointestinal and extraintestinal
infections in humans (Kumat al., 2009). Encoded by theaf gene cluster (Fig. 1) F1 capsular
antigen fromy. pestis is the most specific and potent antigen for medical diagnostics of bubonic
and pneumonic plague. The identipsh gene clusters presentYnpestisandy.

pseudotuberculosis (Fig. 1) that encodes for proteins for expression and assembly of the
fimbrial pH6 antigen. Positive detection of pH6 antigen without any traces of Flmarstige
indicator of infection caused B pseudotuberculosis or evidence of Fistrain ofY. pestis. Y.
enterocolitica contains a closely related psa gene clustemyf (Fig. 1) encoding the Myf

fimbriae, which is built up of MyfA subunit¥. enterocolitica is very heterogeneous (Virdi &
Sachdeva, 2005). Therefore specific medical diagnostics of pathogenic stréins of
enterocolitica is still unsolved problem.The Myf polyadhesin is promising conservative antigen
for indication of infection caused b enterocolitica.

Salmonella spp. is the extremely heterogeneous species (Layton & Galyov, 2007). There are
over 2500 serotypes &lmonella spp. Specific medical diagnostics of pathogenic strains from
Salmonella is still unsolved problem. Th&almonella spp. gene clustesaf andsef (Fig. 1)
encode for proteins for expression and assembly of the atypical fimbriaedaka
filamentous fimbriae-like structures SEF14/18. These gene clustemestweo distinct adhesin
subunits: the variable major polyadhesin subunits SefA or SafA and the consenmtive m
SefD or SafD subunits (Fig. 1). The SefB chaperorte efteritidis assists in the assembly of
two distinct cell-surface structures, SEF14 and SEF18, which are homopolyrsef®\aind
SefD subunits, respectively (Clouthiral., 1994). The SafD subunit is identical for
enteritidis, S Typhi, S. Paratyphi A, S. choleraesuis andS. typhimurium, and the SefD subunit
Is identical forS. Paratyphi A andS. enteritidis. Therefore SefD and SafD subunits and mAbs

to them can be used for medical diagnostics of main Salmonella infections.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 98 of 157

Acknowledgements

This work was supported by grants from the European Comission/Research\exageticy
under a Marie Curie International Incoming Fellowship (235538) and a grant frohcddemy
of Finland (112900) to V. Z., and the FORMAS (221-2007-1057) and Swedish Research Council

(K2008-58X-20689-01-3) to A. Z.

References

Aberg V & Almgvist F (2007) Pilicides-small molecules targeting baateirulence Org

Biomol Chem5: 1827 11834.

Adams LM, Simmons CP, Rezmann L, Strugnell RA & Robins-Browne RM (1997)
Identification and characterization of a K88- and CS31A-like operon of a rabbit
enteropathogeniEscherichia coli strain which encodes fimbriae involved in the colonization
of rabbit intestinelnfect Immun 65: 5222-5230.

Adinda W, Garofalo C, Nguyen H, Van Gerven N, Slattegard R, Hernalsté&gna/yas L,
Oscarson S, De Greve H, Hultgren S, Bouckaert J (2008) Intervening witrJfiract
Infections Using Anti-Adhesives Based on the Crystal Structure of thd-Fdfigomannose-
3 ComplexPLoS ONE 3: e2040.

Ahrens R, Ott M, Ritter A, Hoschuetzky H, Buehler T, Lottspeich F, Boulnoisdah K &
Hacker J (1993) Genetic analysis of the gene cluster encoding nonfinadbrésia | from an
Escherichia coli uropathogenlnfect Immun 61: 2505-2512.

Allen BL, Gerlach GF & Clegg S (1991) Nucleotide sequence and functionof
determinants necessary for expression of type 3 fimbrikéehsiella pneumoniae. J

Bacteriol 173: 916-920.

ScholarOne Support 1-434/817-2040 ext 167



Page 99 of 157 FEMS Microbiology Reviews

Alvarez ML, Pinyerd HL, Crisantes JD, Rigano MM, Pinkhasov J, Walmsley AMOM&S &
Cardineau GA (2006) Plant-made subunit vaccine against pneumonic and bubonic plague is

orally immunogenic in mice/accine 24: 2477-2490.

©CoO~NOUTA,WNPE

Anantha RP, McVeigh AL, Lee LH, Agnew MK, Cassels FJ, Scott DA, Whittam TB&¥arino

12 SJ (2004) Evolutionary and functional relationships of colonization factor antigen Iraard ot
14 class 5 adhesive fimbriae of enterotoxigegscherichia coli. Infect Immun 72: 7190-7201.

16 Anderson KL, Billington J, Pettigrew D, Cota E, Simpson P, Roversi P, Chen H, Udul P

19 Merle L & Barlow P (2004) An atomic resolution model for assembly, architecand

21 function of the Dr adhesindlol Cell 101: 647—-657.

23 Anderson KL, Cota E, Simpson P, Chen HA, du Merle L, Le Bougtienec C & Matthews S

26 (2004b) Complete resonance assignments of a ‘donor-strand complementedhafakE

28 afimbrial adhesin from diffusely adherdhatoli. J Biomol NMR 29: 409-410.

Anderson BN, Ding AM, Nilsson LM, Kusuma K, Tchesnokova V, Vogel V, Sokurenko EV &
33 Thomas WE (2007) Weak rolling adhesion enhances bacterial surface colonikation.

35 Bacteriol 189: 1794-1802.

38 Anderson GW, Worsham PL, Bolt CR, Andrews GP, Welkos SL, Friedlander AM & Bupans J
40 (1997) Protection of mice from fatal bubonic and pneumonic plague by passive

42 immunization with monoclonal antibodies against the F1 proteWferafnia pestis. AmJ

45 Trop Med Hyg 56: 471-473.

48 Anisimov AP, Bakhteeva IV, Panfertsev EA, Svetoch TE, Kravchenko TV, Platonov ME,
Titareva GM, Kombarova TI, Ivanov SA, Rakin AV, Amoako KK & Dentovskaya SV
53 (2009) The subcutaneous inoculation of pH 6 antigen mutas @hia pestis does not

55 affect virulence and immune response in midgled Microbiol 58: 26-36.

58 Aprikian P, Tchesnokova V, Kidd B, Yakovenko O, Yarov-Yarovoy V, Trinchina E, Vogel V,
60 Thomas W & Sokurenko E (2007) Interdomain interaction in the FimH adhesin of

Escherichia coli regulates the affinity to mannoskBiol Chem 282 23437-23446.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 100 of 157

Bahrani FK & Mobley HLT (1994roteus mirabilis MR/P fimbrial operongenetic
organization, nucleotide sequence, and conditions for expred$aateriol 176: 3412—

3419.

Bakker D, Vader CEM, Roosendaal B, Mooj FR, Oudega B & de Graaf FK (1991) Straicture
function of periplasmic chaperone-like proteins involved in the biosynthesis of K88 and K99
fimbriae in enterotoxigeniEscherichia coli. Mol Microbiol 5: 875—-886.

Bann JG, Pinkner JS, Frieden C & Hultgren SJ (2004) Catalysis of protein foldihgbsrones
in pathogenic bacteri&roc Natl Acad Sci USA 101: 17389-17393.

Barbe V, Vallenet D, Fonknechten N, Kreimeyer A, Oztas S, Labarre L, @eu& Robert K,
Duprat S, Wincker P, Ornston LN, Weissenbach J, Marliere P, Cohen GN & Médigue C
(2004) Unique features revealed by the genome sequeAcaetfobacter sp. ADP1, a
versatile and naturally transformation competent bactemiutl. Acids Res 32: 5766-5779.

Baumler AJ & Heffron F (1995) Identification and sequence analy$gABCDE, a putative
fimbrial operon ofSalmonella typhimurium. J Bacteriol 177: 2087—-2097.

Baumler AJ, Tsolis RM, Bowe FA, Kusters JG, Hoffmann S & Heffron F (1996 &he
fimbrial operon ofSalmonella typhimurium mediates adhesion to murine small intestine and
is necessary for fluid accumulation in the infant mousfect |mmun 64: 61-68.

Beaulieu JF (1999) Integrins and human intestinal cell functinasit Biosci 4: D310-D321.

Benchimol S, Fuks A, Jothy S, Beauchemin N, Shirota K & Stanners CP (1989)
Carcinoembryonic antigen, a human tumor marker, functions as an intercellular adhesion
molecule Cell 57: 327-334.

Bendtsen JD, Nielsen H, von Heijne G & Brunak S (2004) Improved prediction of signal
peptides SignalP 3.0J Mol Biol 340: 783—-795.

Ben-Efraim S, Aronson M & Bichowsky-Slomnicki L (1961) New antigenic component of
Pasteurella pestis formed under specific conditions of pH and temperatuBacteriol 81:

704-714.

ScholarOne Support 1-434/817-2040 ext 167



Page 101 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Berger CN, Billker O, Meyer TF, Servin AL & Kansau | (2004) Differenteadagnition of
members of the carcinoembryonic antigen family by Afa/Dr adhesins of eliffaghering
Escherichia coli (Afa/Dr DAEC) Mol Microbiol 52: 963—983.

Bergsten G, Wullt B, Svanborg C (20@xcherichia coli, fimbriae, bacterial persistence and
host response induction in the human urinary ttattl Med Microbiol 295: 487-502.

Bernier C, Gounon P & Le Bouguénec C (2002) Identification of an aggregativ@@uhe
fimbria (AAF) type lll-encoding operon in enteroaggregatigeherichia coli as a sensitive
probe for detecting the AAF-encoding operon famihject Immun 70: 4302—-4311.

Bertin Y, Girardeau J-P, Der Vartanian M & Martin C (1993) The CIpE protein invoived i
biogenesis of the CS31A capsule-like antigen is a member of a peripldsparane family
in Gram-negative bacterieEMS Microbiol Lett 108: 59-68.

Betis F, Brest P, Hofman V, Guignot J, Bernet-Camard MF, Rossi B, Servin A®aid?
(2003a) The Afa/Dr adhesins of diffusely adherfitsgherichia coli stimulate interleukin-8
secretion, activate mitogen-activated protein kinases, and promote polymorphonuclear
transepithelial migration in T84 polarized epithelial cdliect Immun 71: 1068-1074.

Betis F, Brest P, Hofman V, Guignot J, Kansau I, Rossi B, Servin A & Hofman P (2003b)
Afa/Dr diffusely adherindescherichia coli infection in T84 cell monolayers induces
increased neutrophils transepithelial migration, which in turn promotes cytokinedepende
upregulation of decay-accelerating factor (CD55), the receptor foDAfadhesinslnfect
Immun 71: 1774-1783.

Bilge SS, Clausen CR, Lau W & Moseley SL (1989) Molecular characterizatefirabrial
adhesin, F1845, mediating diffuse adherence of diarrhea-assdesalted chia coli to HEp-
2 cells.J Bacteriol 171: 4281-4289.

Bonci A, Chiesurim, Muscas & RossoliniGM (1997 Relatednesand phylogeny within the
family of periplasmic chaperones involved in #ssembly of pili or capsule-like structures

of gram-negative bacterid Mol Evol 44: 299-309.

ScholarOne Support 1-434/817-2040 ext 167


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T2W-476YHTT-CR&_user=952947&_coverDate=03%2F15%2F1993&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000049221&_version=1&_urlVersion=0&_userid=952947&md5=d9a065095756dac8b2b47ceba37a4691#m4.cor*#m4.cor*

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 102 of 157

Bork P, Holm L & Sander C (1994) The immunoglobulin fadttuctural classification, sequence
patterns and common coteMol Biol 242: 309-320.

Bouckaert J, Berglund J, Schembri M, De Genst E, Cools L, Wuhrer M, Hung C-S, Pinkner J,
Slattegard R, Zavialov A, Choudhury D, Langermann S, Hultgren SJ, Wyns L, Kiemm
Oscarson S, Knight SD & De Greve H (2005) Receptor binding studies disclose a aswel cl
of high-affinity inhibitors of theescherichia coli FimH adhesinMol Microbiol 55: 441-455.

Bouckaert J, Mackenzie J, de Paz JL, Chipwaza B, Choudhury D, Zavialov A, Mannerstedt K
Anderson J, Piérard D, Wyns L, Seeberger PH, Oscarson S, De Greve H & 8Di¢P006)
The affinity of the FimH fimbrial adhesin is receptor-driven and quasi-indepentle
Escherichia coli pathotypesMol Microbiol 61: 1556—1568.

Boulton IC & Gray-Owen SD (2002) Neisserial binding to CEACAM1 arrests tineation and
proliferation of CD41 T lymphocytedlat Immunol 3: 229-236.

Bower JM, Eto DS & Mulvey MA (2005) Covert operations of uropathogessberichia coli
within the urinary tractTraffic 6: 18-31.

Bradbury J (2002) Neisseria gonorrhoeae evades host immunity by switchintywiphocytes.
Lancet 359: 681.

Brest P, Betis F, Cuburu N, Selva E, Herrant M, Servin A, Auberger P & Hofman P (2004)
Increased rate of apoptosis and diminished phagocytic ability of human neutroguilednf
with Afa/Dr diffusely adherindescherichia coli strains.Infect Immun 72: 5741-5749.

Brodbeck WG, Liu D, Sperry J, Mold C & Medof ME (1996) Localization of classival a
alternative pathway regulatory activity within the decay-accetegdtictor.J Immunol 156:
2528-2533.

Brunder W, Khan AS, Hacker J & Karch H (2001) Novel type of fimbriae encoded by dgiee lar
plasmid of sorbitol-fermenting enterohemorrhagscherichia coli O157:H2. Infect Immun

69: 4447-4457.

ScholarOne Support 1-434/817-2040 ext 167



Page 103 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Cane G, Moal VL, Pages G, Servin AL, Hofman P & Vouret-Craviari V (2007) Up-régulaft
intestinal vascular endothelial growth factor by Afa/Dr diffusely adigescherichia coli.
PLoS ONE 2: e13509.

Cantey JR, Blake RK, Williford JR & Moseley SL. (1999) Characterization dEsbleerichia
coli AF/R1 Pilus OperonNovel Genes Necessary for Transcriptional Regulation and for
Pilus-Mediated Adherencénfect Immun 67: 2292—-2298.

Caras IW, Weddell GN, Davitz MA, Nussenzweig V & Martin DW (1987) Sigoahkftachment
of a phospholipid membrane anchor in decay accelerating f&ctemce 238: 1280-1283.

Carnoy C & Moseley SL. (1997) Mutational analysis of receptor binding mediatée Dy t
family of Escherichia coli adhesinsMol Microbiol 23: 365—-379.

Carroll MC, Alicot EM, Katzman PJ, Klickstein LB, Smith JA & Fearon DT (1988)
Organization of the genes encoding complement receptors type 1 and 2, decangiaugel
factor, and C4-binding protein in the RCA locus on human chromosodrexp.Med 167:
1271-1280.

Cathelyn JS, Crosby SD, Lathem WW, Goldman WE & Miller VL (2006) RovA, a global
regulator ofYersinia pestis, specifically required for bubonic plagur.oc Natl Acad Sci
USA 103: 13514-13519.

Cegelski L, Marshall GR, Eldridge GR & Hultgren SJ (2008) The biology and futunequtss
of antivirulence therapiedlat Rev Microbiol 6: 17-27.

Chapman DAG, Zavialov AV, Chernovskaya TV, Karlyshev AV, Zav'yalova GA, Vasiligy A
Dudich IV, Abramov VM, Zav’yalov VP & Macintyre S (1999) Structure and functional
significance of the FGL sequence of the periplasmic chaperone, CafMe sofia pestis. J

Bacteriol 181: 2422—-2429.

Chattopadhyay S, Feldgarden M, Weissman SJ, Dykhuizen DE, van Belle G & Sokuvenko E

(2007) Haplotype diversity in "source-sink™ dynamicgstherichia coli urovirulenceJ

Mol Evol 64: 2041214.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 104 of 157

Chen T, Zimmermann W, Parker J, Chen |, Maeda A & Bolland S (2001) Biliary gbteapr
(BGPa, CD66a, CEACAML1) mediates inhibitory signdlseukoc Biol 70: 335-340.

Chen TH & Elberg SS (1977) Scanning electron microscopic study of virYdesihia pestis
andYersinia pseudotuberculosis type 1.Infect Immun 15: 972-977.

Chessa D, Dorsey CW, Winter M & Baumler AJ (2008) Binding specifici§abhonella
plasmid-encoded fimbriae assessed by glycondiBsol Chem 283: 8118-8124.

Chichester JA, Musiychuk K, Farrance C, Mett V, Lyons J, Mett V & Yusibov (2009 dlesi
component two-valent LcrV-F1 vaccine protects non-human primates against pneumonic
plagueVaccine 27: 3471-3474.

Chiu CH, Tang P, Chu C, Hu S, Bao Q, Yu J, Chou Y-Y, Wang H-S & Lee Y-S (2005) The
genome sequence 8ilmonella enterica serovar Choleraesuis, a highly invasive and
resistant zoonotic pathogeMucl Acids Res 33: 1690-1698.

Choudhury D, Thompson A, Stojanoff V, Langermann S, Pinkner J, Hultgren SJ & Knight SD
(1999) X-ray structure of the FimC-FimH chaperone-adhesin complex from urgpatbo
Escherichia coli. Science 285: 1061-1066.

Cleri DJ, Vernaleo JR, Lombardi LJ, Rabbar MS, Mathew A, Marton R & Reyel(19Q7)
Plague pneumonia disease causeddginia pestis. Semin Respir Infect 12: 12-23.

Clouthier SC, Collinson SK & Kay WW (1994) Unique fimbriae-like stowes encoded bsefD
of the SEF14 fimbrial gene cluster &lmonella enteritidis. Mol Microbiol 12: 893-901.

Clouthier SC, Muller KH, Doran JL, Collinson SK & Kay WW (1993) Characterization eéthr
fimbrial genessefABC, of Salmonella enteritidis. J Bacteriol 175: 2523-2533.

Cornelis GR & Wolf-Watz H (1997) Theéersinia Yop virulon a bacterial system for subverting
eukaryotic cellsMol Microbiol 23: 861-867.

Cota E, Chen HA, Anderson KL, Simpson P, du Merle L, Bernier-Fébreauat€k IR,

Zalewska B, Nowicki B, Kur J, Le Bouguénec C & Matthews S (2004) Lettdeteditor

ScholarOne Support 1-434/817-2040 ext 167



Page 105 of 157 FEMS Microbiology Reviews

complete resonance assignments of the ‘donor-strand complemented't@d¢addimbrial

invasin from diffusely adhereift coli. J Biomol NMR 29: 411-412.

Cota E, Jones C, Simpson P, Altroff H, Anderson KL, du Merle L, Guignot J, Servin A, Le

©CoO~NOUTA,WNPE

Bouguénec C, Mardon H & Matthews S (2006) The solution structure of the invasive tip

13 complex from Afa/Dr fibrils Mol Microbiol 62: 356—366.

16 Coyne KE, Hall SE, Thompson S, Arce MA, Kinoshita T, Fujita T, Anstee DJ, Rosse W &

19 Lublin DM (1992) Mapping of epitopes, glycosylation sites, and complement regulatory
21 domains in human decay accelerating factdémmunol 149: 2906-2913.

Craig L, Pigue ME, Tainer JA (2004) Type IV pilus structure and bacterial patictgeNat

26 Rev Microbiol 2: 363—-378.

28 Crump JA, Luby SP & Mintz ED (2004) The global burden of typhoid feelt. World Health
Organ 82: 346—-353.

33 Cusumano CK & Hultgren SJ (2009) Bacterial adhesion - a sourdewfate antibiotic targets.
35 IDrugs 12: 699 1705.

38 Davitz MA, Low MG & Nussenzweig V (1986) Release of decayaccetgyétictor (DAF) from

40 the cell membrane by phosphatidylinositolspecific phospholipase C (PIPl&C)i%e
modification of a complement regulatory proteliexp Med 163: 1150-1161.

45 De Bord KL, Anderson DM, Marketon MM, Overheim KA, DePaolo RW, Ciletti NA, JBb&

47 Schneewind O (2006) Immunogenicity and protective immunity against bubonic ptejue a
pneumonic plague by immunization of mice with the recombinant V10 antigen, a variant of
52 LerV. Infect Immun 74: 4910-4914.

54 De Greve H, Wyns L & Bouckaert J (2007) Combining sites of bacterial fimi@uae Opin

Struct Biol 17: 506-512.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 106 of 157

Deisenhofer J (1981) Crystallographic refinement and atomic models of a hurinagrient
and its complex with fragment B of protein A from Staphylococcus aureus at 2.9- and 2.8-A
resolution Biochemistry 20: 2361-2370.

De Jong B & Ekdahl B (2006) The comparative burden of salmonellosis in the European Union
member states, associated and candidate courhts Public Health 6: 4.

DeLano WL (2002) The PyMOL user's manual. Palo Alto, CA, USA.

Delepelaire P (2004) Type | secretion in Gram-negative bacBeoehi m Biophys Acta 1694
149-161.

Del Prete G, Santi L, Andrianaivoarimanana V, Amedei A, Domarle O,i@s EIM, Arntzen
CJ, Rahalison L & Mason HS (2009) Plant-derived recombinant F1, V, and F1-V fusion
antigens ofYersinia pestis activate human cells of the innate and adaptive immune system.
Int J Immunopathol Pharmacol 22: 1331143.

Deng W, Liou SR, Plunkett G, Mayhew GF, Rose DJ, Burl V,Kodoyianni V, Schwartz DC &
Blattner FR. (2003) Comparative genomicssalimonella enterica serovar Typhi strains Ty2
and CT18J Bacteriol 185: 2330-2337.

Derewenda U, Mateja A, Devedjiev Y, Routzahn KM, Evdokimov AG, Derewenda ZS &
Waugh DS (2004) The structuredrsinia pestis V-antigen, an essential virulence factor
and mediator of immunity against plag&a.ucture (Cambridge) 12: 357—-358.

Diard S, Toribio AL, Boum Y, Vigier F, Kansau |, Bouvet O & Servin A (2006) Environmental
signals implicated in Dr fimbriae release by pathogé&seherichia coli. Microbes Infect 8:
1851-1858.

Dobrindt U, Blum-Oehler G, Hartsch T, Gottschalk G, Ron RZ, Funfstick R & Hacker J. (2001)
S-Fimbria-encoding determinasfl is located on pathogenicity island 111536 of

uropathogeni&scherichia coli strain 5361nfect Immun 69: 4248-4256.

ScholarOne Support 1-434/817-2040 ext 167



Page 107 of 157 FEMS Microbiology Reviews

% Dodson KW, Jacob-Dubuisson F, Striker RT & Hultgren SJ (1993) Outer-membrane PapC
g molecular usher discriminately recognizes periplasmic chaperonesphusit complexes.

? Proc Natl Acad Sci USA 90: 3670-3674.

§0 Dodson KW, Pinkner JS, Rose RG, Magnusson T, Hultgren S & Waksman G (2001) Structural
g basis of the interaction of the pyelonephriicoli adhesin to its human kidney receptoell
ﬁ, 105: 733-743.

15

is Donda A, Mori L, Shamshiev A, Carena A, Mottet C, Heim MH, Beglinger C, Grunert F

ig Rochlitz C, Terracciano L, Jantscheff P, De Libero G (2000) Locally inducib&&D

gz (CEACAM1) as an amplifier of the human intestinal T cell respadaged |mmunol 30:

” 2593-2603.

32 Du Y, Rosqvist R & Forsberg A (2002) Role of fraction 1 antige¥ieo§inia pestis in inhibition
gé of phagocytosisinfect Immun 70: 1453—-1460.

32 Dutt AK, Akhtar R & McVeigh M (2006) Surat plague of 1994 re-examigedtheast Asian J

gé Trop Med Public Health 37: 755—-760.

gg Edwards RA, Cao J & Schifferli DM (1996) Identifcation of major and minor chaperoransot
g; involved in the export of 987P fimbriagBacteriol 178: 3426—-3433.

33 Edwards RA, Schifferli DM & Maloy SR (2000) A role f&lmonella fimbriae in

%é intraperitoneal infection$roc Natl Acad Sci USA 97: 1258-1262.

j;‘ Elias WP, Czeczulin JR, Henderson IR, Trabulsi LR & Nataro JP (1999) @agjani of

%z biogenesis genes for aggregative adherence fimbria Il defines a vaglene cluster in

‘518 enteroaggregativieéscherichia coli. J Bacteriol 181: 1779-1785.

2; Emmerth M, Goebel W, Miller SI & Hueck CJ (1999) Genomic subtraction identifies

gz Salmonella typhimurium prophages, F-related plasmid sequences, and a novel fimbrial
g? operonstf, which are absent ialmonella typhi. J Bacteriol 181: 5652-5661.

gg Erilov D, Puorger C & Glockshuber R (2007) Quantitative analysis of nonequilibrium,

60

denaturant-dependent protein folding transitidn?sm Chem Soc 129: 8938-8939.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 108 of 157

Eto DS, Jones TA, Sundsbak JL & Mulvey MA (2007) Integrin-mediated host cell amagi
Type 1—piliated uropathogenitscherichia coli. PLoS Pathog 3: €100.

Eyles JE, Williamson ID & Alpar HO (2000) Protection studies following bronchmopoéary
and intramuscular immunisation wittersinia pestis F1 and V subunit vaccines co-
encapsulated in biodegradable microspheres: a comparison of efffeaciye 18: 3266—
3271.

Fahlgren A, Baranov V, Frangsmyr L, Zoubir F, Hammarstrom ML & Hamtran S (2003)
Interferon-gamma tempers the expression of carcinoembryonic antigen fiaohécules in
human colon cellsa possible role in innate mucosal defer&and J Immunol 58: 628-641.

Fang L, Nowicki BJ, Dong YL & Yallampalli C (1999) Localized increase tnaoxide
production and the expression of nitric oxide synthase isoforms in rat uterus with
experimental intrauterine infectioAmer J Obstet Gynecol 181: 601 1609.

Fang L, Nowicki B & Yallampalli C (2001) Differential expression of uterNO in pregnant
and nonpregnant rats with intrauterine bacterial infecomer J Physiol Regul Integr Comp
Physiol 280: R1356 11363.

Fischer H, Ellstrom P, Ekstrom IGustafssor, Gustafsson M & Svanborg C (2007) Ceramide
as a TLR4 agonist; a putative signalling intermediate between sphingotipjtoes for
microbial ligands and TLR4Cell Microbiol 9: 1239-1251.

Folkesson A, Advani A, Sukupolvi S, Pfeifer JD, Normark S & Léfdahl S (1999) Multiple
insertions of fimbrial operons correlate with the evolutio®abimonella serovars responsible
for human diseas&lol Microbiol 33: 612—622.

Forero M, Yakovenko O, Sokurenko EV, Thomas WE & Vogel V (2006) Uncoiling mechanics
of Escherichia coli Type | fimbriae are optimizefdr catch bond€?LoS Biology 4: €298

Foxman B & Brown P (2003) Epidemiology of urinary tract infectiofrensmission and risk

factors, incidence and costefect Dis Clin North Am 17: 227-241.

ScholarOne Support 1-434/817-2040 ext 167



Page 109 of 157 FEMS Microbiology Reviews

1

2 Foxman B, Barlow R, D’Arcy H, Gillespie B & Sobel JD (2000) Urinary tractatiéa: Self-

3

g reported incidence and associated ca@sta.Epidemiol 10: 509-515.

6

7

8 Fronzes R, Christie PJ & Waksman G (2009a) The structural biology of typi®tion

9

ig systemsNat Rev Microbiol 7: 7031714,

12

ﬁ, Fronzes R, Remaut H & Waksman G (2008) Architectures and biogenesis of ndiasflage
15

16 protein appendages in Gram-negative bactBENBO J 27: 227112280.

17

18

;g Fronzes R, Schafer E, Wang L, Saibil, HR, Orlova EV & Waksman G (2009b) Structure of
21

22 type IV secretion system core compl&gience 323: 266-268.

23

gg Fujita T, Inoue T, Ogawa K, lida K & Tamura N (1987) The mechanism of action of-decay
26

27 accelerating factor (DAF) DAF inhibits the assembly of C3 convertasdssociating C2a
28

29 and Bb.J Exp Med 166: 1221-1228.

30

g; Galvan EM, Chen H & Schifferli DM (2006) The Psa fimbriaerefsinia pestis interact with

33

34 phosphatidylcholine on alveolar epithelial cells and pulmonary surfabtéett. |mmun 75:
35

36 1272-1279.

37

gg Galyov EE, Karlyshev AV, Chernovskaya TV, Dolgikh DA, Smirnov OY, Volkovoy KiI,

40

41 Abramov VM & Zav'yalov VP (1991) Expression of the envelope antigen Feainia

42

ji pestis is mediated by the product cdf1M gene having homology with the chaperone PapD
45 _— ,

46 of Escherichia coli. FEBS Lett 286: 79-82.

47

48 Galyov EE, Smirnov OY, Karlyshev AV, Volkovoy KI, Denesyuk Al, Nazimov IV, Rubtsov
49

22 KS, Abramov VM, Dalvadyanz SM & Zav’yalov VP (1990) Nucleotide sequence of the
52

53 Yersinia pestis gene encoding F1 antigen and the primary structure of the preEB&.Lett
54

55 277: 230-232.

56

g; Garcia MI, Labigne A & Le Bouguénec C (1994) Nucleotide sequence ofithierial-adhesin-
59

60 encodingafa-3 gene cluster and its translocation via flanking I1S1 insertion sequénces.

Bacteriol 176: 7601-7613.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 110 of 157

Garcia MI, Gounon P, Courcoux P, Labigne A & Le Bouguenec C (1996) The afimbrial
adhesive sheath encoded by &fee 3 gene cluster of pathogertisscherichia coli is
composed of two
adhesinsMol Microbiol 19: 683—693.

Gerlach RG & Hensel M (2007) Protein secretion systems and adhEsasolecular armory
of Gram-negative pathogerist J Med Microbiol 297: 401-415.

Giske CG, Monnet DL, Cars O & Carmeli Y (2008) Clinical and economic impact of oomm
multidrug- resistant Gram-negative bacilli. Antimicrob Agents Chemd&2e813—-821.

Glynn A, Roy CJ, Powell BS, Adamovicz JJ, Freytag LC & Clements JD (2005cfwoate
against aerosolizedersinia pestis challenge following homologous and heterologous prime-
boost with recombinant plague antigeiméect Immun 73: 5256-5261.

Gohl O, Friedrich A, Hoppert M & Averhoff B (2006) The thin pili Ainetobacter sp. strain
BD413 mediate adhesion to biotic and abiotic surfasggd. Env Microb 72: 1394-1401.

Goluszko P, Goluszko E, Nowicki B, Nowicki S, Popov V & Wang H-Q (2005) Vaccination
with purified Dr fimbriae reduces mortality associated with chronic wyitract infection
due toEscherichia coli bearing Dr adhesimnfect Immun 73: 627—631.

Goluszko P, Niesel D, Nowicki B, Selvarangan R, Nowicki S, Hart A, Pawelczyk ByIDas
Urvil P & Hasan R (2001) Dr operon-associated invasiveneBschérichia coli from
pregnant patients with pyelonephritisfect Immun 69: 4678-4680.

Gossert AD, Bettendorff P, Puorger C, Vetsch M, Herrmann T, Glockshuber R &igtiiikhr
(2008) NMR structure of thEscherichia coli Type 1 pilus subunit FimF and its interactions
with other pilus subunitsl Mol Biol 375: 752—763.

Gounon P, Jouve M & Le Bouguenec C (2000) Immunocytochemistry of the AfaE adhesin and
AfaD invasin produced by pathogertischerichia coli strains during interaction of the
bacteria with HeLa cells by high resolution scanning electron microsbbprobes Infect 2:

359-365.

ScholarOne Support 1-434/817-2040 ext 167



Page 111 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Grunert F & Kuroki M (1998) CEA family members expressed on hematopoeitiaoellgheir
possible role in cell adhesion and signali@gl Adhesion and Communication Mediated by
the CEA Family-Basic and Clinical Perspective. Harwood Academic Publisher, Amsterdam,
Netherlands (CP Stanners ed.), p. 99-120.

Guignot J, Hudault S, Kansau I, Chau | & Servin AL (2009) DAF and CEACAMSs receptor-
mediated internalization and intracellular lifestyle of Afa/Dr diffyssdheringescherichia
coli into epithelial cellsinfect Immun 77: 517-531.

Guignot J, Peiffer I, Bernet-Camard M-F, Lublin DM, Carnoy C, Moseleg Servin A (2000)
Recruitment of CD55 and CD66e brush border-assoagyedsylphosphatidylinositol-
anchored proteins by memberglod Afa/Dr diffusely adhering family dEscherichia coli
thatinfect the human polarized intestinal Caco-2/TC7 chifect Immun 68: 3554—-3563.

Gupta ML & Sharma A (2007) Pneumonic plague, Northern India, 2B®&rg Infect Dis 13:
664—666.

Hamid N & Jain SK (2007) Immunological, cellular and moleculam&eén typhoid fever
Indian J Biochem Biophys 44: 320-330.

Hammar M, Bian Z & Normark S (1996) Nucleator-dependent intercellulandsy of
adhesive curli organelles Ecoli. Proc Natl Acad Sci USA 93: 6562—6566.

Hammarstrom S (1999) The carcinoembryonic antigen (CEA) fastilyctures, suggested
functions and expression in normal and malignant tisSegsnars Cancer Biol 9: 67-81.
Hart A, Nowicki BJ, Reisner B, Pawelczyk E, Goluszko P, Urvil P, Anderson G & Nowicki

(2001) Ampicillin-resistanEscherichia coli in gestational pyelonephritis: increased
occurrence and association with the colonization factor Dr adlddsifect Dis 183: 1526—
1529.

Hart A, Pham T, Nowicki S, Whorton EB, Martens MG, Anderson GD & Nowicki BJ (1996)

Gestational pyelonephritis-associatestherichia coli isolates represent a nonrandom,

closely related populatiomer J Obstet Gynecol 174: 983-989.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 112 of 157

Hart E, Tauschek M, Bennett-Wood V, Hartland EL & Robins-Browne RM (2009) Rabbit-
specific fimbriae, Ral, alter the patternsfitro adherence and intestinal colonisation of
rabbits by human-specific enteropathogdnicoli. Microbes Infect 11: 8031810.

Hasan RJ, Pawelczyk E, Urvil PT, Venkatarajan MS, Goluszko P, Kur J, SglaarBn

Nowicki S, Braun WA & Nowicki BJ (2002) Structure-function analysis of decay-
accelerating factoidentification of residues important for binding of tBecherichia coli Dr
adhesin and complement regulatibmfect Immun 70: 4485—-4493.

Heath DG, Anderson GW, Mauro JM, Welkos SL, Andrews GP, Adamovicz J & Friedlander

AM (1998) Protection against experimental bubonic and pneumonic plague by a recombinant

capsular F1-V antigen fusion protein vacciaccine 16: 1131-1137.

Hill J, Copse C, Leary S, Stagg AJ, Williamson ED & Titball RW (2003) Synergisotection
of mice against plague with monoclonal antibodies specific for the F1 and Vrentifje
Yersinia pestis. Infect Immun 71; 2234-2238.

Hill J, Eyles JE, Elvin SJ, Healey GD, Lukaszewski RA &Titball RW (2006) Aufstriation of
antibody to the lung protects mice against pneumonic plagfget |mmun 74: 3068—-3070.

Holmgren A & Branden CI (1989) Crystal structure of chaperone protein PapBlsen
immunoglobulin fold Nature 342: 248—-251.

Honarvar S, Choi B-K & Schifferli DM (2003) Phase variation of the 987P-like CS18i&mbr
of human enterotoxigeniescherichia coli is regulated by site-specific recombinaddsl
Microbiol 48: 157-171.

Honko AN, Sriranganathan N, Lees CJ & Mizel SB (2006) Flagellin is an ie#eadjuvant for
immunization against lethal respiratory challenge wafsinia pestis. Infect |mmun 74:
1113-1120.

Hu CX, Xu ZR, Li WF,Niu D, Lu P & Fu LL(2009) Secretory expression of K88 (F4) fimbrial
adhesin FaeG by recombinaractococcus lactis for oral vaccination and its protective

immune response in micBiotechnol Lett 31: 991-997.

ScholarOne Support 1-434/817-2040 ext 167



Page 113 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Huang XZ & Lindler LE (2004) The pH6 antigen is an antiphagocytic factor prodyced b
Yersinia pestis independent oYersinia outer proteins and capsule antigltfiect Immun 72:
7212-7219.

Hung DL, Knight SD, Woods RM, Pinkner JS & Hultgren SJ (1996) Molecular basis of two
subfamilies of immunoglobulin-like chaperon&sABO J 15: 3792-3805.

Hung DL, Pinkner JS, Knight SD & Hultgren SJ (1999) Structural basis of chaperone self
capping in P pilus biogeneskroc Natl Acad Sci USA 96: 8178-8183.

Iriarte M & Cornelis GR (1995) MyfF, an element of the network regulahegynthesis of
fibrillae in Yersinia enterocolitica. J Bacteriol 177: 738—744.

Iriarte M, Vanooteghem JC, Delor I, Diaz R, Knutton S & Cornelis GR (1993) The bhifde
of Yersinia enterocolitica. Mol Microbiol 9: 507-520.

Jacob-Dubuisson F, Striker R & Hultgren SJ (1994) Chaperone assisted self-gsdetibl
independent of cellular energyBiol Chem 269: 12447-12455.

Jalajakumar MB, Thomas CJ, Halter R & Manning PA (1989) Genes for biosynthesis and
assembly of CS3 pili of CFA/II enterotoxigeritscherichia coli: novel regulation of pilus
production by bypassing an amber coddol Microbiol 12: 1685-1695.

Jedrzejczak R, Dauter Z, Dauter Matek R, Zalewska B, Mroz M, Bury K, Nowicki B & Kur J
(2006) Structure of DraD invasin from uropathogetscherichia coli: a dimer with
swapped beta-tail#\cta Crystallogr D Biol Crystallogr 62: 157—-164.

Joardar V, Lindeberg M, Jackson RW, Selengut J, Dodson R, Brinkac LM, Daugherty SC
DeBoy R, Durkin AS, Giglio MG, Madupu R, Nelson WC, Rosovitz MJ, Sullivan S,
Crabtree J, Creasy T, Davidsen T, Haft DH, Zafar N, Zhou L, Halpin R, Holley T rkHou
Feldblyum T, White O, Fraser CM, Chatterjee AK, Cartinhour S, Schneider DJ, Bldrfi
Collmer A & Buell CR (2005) Whole-genome sequence analydtsaifdomonas syringae
pv. phaseolicola 1448A reveals divergence among pathovars in genes involved in virulence

and transposition] Bacteriol 187: 6488—6498.

ScholarOne Support 1-434/817-2040 ext 167


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Thomas+CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Halter+R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Manning+PA%22%5BAuthor%5D

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 114 of 157

Johnson JR (1991) Virulence factordascherichia coli urinary tract infectionClin Microbiol
Rev 4: 80-128.

Johnson JR, Skubitz KM, Nowicki BJ, Jacques-Palaz K & R&Wila(1995) Nonlethal
adherence to human neutrophils mediated by Dr antigen-specific adheSsskenichia
coli. Infect Immun 63: 309-316.

Jones T, Adamovicz JJ, Cyr SL, Bolt CR, Bellerose N, Pitt LM, Lowell GBug& DS (2006)
Intranasal Protollintrade mark/F1-V vaccine elicits respiratory angrsantibody responses
and protects mice against lethal aerosolized plague infed&onine 24: 1625-1632.

Jones CH, Dodson K & Hultgren SJ (1996) Structure, function and assembly of adhesive P pili.
Urinary Tract Infections. Molecular Pathogenesis and Clinical Management. ASM Press.
Washington, DC (Mobley HLT & Warren JW eds), pp. 175-219.

Jones CH, Pinkner JS, Nicholes AV, Slonim LN, Abraham SN & Hultgren SJ (1998) iBien
periplasmic PapD-like chaperone that directs assembly of type 1 pili inribatec Natl
Acad Sci USA 90: 8397-8401.

Jouve M, Garcia MI, Courcoux P, Labigne A, Gounon P & Le Bouguénec C (1997) Adhesion to
and invasion of HelLa cells by pathogeBscherichia coli carrying theafa-3 gene cluster are
mediated by the AfaE and AfaD proteins, respectiveligct |mmun 56: 4082—4089.

Kammerer R, Hahn S, Singer BB, Luo JS & von Kleist S (1998) Biliary glycopr(@66a), a
cell adhesion molecule of the immunoglobulin superfamily, on human lymphocytes
structure, expression and involvement in T cell activation.J Immunol 28: 3664—3674.

Kammerer R, Stober D, Singer BB, Obrink B & Reimann J (2001) Carcinoembrytigera
related cell adhesion molecule 1 on murine dendritic cells is a potent regulatoelbf T
stimulation.J Immunol 166: 6537—-6544.

Karlyshev AV, Galyov EE, Abramov VM & Zav'yalov VP (1992f1R gene and its role in the

regulation of capsule formation ¥fpestis. FEBS Lett 305: 37—-40.

ScholarOne Support 1-434/817-2040 ext 167



Page 115 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Karlyshev AV, Galyov EE, Smirnov OY, Abramov VM & Zav'yalov VP (1994) Structuek a
regulation of a gene cluster involved in capsule formationpstis, p. 321-330Biological
Membranes. Sructure, Biogenesis and Dynamic, NATO-AS Serias, (Op den Kamp JAF ed.)
vol. H-82, Springer-Verlag.

Karlyshev AV, Galyov EE, Smirnov OY, Guzaev AP, Abramov VM & Zav'yalov VP (1992) A
new gene of th&l operon ofY pestis involved in the capsule biogene$t&BS Lett 297: 77—
80.

Kaul AK, Khan S, Martens MG, Crosson JT, Lupo VR & Kaul R (1999) Experimental
gestational pyelonephritis induces preterm births and low birth weights in @3Hite.
Infect Immun 67: 5958-5966.

Keller R, Ordoiiez JG, de Oliveira RR, Trabulsi LR, Baldwin TJ & Knutton S (2002)eAfa,
diffuse adherence fibrillar adhesin associated with enteropathdésahiichia coli. Infect
Immun 70: 2681-2689.

Kida Y, Kobayashi M, Takao S, Akira T, Yoshimasa O, Sigemasa H, Toshikazu Y & Kohji H
(2005) Interleukin-1 stimulates cytokines, prostaglandin E2 and matrix metadimase- 1
production via activation of MAPK/AP-1 and NF-kB in human gingival fibroblaSysokine
29: 159-168.

Kline KA, Falker S, Dahlberg S, Normark S & Henriques-Normark B (2009) Battthesins
in host-microbe interaction§ell Host Microbe 5: 580°1592.

Knight SD, Berglund J & Choudhury D (2000) Bacterial adhestractural studies reveal
chaperone function and pilus biogene€igtr Opin Chem Biol 4. 653—-660.

Knutton S, McConnel MM, Rowe B & McNeish AS (1989) Adhesion and ultrastructural
properties of human enterotoxigescherichia coli producing colonization factor antigens
[Il and IV. Infect Immun 57: 3364-3371.

Korotkova N, Chattopadhyay S, Tabata TA, Beskhlebnaya V, Vigdorovich V, KéiseBtBong

RK, Dykhuizen DE, Sokurenko EV & Moseley SL (2007) Selection for functional diyersit

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 116 of 157

drives accumulation of point mutations in Dr adhesinSsoherichia coli. Mol Microbiol
64: 180-194.

Korotkova N, Cota E, Lebedin Y, Monpouet S, Guignot J, Servin AL, Matthews S & Moseley
SL (2006a) A subfamily of Dr adhesionskxdcherichia coli bind independently to decay-
accelerating factor and the N-domain of carcinoembrionic antiggiol Chem 281: 29120
29130.

Korotkova N, Le Trong |, Samudrala R, Korotkov K, Van Loy CP, Bui AL, Moseley SL &
Stenkamp RE (2006b) Crystal structure and mutational analysis of the DaaE adhesin of
Escherichia coli. J Biol Chem 281: 22367-22377.

Korotkova N, Yang Y, Le Trong I, Cota E, Demeler B, Marchant J, Thomas WE, Stef@&mp
Moseley SL & Matthews S (2008a) Binding of Dr adhesinEscherichia coli to
carcinoembryonic antigen triggers receptor dissocialtwoh.Microbiol 67: 420-434.

Korotkova N, Yarova-Yarovaya Y, Tchesnokova V, Yazvenko N, Carl MA, Stapleton AE &
Moseley SL (2008blescherichia coli DraE adhesin-associated bacterial internalization by
epithelial cells is promoted independently by decay-accelerating faatorarcinoembryonic
antigen-related cell adhesion molecule binding and does not require the Drab linfeat
Immun 76: 3869-3880.

Korpela T, Macintyre-Ayane S, Zavialov A, Battchikova N, Petrovskaya L, AoV &
Korobko V (1999) Microbial protein expression systéss.patent 6919198.

Kuehn MJ, Heuser J, Normark S & Hultgren SJ (1992) P pili in uropathoBecot are
composite fibres with distinct fibrillar adhesive tipature 356: 252—255.

Kumar S, Balakrishna K, Agarwal GS, Merwyn S, Rai GP, Batra HV, Sardéséi
Gowrishankar J (2009) Thl-type immune response to infection by pYV-cured phoP-phoQ
null mutant ofYersinia pseudotuberculosis is defective in mouse modéintonie van

Leeuwenhoek 95: 91-100.

ScholarOne Support 1-434/817-2040 ext 167


http://www.springerlink.com/content/100234/?p=3eb6cfe8e45d4bf5bb322ed2c720396c&pi=0
http://www.springerlink.com/content/100234/?p=3eb6cfe8e45d4bf5bb322ed2c720396c&pi=0

Page 117 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Lalioui L & Le Bouguénec C (200Bfa-8 Gene cluster is carried by a pathogenicity island
inserted into the tRNA"®of human and bovine pathogeiischerichia coli isolateslnfect
Immun 69: 937-948.

Lalioui L, Jouve M, Gounon P & Le Bouguénec C (1999) Molecular cloning and
characterization of thafa-7 andafa-8 gene clusters encoding Afimbrial adhesins in
Escherichia coli strains associated with diarrhea or septicemia in cdiniest |mmun 10:
5048-5059.

Lane MC & Mobley HLT (2007) Role of P-fimbrial-mediated adherence in pggloritis and
persistence of uropathogertischerichia coli (UPEC) in the mammalian kidneiidney
Intern 72: 19-25.

Langermann S, Mollby R, Burlein J, Palaszynski S, Auguste G, DeFusco A, Strouse R,
Schenerman MA, Hultgren SJ, Pinkner JS, Winberg J, Guldevall L, S6derhall Mwahika
K, Normark S & Koenig S (2000) Vaccination with FimH adhesin protects cynomolgus
monkeys from colonization and infection by uropathogé&seherichia coli. J Infect Dis
181: 774-778.

Langermann S, Palaszynski S, Barnhart M, Auguste G, Pinkner JS, Burlein J, Bétoemig
S, Leath S, Jones CH & Hultgren SJ (1997) Prevention of muEsdarichia coli infection
by FimH-adhesin-based systemic vaccinattamence 276: 607-611.

Layton AN & Galyov EE (2007) Salmonella-induced enteritis: molecpithogenesis and
therapeutic implication€Expert Rev Mol Med 9: 1-17.

Le Bouguénec C & Bertin Y (1999) AFA and F17 adhesins produced by path&geimécichia
coli strains in domestic animalget Res 30: 317-342.

Le Bouguénec C & Servin AL (2006) Diffusely adherEstherichia coli strains expressing
Afa/Dr adhesins (Afa/Dr DAEChitherto unrecognized pathogeR&EMS Microbiol Lett

256: 185-194.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 118 of 157

Le Bouguénec C (2005) Adhesins and invasins of patho@sdherichia coli. Int J Med
Microbiol 295: 471-478.

Leffler H & Svanborg-Edén C (1980) Chemical identification of a glycosphingotggeptor for
E cali attaching to human urinary tract epithelial cells and agglutinating humtmocenytes.
FEMSMicrobiol Lett 8: 127-134.

Leffler H & Svanborg-Edén C (1981) Glycolipid receptors for uropathodestieerichia coli on
human erythrocytes and uroepithelial cdlidect Immun 34: 920-929.

Lemaitre N, Sebbane F, Long D & Hinnebusch BJ (20@63inia pestis YopJ suppresses
tumour necrosis factor a induction and contributes to apoptosis of immune cells in the lymph
node but is not required for virulence in a rat model of bubonic plégfeet |mmun 74:
5126-5131.

Levine MM, Ristaino P, Marley G, Smyth C, Knutton S, Boedeker E, Black R, Young C,
Clements ML, Cheney C & Patnaik R (1984) Coli surface antigens 1 and 3 of colonization
factor antigen ll-positive enterotoxigerttscherichia coli: morphology, purification, and
Immune responses in humahgect Immun 44: 409-420.

Li Y, Cui Y, Hauck Y, Platonov ME, Dai E, Song Y, Guo Z, Pourcel C, Dentovskaya SV,
Anisimov AP, Yang R & Vergnaud G (2009) Genotyping and phylogenetic analysis of
Yersinia pestis by MLVA: Insights into the worldwide expansion of Central Asia plague foci.
PLoS ONE 4: e6000

Li Y, Han W, Lei L, Li Z & Shi L (2009) MrkD adhesin dflebsiella pneumoniae expression,
purification and analysis of adhesive activityei Sheng Wu Xue Bao 49: 638 1642.

Li B, Jiang L, Song Q, Yang J, Chen Z, Guo Z, Zhou D, Du Z, Song Y, Wang J, Wang H, Yu S,
Wang J & Yang R (2005) Protein microarray for profiling antibody responsés smia
pestis live vaccinelnfect Immun 73: 3734-3739.

Li H, Qian L, Chen Z, Thibault D, Liu G, Liu T & Thanassi DG (2004) The outer membrane

usher forms a twin-pore secretion complgkiol Biol 344: 1397-1407.

ScholarOne Support 1-434/817-2040 ext 167


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Le+Bouguenec+C%22%5BAuthor%5D

Page 119 of 157 FEMS Microbiology Reviews

Li Y-F, Poole S, Rasulova F, McVeigh AL, Savarino SJ & Xia D (2007) A receptor-bindeng s
as revealed by the crystal structure of CfaE, the colonization factoemmftignbrial adhesin

of enterotoxigeni&scherichia coli. J Biol Chem 282: 23970-23980.

©CoO~NOUTA,WNPE

Li B & Yang R (2008) Interaction betweéfersinia pestis and the host immune systemfect

12 Immun 76: 1804-1811.

14 Lindberg F, Lund B, Johansson L & Normark S (1987) Localization of the receptor binding
16 protein adhesin at the tip of the bacterial piNature 328: 84-87.

19 Lindler LE & Tall BD (1993)Yersinia pestis pH6 antigen forms fimbriae and is induced by

21 intracellular association with macrophagelel Microbiol 8: 311-324.

28 Lindler LE, Klempner MS & Straley SC (199%rsinia pestis pH6 antigengenetic,

26 biochemical, and virulence characterization of a protein involved in the pathagehesi

28 bubonic plaguelnfect Immun 58: 2569-2577.

Linke D, Riess T, Autenrieth 1B, Lupas A & Kempf VA (2006) Trimeric autasgzorter

33 adhesinsvariable structure, common functicfrends Microbiol 14: 264-270.

35 Lintermans PF, Pohl P, Deboeck F, Bertels A, Schlicker C, Vandekerckhove J, vareDamm
38 van Montagu M & de Greve H (1988) Isolation and nucleotide sequence of the F17-A gene
40 encoding the structural protein of the F17 fimbriae in bovine enterotoxigstherichia

42 coli. Infect Immun 56: 1475-1484.

45 Liu F, Chen H, Galvan EM, Lasaro MA & Schifferli DM (2006) Effects of Psa and Flen t
47 adhesive and invasive interactionsyefsinia pestis with human respiratory tract epithelial
49 cells.Infect Immun 74: 5636-5644.

52 Lopes VC, Velayudhan BT, Halvorson DA & Nagaraja KV (2006) Preliminariuatian of the
54 use of thesefA fimbrial gene to elicit immune response agaaimonella enterica serotype

Enteritidisin chickensAvian Dis50: 185-190.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 120 of 157

Louvard D, Kedinger M & Hauri HP (1992) The differentiating intestinal epaheél:
establishment and maintenance of functions through interactions between salldres.
Annu Rev Cell Biol 8: 157-195.

Lublin DM & Atkinson JP (1989) Decay-accelerating factor: biochemistry, cotde biology,
and function Annu Rev Immun 7: 35-58.

Macintyre S, Zyrianova IM, Chernovskaya TV, Leonard M, Rudenko EG, Zav'yalov VP &
Chapman DAG (2001) An extended hydrophobic interactive surfader@hia pestis
CaflM chaperone is essential for subunit binding and F1 capsule asskwildi§icrobiol

39: 12-25.

Makoveichuk E, Cherepanov P, Lundberg S, Forsberg A & Olivecrona G (2003) pH6 antigen of

Yersinia pestis interacts with plasma lipoproteins and cell membranigsd Res 44: 320—
330.

Marketon MM, Depaolo RW, Debord KL, Jabri B & Schneewind O (2005) Plague bacteria
target immune cells during infectioBcience 309: 1739-1741.

Marklund B-I, Tennent JM, Garcia E, Hamers A, Bdga M, Lindberg F, GaastraNar&ark S
(1992) Horizontal gene transfer of thscherichia coli pap andprs pili operons as a
mechanism for the development of tissue-specific adhesive propkfitielslicrobiol 6:
2225-2242.

Massad G & Mobley HLT (1994) Genetic organization and complete sequencePobtiies
mirabilis pmf fimbrial operon.Gene 150: 101-104.

Massad G, Fulkerson GF, Watson DC & Mobley HL (199&)teus mirabilis ambient-
temperature fimbriaecloning and nucleotide sequence of #tfegene cluster.nfect Immun
64: 4390-4395.

McClelland M, Sanderson KE, Spieth J, Clifton SW, Latreille P, Courtney L, Pan&IAli J,
Dante M, Du F, Hou S, Layman D, Leonard S, Nguyen C, Scott K, Holmes A, Grewal N,

Mulvaney E, Ryan E, Sun H, Florea L, Miller W, Stoneking T, Nhan M, Waterston R &

ScholarOne Support 1-434/817-2040 ext 167


http://www.expasy.org/cgi-bin/get-entries?RA=McClelland%20M.&db=sp&db=tr
http://www.expasy.org/cgi-bin/get-entries?RA=Sanderson%20K.E.&db=sp&db=tr
http://www.expasy.org/cgi-bin/get-entries?RA=Spieth%20J.&db=sp&db=tr
http://www.expasy.org/cgi-bin/get-entries?RA=Clifton%20S.W.&db=sp&db=tr
http://www.expasy.org/cgi-bin/get-entries?RA=Latreille%20P.&db=sp&db=tr
http://www.expasy.org/cgi-bin/get-entries?RA=Courtney%20L.&db=sp&db=tr

Page 121 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Wilson RK. (2001) Complete genome sequencgabihonella enterica serovar

Typhimurium LT2.Nature 413: 852—-856.

McClelland M., Sanderson KE, Clifton SW, Latreille P, Porwollik S, Sabo A, MeyBid®, T,

Ozersky P, McLellan M, Harkins CR, Wang C, Nguyen C, Berghoff A, Elliott G, Ikl

S, Strong C, Du F, Carter J, Kremizki C, Layman D, Leonard S, Sun H, Fulton L, Nash W,
Miner T, Minx P, Delehaunty K, Fronick C, Magrini V, Nhan M, Warren W, Florea L,

Spieth J & Wilson RK (2004) Comparison of genome degradation in Paratyphi A and Typhi
human-restricted serovars &dlmonella enterica that cause typhoidNat Genet 36: 1268—

1274.

Merckel MC, Tanskanen J, Edelman S, Westerlund-Wikstrom B, Korhonen TK & Goldman A

(2003) The structural basis of receptor-bindingasgherichia coli associated with diarrhea

and septicemial Mol Biol 331: 897-905.

Meslet-Cladiere LM, Pimenta A, Duchaud E, Holland IB & Blight MA (200%Yivo expression

of the mannose-resistant fimbriaeRifotor habdus temperata K122 during insect infectior.

Bacteriol 186: 611-622.

Mueller CA, Broz P, Muller SA, Ringler P, Erne-Brand F, Sorg I, Kuhn M, Engel Ao&é€lis

GR (2005) The V-antigen ofersinia forms a distinct structure at the tip of injectisome

needlesScience 310: 674—676.

Munera D, Hultgren S & Fernandez LA (2007) Recognition of the N-terminal lectiaidayh

FimH adhesin by the usher FimD is required for type 1 pilus biogeiddiddicrobiol 64

333-346.

Musson JA, Morton M, Walker N, Harper HM, McNeill HV, Williamson ED & Robinson JH

(2006) Sequential proteolytic processing of the capsular Cafl antifensofia pestis for

MHC class Il restricted presentation to T lymphocydeBiol Chem 281: 26129-26135.

Nakajima A, lijima H, Neurath MF, Nagaishi T, Nieuwenhuis EES, Raychowdhu@liekman

J, Blau DM, Russell S, Holmes KV & Blumberg RS (2002) Activation-induced expressi

ScholarOne Support 1-434/817-2040 ext 167


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22McClelland+M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Sanderson+KE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Clifton+SW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Latreille+P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Porwollik+S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Sabo+A%22%5BAuthor%5D

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 122 of 157

carcinoembryonic antigen-cell adhesion molecule 1 regulates mouse T lympliocyien.
J Immunol 168: 1028-1035.

Nataro JP & Kaper JB (1998) Diarrheageascherichia coli. Clin Microbiol Rev 11: 142-201.

Ng TW, Akman L, Osisami M & Thanassi DG (2004) The usher N terminus is tia init
targeting site for chaperone-subunit complexes and participates in subselpsent pi
biogenesis eventd.Bacteriol 186: 5321-5331.

Niemann HH, Schubert WD & Heinz DW (2004) Adhesins and invasins of pathogenic bacteria
a structural viewMicrobes Infect 6: 101-112.

Nilsson LM, Thomas WE, Sokurenko EV & Vogel V (2006) Elevated shear stress protects
Escherichia coli cells adhering to surfaces via catch bonds from detachment by soluble
inhibitors. Appl Environ Microbiol 72: 300513010.

Nilsson LM, Thomas WE, Sokurenko EV & Vogel V (2008) Beyond induced-fit receptardiga
interactions: structural changes that can significantly extend bond ligefdnacture 16:
104771058.

Nilsson LM, Thomas WE, Trintchina E, Vogel V & Sokurenko EV (2006) Catch bond-mediated
adhesion without a shear threshold: trimannose versus monomannose interactions with the
FimH adhesin oEscherichia coli. J Biol Chem 281: 16656 116663.

Nilsson LM, Yakovenko O, Tchesnokova V, Thomas WE, Schembri MA, Vogel V, Klemm P &
Sokurenko EV (2007) The cysteine bond inEseherichia coli FimH adhesin is critical for
adhesion under flow conditionslol Microbiol 65: 1158 11169.

Nishiyama M, Horst R, Eidam OT, Herrmann T, Ignatov O, Vetsch M, Bettendalél&sarov
[, Gratter MG, Wathrich K, Glockshuber R & Capitani G (2005) Structural basis of
chaperone-subunit complex recognition by the type 1 pilus assembly plarform HinD

EMBO J 24: 1-12.

ScholarOne Support 1-434/817-2040 ext 167



Page 123 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Nishiyama M, Vetsch M, Puorger C, Jelesarov | & Glockshuber R (2003) IdetmifiGand
characterization of the chaperone subunit complex-binding domain from the Type 1 pilus
assembly platform FimQl Mol Biol 330: 513-525.

Nouvion AL & Beauchemin N (2009) CEACAM1 as a central modulator of metabolism, tumor
progression, angiogenesis and immuriited Sci (Paris) 25: 2471252.

Nowicki B, Hart A, Coyne KE, Lublin DM & Nowicki S (1993) Short consensus repeat-3
domain of recombinant decayaccelerating factor is recogniz&sddbgrichia coli
recombinant Dr adhesin in a model of a cell-cell interactldxp Med 178: 2115-2121.

Nowicki B, Fang L, Singhal J, Nowicki S & Yallampalli C (1997) Lethal outcometeffine
infection in pregnant but not in nonpregnant rats and increased death rate with inhibition of
nitric oxide. Amer J Reprod Immun88: 309-312.

Nowicki B, Martens M, Hart A & Nowicki S (1994) Gestational age-dependenttuison of
Escherichia coli fimbriae in pregnant patients with pyelonephritis. Ann NY Acad/30i
290-291.

Nowicki B, Moulds J, Hull R & Hull S (1988) A hemagglutinin of uropathogéefscherichia
coli recognizes the Dr blood group antigbwect Immun 56: 1057—-1060.

Nuccio S-P & Baumler AJ (2007) Evolution of the chaperone/usher assembly patimaaial
classification goes greeklicrobiol Mol Biol Rev 71: 551-575.

Obrink B (1997) CEA adhesion molecul@sultifunctional proteins with signal-regulatory
propertiesCurr Opin Cell Biol 9: 616—-626.

Osman S, Remaut H, Waksman G & Orlova EV (2008) Structural Analysis of the SabyPilus
Electron Microscopy and Image Processihljlol Biol 379: 174-187.

Payne D, Tatham D, Williamson ED & Titball RW (1998) pH6 antigeNensinia pestis binds
to B1l-linked galactosyl residues in glycosphingolipilhéect |mmun 66: 4545—-4548.

Peiffer I, Servin A & Bernet-Camard M-F (1998) Piracy of decay{acagng factor (CD55)

signal transduction by the diffusely adhering stgsoherichia coli C1845 promotes

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 124 of 157

cytoskeletal F-Actin rearrangements in cultured human intestinal ING&G/1nfect Immun
66: 4036-4042.

Peiffer |, Blanc-Potard A-B, Bernet-Camard M-F, Guignot J, Bafb&tServin A (2000a)
Afa/Dr diffusely adherindescherichia coli C1845 infection promoteselective injuries in the
junctional domain of polarizeauman intestinal Caco-2/TC7 cellafect Immun 68: 3431—
3442.

Peiffer I, Guignot J, Barbat A, Carnoy C, Moseley SL, Nowicki BJ, ServinBe&et-Camard
M-F (2000) Structural and functional lesions in brush border of hynolamnized intestinal
Caco-2/TC7 cells infected by members of the Afa/Dr diffusely adhermdyfaf
Escherichia coli. Infect Immun 68: 5979-5990.

Pereverzev YV, Prezhdo OV, Forero M, Sokurenko EV & Thomas WE (2005) The two-pathway
model for the catch-slip transition in biological adhesiBiophys J 89: 1446 11454.

Pereverzev YV, Prezhdo OV & Sokurenko EV (2009) Allosteric role of the large-doalain
opening in biological catch-bindinghys Rev E Sat Nonlin Soft Matter Phys 79: 051913.

Perry RD & Fetherston JD (199Y¢rsinia pestis — etiologic agent of plagu€lin Microbiol Rev
10: 35-66.

Pettigrew D, Anderson KL, Billington J, Cota E, Simpson P, Urvil P, Rabuzin Rd%ersi
Nowicki B, du Merle L, Le Bouguénec C, Matthews S & Lea SM (2004) Highutsol
studies of the Afa/Dr adhesin DraE and its interaction with chloramphedigal Chem
279: 46851-46857.

Pettigrew DM, Roversi P, Davies SG, Russell AJ & Lea SM (2009) A stalatudy of the
interaction between the Dr haemagglutinin DraE and derivatives of chloramphénta
Crystallogr D Biol Crystallogr 65: 5131522.

Pham TQ, Goluszko P, Popov V, Nowicki S & Nowicki BJ (1997) Molecular cloning and

characterization of Dr-1l A nonfimbrial adhesin-I-like adhesin isolateoh fgestational

ScholarOne Support 1-434/817-2040 ext 167



Page 125 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

pyelonephritis-associatdtkcherichia coli that binds to decayaccelerating factofect
Immun 10: 4309-4318.

Piatek R, Zalewska B, Kolaj O, Ferens M, Nowicki B & Kur J (2005) Molecular aspects of
biogenesis oEscherichia coli Dr fimbriae characterization of DraB-DraE complex&asfect
Immun 73: 135-145.

Pinkner JS, Remaut H, Buelens F, Miller E, Aberg V, Pemberton N, Hedenstromddon.a,
Seed P, Waksman G, Hultgren SJ & Almqvist F (2006) Rationally designed small
compounds inhibit pilus biogenesis in uropathogenic bacterog.Natl Acad Sci USA 103:

17897-17902.

Poole ST, McVeigh AL, Anantha RP, Lee LH, Akay YM, Pontzer EA, Scott DA, tB&I&
Savarino SJ (2007) Donor strand complementation governs intersubunit interaction of

fimbriae of the alternate chaperone pathwagl Microbiol 63: 1372—-1384.

Proft T & Baker EN (2009) Pili in Gram-negative and Gram-positive bactstracture,

assembly and their role in disea€ell Mol Life Sci 66: 613—635.

Pujol C, Klein KA, Romanov GA, Palmer LE, Cirota C, Zhao Z & Bliska JB (20@83inia
pestis can reside in autophagosomes and avoid xenophagy in murine macrophages by
preventing vacuole acidificatiomfect Immun 77: 225112261.

Read TD, Dowdell M, Satola SW & Farley MM (1996) Duplication of pilus gene corapleik
Haemophilus influenzae biogroup aegyptiusl Bacteriol 178: 6564—6570.

Remaut H, Rose RJ, Hannan TJ, Hultgren SJ, Radford SE, Ashcroft AE & Waksman G (2006)
Donor-strand exchange in chaperone-assisted pilus assembly proceeds thomagtad3
strand displacement mechanidviol Cell 22: 831-842.

Remaut H, Tang C, Henderson N, Pinkner J, Wang T, Hultgren S, Thanassi D, Waksman G & Li
H (2008) Fiber formation across the bacterial outer membrane by the chapdrene/us

pathway.Cell 133: 640—-652.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 126 of 157

Remer KA, Bartrow M, Roeger B, Moll H, Sonnenborn U & Oelschlaeger TA (2009) Spli
immune response after oral vaccination of mice with recombkesgherichia coli Nissle
1917 expressing fimbrial adhesin K86t J Med Microbiol (Epub ahead of print).

Remi F, Remaut H & Waksman G (2008) Architectures and biogenesis of non-flpgel&an

appendages in Gram-negative bactée EMBO Journal 27: 2271-2280.

Rey-Campos J, Rubinstein P & de Cordoba SR (1988) A physical map of the human regulator of

complement activation gene cluster linking the complement genes CR1, CR2,rdAF, a
C4BPJ Exp Med 167: 664—6609.

Richardson JS & Richardson DC (2002) Natural beta-sheet proteins use negativécdasugd
edge-to-edge aggregatidProc Natl Acad Sci USA 99: 2754-2759.

Riegman N, Kusters R, van Veggel H, Bergmans H, van Bergen P, Henegouwekét, Hac
van Die | (1990) F1C fimbriae of a uropathogefscherichia coli strain genetic and
functional organization of thiec gene cluster and identification of minor subunits.
Bacteriol 172: 1114-1120.

Rose RJ, Welsh TS, Waksman G, Ashcroft AE, Radford SE & Paci E (2008) Donor-strand
exchange in chaperone-assisted pilus assembly revealed in atomic detaiébylar
dynamics.J Mol Biol 375: 908-9109.

Rougeaux C, Berger CN & Servin AL (2008) CEACAM1-4L down-regulates hDABesated
signaling after being recognized by the Dr adhesin of diffusely adjesomerichia coli.

Cell Microbiol 10: 632—654.

Saarela S (1999) Functional and molecular characterization of the Gdffefifectin of
Escherichia coli. Academic dissertation University of Helsinki, Finland.

Saarela S, Taira S, Nurmiaho-Lassila E-L, Makkonen A & Rhen M (1995[3dherichia coli
G-fimbrial lectin protein participates both in fimbrial biogenesis and iogmition of the

receptor N-acetyl-D-glucosamingBacteriol 177: 1477—-1484.

ScholarOne Support 1-434/817-2040 ext 167



Page 127 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Saarela S, Westerlund-Wikstrom B, Rhen M & Korhonen TK (1996) The GafD protein of the G
(F17) fimbrial complex confers adhesivenes&stherichia coli to laminin.Infect Immun
64: 2857—-2860.

Sabhnani L, Manocha M, Sridevi K, Shashikiran D, Rayanade R & Rao DN (2003) Developing
subunit immunogens using B and T cell epitopes and their constructs derived fiféin the
antigen ofYersinia pestis using novel delivery vehicleBEMS Immun Med Microbiol 38:
2151229.

Sabhnani L & Rao DN (2000) Identification of immunodominant epitope of F1 antigen of

Yersinia pestis. FEMS Immun Med Microbiol 27: 1551162.

Salih O, Remaut H, Waksman G & Orlova EV (2008) Structural analysis of the &abpil
electron microscopy and image processihglol Biol 379: 174-187.

Santi L, Giritch A, Roy CJ, Marillonnet S, Klimyuk V, Gleba Y, Webb R, Arntze&®dason
HS (2006) Protection conferred by recombindasinia pestis antigens produced by a rapid
and highly scalable plant expression systeroc Natl Acad Sci USA 103: 861-866.

Sanchez R, Kanarek L, Koninkx J, Hendriks H, Lintermans P, Bertels A, Chadierdh
Driessche E (1993) Inhibition of adhesion of enterotoxigEsoberichia coli cells
expressing F17 fimbriae to small intestinal mucus and brush-border membfgoesg
calves.Microb Pathog 15: 407—-4109.

Sauer FG, Barnhart M, Choudhury D, Knight SD, Waksman G & Hultgren SJ (2000)
Chaperone-assisted pilus assembly and bacterial attact@oem©Opin Sruct Biol 10: 548—
556.

Sauer FG, Futterer K, Pinkner JS, Dodson KW, Hultgren SJ & Waksman G (1999) Structural
basis of chaperone function and pilus biogen&sisnce 285: 1058—-1061.

Sauer FG, Pinkner JS, Waksman G & Hultgren SJ (2002) Chaperone priming of pilus subunits

facilitates a topological transition that drives fiber format©od! 111: 543-551.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 128 of 157

Sauer FG, Remaut H, Hultgren SJ & Waksman G (2004) Fiber assbytblg chaperone—usher
pathway.Biochim Biophys Acta 1694: 259-267.

Saulino ET, Thanassi DG, Pinkner JS, Hultgren SJ, Lombardo MJ, Roth R & Heuser J (1998)
Ramifications of kinetic partitioning on usher-mediated pilus biogeresiBO J 17: 2177—
2185.

Savarino SJ, Fox P, Deng Y & Nataro JP (1994) Identification and charadteriaba gene
cluster mediating enteroaggregatisherichia coli aggregative adherence fimbria |
biogenesisJ Bacteriol 176: 4949-4957.

Scaletsky ICA, Michalski J, Torres AG, Dulguer MV & Kaper JB (2005) lidieation and
characterization of the locus for diffuse adherence, which encodes a novelafadbesin
found in atypical enteropathogerttscherichia coli. Infect Immun 73: 4753-4765.

Schembri MA, Sokurenko EV & Klemm P (2000) Functional flexibility of the FimH adhesi
insights from a random mutant libratyfect Immun 68: 2638—2646.

Sebbane F, Jarrett C, Gardner D, Long D & Hinnebusch BJ (2009)effiaia pestis
caflM1ALl fimbrial capsule operon promotes transmission by flea bite in a mouse model of
bubonic plaguelnfect Immun 77: 1222-1229.

Sebbane F, Lemaitre N, Sturdevant DE, Rebeil R, Virtaneva K, Porcella $fin&lddsch BJ
(2006) Adaptive response Wérsinia pestis to extracellular effectors of innate immunity
during bubonic plagud?roc Natl Acad Sci USA 103: 11766-11771.

Selvarangan R, Goluszko P, Singhal J, Carnoy C, Moseley S, Hudson B, Nowicki S & Nowicki
B (2004) Interaction of Dr adhesin with collagen Type IV is a critical stegahéichia coli
renal persistencénfect Immun 72: 4827-4835.

Servin AL (2005) Pathogenesis of Afa/Dr diffusely adhetscherichia coli. Clin Microbiol
Rev 18: 264-292.

Sharma RK, Sodhi A & Batra HV (2005a) Involvement of c-Jun N-terminal kinagelin r

mediated activation of murine peritoneal macrophages in Jitetin Immunol 3: 215-223.

ScholarOne Support 1-434/817-2040 ext 167



Page 129 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Sharma RK, Sodhi A, Batra HV & Tuteja U (2005b) Phosphorilation of p42/44 MAP kinase is
required for rF1-induced activation of murine peritoneal macroph&tgtdmmunol 42:
1385-1392.

Smiley ST (2008a) Current challenges in the development of vadangsmeumonic plague.
Expert Rev Vaccines 7: 209-221.

Smiley ST (2008b) Immune defense against pneumonic plagomenol Rev 225: 256-271.

So SS & Thanassi DG (2006) Analysis of the requirements for pilus biogenesi®atdahe
membrane usher and the function of the usher C-ternfihalsMicrobiol 60: 364-375.

Sodhi A, Sharma RK, Batra HV & Tuteja U (2004) Recombinant fraction 1 prot&ierehia
pestis activates murine peritoneal macrophaigegtro. Cell Immunol 229: 52—61.

Sokurenko EV, Chesnokova V, Doyle RJ & Hasty DL (1997) Diversity oEteherichia coli
Type 1 fimbrial lectin: differential binding to mannosides and uroepithelitd. debiol
Chem 272: 17880-17886.

Sokurenko EV, Chesnokova V, Dykhuizen DE, Ofek |, Wu X-R, Krogfelt KA, Struve C,
Schembri MA & Hasty DL (1998) Pathogenic adaptatioismherichia coli by natural
variation of the FimH adhesiiroc Natl Acad Sci USA 95: 8922—-8926.

Sokurenko EV, Courtney HS, Abraham SN, Klemm P & Hasty DL (1992) Functional
heterogeneity of Type 1 fimbriae Bscherichia coli. Infect Immun 60: 4709 14719.

Sokurenko EV, Courtney HS, Maslow J, Siitonen A & Hasty DL (1995) Quantitative ditiese
in adhesiveness of Type 1 fimbriatéstherichia coli due to structural differences fimH
genesJ Bacteriol 177: 3680-3686.

Sokurenko EV, Courtney HS, Ohman DE, Klemm P & Hasty DL (1994jerogeneity due to
minor sequence variations amdigH genesJ Bacteriol 176: 748 1755.

Soto GE & Hultgren SJ (1999) Bacterial adhesamnmon themes and variations in architecture

and assemblyl Bacteriol 181: 1059-1071.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 130 of 157

Stahlhut SG, Chattopadhyay S, Struve C, Weissman SJ, Aprikian P, Libby SJ, Fangdf€lf K
KA & Sokurenko EV (2009) Population variability of the FimH type 1 fimbrial adhesin in
Klebsiella pneumoniae. J Bacteriol 191: 194111950.

Strindelius L, Folkesson A, Normark S & Sj6holm | (2004) Immunogenic priegeof the
Salmonella atypical fimbriae in BALB/c miceVaccine 22: 1448-1456.

Sung MA, Fleming K, Chen HA & Matthews S (2001) The solution structure of PapGll from
uropathogenig&scherichia coli and its recognition of glycolipid receptoEEVIBO Rep 2:
621-627.

Tchesnokova V, Aprikian P, Yakovenko O, LaRock C, Kidd B, Vogel V, Thomas W &
Sokurenko E (2008) Integrin-like allosteric properties of the catch-bond fornmmg Fi
adhesin oE coli. J Biol Chem 283: 7823-7833.

Thanassi DG, Saulino ET & Hultgren SJ (1998) The chaperone/usher pathmayjor terminal
branch of the general secretory pathw@ytr Opin Microbiol 1: 223—-231.

Thanassi DG, Stathopoulos C, Dodson K, Geiger D & Hultgren SJ (2002) Bacterial outer
membrane ushers contain distinct targeting and assembly domains for pikrsesisd
Bacteriol 184: 6260—6269.

Thomas WE, Nilsson LM, Forero M, Sokurenko EV & Vogel V (2004) Shear-dependent 'stick-
and-roll' adhesion of type 1 fimbriat&dcherichia coli. Mol Microbiol 53: 1545-1557.

Thomas WE, Trintchina E, Forero M, Vogel V & Sokurenko EV (2002) Bacterial adhesion t
target cells enhanced by shear focdl 109: 913 1923.

Thomas WE, Vogel V & Sokurenko E (2008) Biophysics of catch bowus: Rev Biophys 37:
399 1416.

Thomas RJ, Webber D, Collinge A, Stagg AJ, Bailey SC, Nunez A, Gates AgkernmaBPN,
Taylor RR, Eley S & Titball RW (2009) Different pathologies but equal levels of
responsiveness to the recombinant F1 and V antigen vaccine and ciprofloxacin in a murine

model of plague caused by small- and large-particle aerdsfast. Immun 77: 131511323.

ScholarOne Support 1-434/817-2040 ext 167



Page 131 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Thompson JA, Grunert F & Zimmerman W (1991) Carcinoembrionic antigen famaligcular
biology and clinical perspectivd Clin Lab Anal 5: 344—366.

Tieng V, Le Bouguenec C, du Merle L, Bertheau P, Desreumaux P, Janin A, Charon D
Toubert A (2002) Binding dEscherichia coli adhesin Afak to CD55 triggers cell-surface
expression of the MHC class I-related molecule MIRAc Natl Acad Sci USA 99: 2977—
2982.

Torres AG, Blanco M, Valenzuela P, Slater TM, Patel SD, Dahbi G, Lopez Gg&8Xi,

Blanco JE, Gomes TA, Vidal R & Blanco J (2009) The Long Polar Fimbriae genes of
pathogenidscherichia coli strains as reliable markers to identify virulent isolalé€din
Microbiol 47: 244212451.

Tripathi V, Chitralekha KT, Bakshi AR, Tomar D, Deshmukh RA, Baig MA & Rao DN (2006)
Inducing systemic and mucosal immune responses to B-T construct of F1 antfgesirod
pestisin microsphere deliverywaccine 24: 3279-3289.

van den Broeck W, Cox E, Oudega C & Goddeeris BM (2000) The F4 fimbrial antigen of
Escherichia coli and its receptorad/et Microbiol 71: 223—-244.

van Ham SM, van Alphen L, Mooj FR & JPM van Putten (1994) The fimbrial gene cluster of
Haemophilus influenzae type b.Mol Microbiol 13: 673—-684.

Van Loy CP, Sokurenko EV & Moseley SL (2002) The major structural subunits of Dr and
F1845 fimbriae are adhesiomsfect Immun 70: 1694-1702.

Van Molle I, Moonens K, Buts L, Garcia-Pino A, Panjikar S, Wyns L, De GreveBd@ckaert
J (2009) The F4 fimbrial chaperone FaeE is stable as a monomer that does nosedeuire
capping of its pilin-interactive surfaceicta Crystallogr D Biol Crystallogr 65: 411-420.

Velan B, Bar-Haim E, Zauberman A, Mamroud E, Shafferman A & Cohen S (2006)
Discordance in the effects ¥érsinia pestis on dendritic cell functionsnduction of

maturation and paralysis of migratidnfect Immun 74: 6365-6376.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 132 of 157

Verdonck F, Joensuu JJ, Stuyven E, De Meyer J, Muilu M, Pirhonen M, Goddeeris BM, Mast J
Niklander-Teeri V & Cox E (2009) The polymeric stability of tégherichia coli F4 (K88)
fimbriae enhances its mucosal immunogenicity following oral immuniza#accine 26:
5728-5735.

Verger D, Bullitt E, Hultgren SJ & Waksman G (2007) Crystal structure d® thibus rod
subunit PapAPLoS Pathogens 3: e73.

Verger D, Rose RJ, Paci E, Costakes G, Daviter T, Hultgren S, Remaut H, Aslicr&fadford
SE & Waksman G (2008tructural determinants of polymerization reactivity of the P pilus
adaptor subunit PapBructure 16: 1724-1731.

Vetsch M, Pourger C, Spirig T, Grauschopf U, Weber-Ban EU & Glockshuber R (20@g8}) Pi
chaperones represent a new type of protein folding cathligtre 431: 329-333.

Viboud GI & Bliska JB (2005Yersinia outer proteinsrole in modulation of host cell signaling
responses and pathogenesimnu Rev Microbiol 59: 69—-89.

Virdi JS & Sachdeva P (2005) Molecular heterogeneityYénsinia enterocolitica and Y.
enterocolitica-like species — implications for epidemiology, typing and taxonoRBMS
Immun Med Microbiol 45: 1-10.

Waksman G & Hultgren SJ (2009) Structural biology of the chaperone—usher pathwlag of pi
biogenesisNature Rev Microbiol 7: 7651774.

Wang H, Min G, Glockshuber R, Sun TT & Kong XP (2009) Uropathodgentoli adhesin-
induced host cell receptor conformational changes: implications in transarerdgnaling
transductionJ Mol Biol (Epub ahead of print).

Watts C (2004) The exogenous pathway for antigen presentation on msgmompatibility
complex class Il and CD1 molecul&ature Immun 5: 685—-692.

Weissman SJ, Chattopadhyay S, Aprikian P, Obata-Yasuoka M, Yamoaaya Y, Stapleton

A, Ba-Thein W, Dykhuizen D, Johnson JR & Sokurenko EV (2006) Clonal asabstals

ScholarOne Support 1-434/817-2040 ext 167



Page 133 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

high rate of structural mutations in fimbrial adhesins of exwatimal pathogenic
Escherichia coli. Mol Microbiol 59: 975-988.

Wellens A, Garofalo C, Nguyen H, Van Gerven N, Slattegard R, Hernalstdgnd/yns L,
Oscarson S, De Greve H, Hultgren S & Bouckaert J (2008) Intervening vithriJmract
Infections Using Anti-Adhesives Based on the Crystal Structure of thd-Foilgomannose-
3 ComplexPLoSONE 3: e2040.

Welkos SL, Andrews GP, Lindler LE, Snellings NJ & Strachan SD (2004) Mu dIE®&p |
mutagenesis ofersinia pestis plasmid pFra and identification of temperature-regulated loci
associated with virulenc®lasmid 51: 1-11.

Westerlund B & Korhonen TK (1993) Bacterial proteins binding to the mammalieacehtlar
matrix. Mol Microbiol 9: 687-694.

Westerlund B, Kuusela P, Risteli J, Risteli L, Vartio T, Rauvala H, Virkogakbrhonen TK
(1989) The O75X adhesin of uropathogdascherichia coli is a type IV collagen-binding
protein.Mol Microbiol 3: 329-337.

Westerlund-Wikstrom B & Korhonen TK (2005) Molecular structure of adhesin donmains
Escherichia coli fimbriae.Int J Med Microb 295: 479-486.

Willems RJL, van der Heide HGJ & Mooi FR (1992) CharacterizationBuirdetella pertussis
fimbrial gene cluster which is located directly downstream of the filamentous haennagg|
gene Mol Microbiol 6: 2661-2671.

Williamson ED, Eley SM, Stagg AJ, Green M, Russell P & Titball RW (1997) A sub-unit
vaccine elicits 1gG in serum, spleen cell cultures and bronchial washidgs@ects
immunized animals against pneumonic plagfeecine 15: 1079-1084.

Williamson ED, Flick-Smith HC, LeButt C, Rowland CA, Jones SM, Waters EL, kavyRJ,
Miller J, Packer PJ & Irving M (2005) Human immune response to a plague vaccine

comprising recombinant F1 and V antigeiméect |mmun 73: 3598—-3608.

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 134 of 157

Wolf MK, De Haan LAM, Cassels FJ, Willshaw GA, Warren R, @eleer EC & Gaastra W
(1997) The CS6 colonization factor of human enterotoxigéstberichia coli contains two
heterologous major subunitEms Microbiol Lett 148: 35—42.

Wroblewska-Seniuk K, Selvarangan R, Hart A, Pladzyk R, Goluszko P, Jafari A, duLMerle
Nowicki S, Yallampalli C, Le Bouguénec C & Nowicki B (2005) Dra/AfakE adhe$
uropathogenic Dr/AfaEscherichia coli mediates mortality in pregnant rakstect Immun
73: 7597-7601.

Yakovenko O, Sharma S, Forero M, Tchesnokova V, Aprikian P, Kidd B, Mach A, Vogel V,
Sokurenko E & Thomas WE (2008) FimH forms catch bonds that are enhanced by
mechanical force due to allosteric regulatidBiol Chem 283: 11596 111605.

Yamamoto D, Hernandes RT, Blanco M, Greune L, Schmidt MA, Carneiro SM, Dahbi G,
Blanco JE, Mora A, Blanco J & Gomes TAT (2009) Invasiveness as a putative additiona
virulence mechanism of some atypical Enteropathogenic Escherichia als stiith
different uncommon intimin type8MC Microbiology 9: 146.

Yang Y & Isberg RR (1997) Transcriptional regulation of Yleesinia pseudotuberculosis pH6

antigen adhesin by two envelope-associated compoméoitdJicrobiol 24: 499-510.

Yen MR, Peabody CR, Partovi SM, Zhai Y, Tseng YH & Saier MH (2002) Proteindcatisg
outer membrane porins of gram-negative bact8r@chim Biophys Acta 1562: 6—31.

Yu S & Lowe AW (2009) The pancreatic zymogen granule membrane protein, GP2, binds
Escherichia coli type 1 FimbriaeBMC Gastroenterology 9: 58.

Yu X, Visweswaran GR, Duck Z, Marupakula S, Macintyre S, Knight &Qavialov AV
(2009) CaflA usher possesses a Cafl subunit-like domain that isl dnrci@afl fibre
secretionBiochem J 418: 541-551.

Zalewska B, Ritek R, Bury K, Samet A, Nowicki B, Nowicki S & Kur J (2005) A surface-

exposed DraD protein of uropathogeBscherichia coli bearing Dr fimbriae may be

ScholarOne Support 1-434/817-2040 ext 167



Page 135 of 157 FEMS Microbiology Reviews

% expressed and secreted independently from DraC usher and DraE adWiesiamol ogy

. 151: 2477-2486.

? Zalewska B, Ritek R, Konopa G, Nowicki B, Nowicki S & Kur J (2003) Chimeric Dr fimbriae
§0 with a herpes simplex virus type 1 epitope as a model for a recombinant vadente.

i Immun 71; 5505-5513,

ﬁ, Zalewska- Ritek B, Bury K, Patek R, Bridziak P & Kur J (2008) Type Il secretory pathway
%g for surface secretion of DraD invasin from the uropathogésiherichia coli Dr* strain.J

o Bacteriol 100: 50445056,

gz Zavialov A, Zav'yalova G, Korpela T & Zav'yalov V (2007) FGL chape-assembled fimbrial
gi polyadhesins anti-immune armament of Gram-negative bacterial pathog&RdMS
32 Microbiol Rev 31: 478-514.

gé Zavialov AV & Knight SD (2007) A novel self-capping mechanism controls aggregation of
32 periplasmic chaperone CaflMol Microbiol 64. 153—-164.

gé Zavialov AV, Batchikova NV, Korpela T, Petrovskaya LE, Korobko VG, Kersley Jitge S
%% & Zav'yalov VP (2001) Secretion of recombinant proteins via the chaperone/ushvapat
g; in Escherichia coli. Appl Environ Microbiol 67: 1805-1814.

E? Zavialov AV, Berglund J, Pudney AF, Fooks LJ, Ibrahim TM, Macintyre S & Knight SD (2003
fé Structure and biogenesis of the capsular F1 antigenYeogmia pestis: preserved folding

j;‘ energy drives fiber formatioCell 113: 587-596.

%Z Zavialov AV, Kersley J, Korpela T, Zav'yalov VP, Macintyre S & Knight SD (3@@nor

‘518 strand complementation mechanism in the biogenesis of non-pilus systelnhicrobiol

g; 45: 983-995.

53

gg Zavialov AV, Tischenko VM, Fooks LJ, Brandsdal BO, Aquist J, Zav'yalov VP, Maclsy&e
g? Knight SD (2005) Resolving the energy paradox of chaperone-mediated fibre assembly.
gg Biochem J 389: 685-694.

60

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews Page 136 of 157

Zav'yalov VP, Abramov VM, Cherepanov PG, Spirina GV, Chernovskaya TV, Vasilie\ e AM
Zav'yalova GA (1996) pH6 antigen (PsaA protein)efsinia pestis, a novel bacterial Fc-
receptor FEMS Immun Med Microbiol 14: 53-57.

Zav'yalov VP, Chernovskaya TV, Chapman DAG, Karlishev AV, Macintyre S, Zavialoy AV
Vasiliev AM, Denesyuk Al, Dudich IV, Korpela T & Abramov VM (1997) Influence of the
conserved disulphide bond, exposed to the putative binding pocket, on the structure and
function of the immunoglobulin-like periplasmic molecular chaperone, CaflMerainia
pestis. Biochem J 324: 571-578.

Zav'yalov VP, Chernovskaya TV, Navolotskaya EV, Karlishev AV, Macintyre S, li¢ashM
& Abramov VM (1995a) Specific high affinity binding of human interleukfhily CaflA
usher protein o¥ersinia pestis. FEBS Lett 371: 65—-68.

Zav'yalov VP, Zav’yalova GA, Denesyuk Al & Korpela T (1995b) Modelling ofiststructure
of a periplasmic molecular chaperone CaflMWefsinia pestis, a prototype member of a
subfamily with characteristic structural and functional featlEdS Immun Med Microbiol
11: 19-24.

Zhou H, Monack DM, Kayagaki N, Wertz I, Yin J, Wolf B & Dixit VM (2008grsinia
virulence factor YopJ acts as a deubiquitinase to inhibit NF-kB activatiexp Med 202:

1327-1332.

ScholarOne Support 1-434/817-2040 ext 167



Page 137 of 157

©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

Table 1. Adhesive fimbrial organelles assembled on the Gram negative pathogen cell surface via

classical chaperone-usher pathway”.

Organelle

Chaperone/usher

Bacterium

Disease

Reference(s)

Aggregative
adherence fimbria II,
AAF/II

AafD/C

Escherichia coli

Diarrhea

Elias et al., 1999

n/d® ACIADO0120/0121 Acinetobacter sp. n/d Barbe et al., 2004;
strain ADP1 Gohl et al., 2006
Thin pili, an external AcuD/C Acinetobacter sp. n/d Barbe et al., 2004;
diameter of 2 to 3 nm strain BD413 Gohl et al., 2006
Afimbrial adhesin, Afa-3B/C E. coli Diarrhea or Garcia et al., 1994
AFA-III ..
cystitis
Afimbrial adhesin, Afa-8B/C E. coli Diarrhea/ Lalioui & Le
AfaE-VIII septicaemia Bouguénec, 2001
AF/R1 pili AfrC/B E. coli Diarrhea in rabbits | Cantey et al., 1999
Aggregative AggD/C E. coli Diarrhea Savarino et al., 1994
adherence fimbria
type I, AAF-1
Aggregative adhesion | Agg-3D/C E. coli Diarrhea Bernier et al., 2002
fimbria type III,
AAF-III
Ambient-temperature | AtfB/C Proteus mirabilis Urinary tract Massad et al., 1996
fimbriae infections
Capsular F1 antigen CafIM/A Yersinia pestis Plague Galyov et al., 1990,
1991; Karlyshev et
al., 1992a,b, 1994
Colonization factor-3, | CS3-E/D E. coli Diarrhea Jalajakumar et al.,
CS-3 fimbriae 1989
Colonization factor, CssC/D E. coli Diarrhea Wolf et al., 1997
CS6
CS12 fimbria CswB/C E. coli Diarrhea EMBL accession
number Q9ALLO
CS31A capsule-like CIpE/D E. coli Diarrhea Bertin et al., 1993
antigen
F1845 (DaaE) DaaB/C E. coli Diarrhea Bilge et al., 1989
fimbrial adhesin
Diffuse adherence DafaB/C E. coli Diarrhea Keller et al., 2002
fibrillar adhesin
Dr hemagglutinin DraB/C E. coli Pyelonephritis Piatek et al., 2005;
flexible fimbriae Servin, 2005; Van
Loy et al., 2002
F17 pili F17D/C E. coli Diarrhea Lintermans et al.,
1988
987P fimbriae FasB/D E. coli Diarrhea in piglets | Emmerth ez al., 1999
K99 pili FaeE/D E. coli Neonatal diarrhea | Bakker et al., 1991
in calves, lambs,
and piglets
K88 pili FanE/D E. coli Neonatal diarrhea | Bakker et al., 1991
in piglets
Type 2 and 3 pili FimB/C Bordetella pertussis | Whooping cough | Willems et al., 1992
Type 1 pili FimC/D E. coli Ciystitis Jones et al., 1993
F1C pili FocC/D E. coli Ciystitis Riegman et al., 1990
CS18 fimbriae FotB/D E. coli Diarrhea Honarvar et al., 2003
Haemophilus HafB/E H. influenzae Meningitis, Read et al., 1996

influenzae biogroup
aegyptius fimbriae

Brazilian purpuric
fever
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H. influenzae HifB/C H. influenzae type b | Otitis media van Ham et al., 1994
fimbriae
Afimbrial adhesin LdaE E. coli Diarrhea Scaletsky et al., 2005
Long polar fimbriae LpfB/C Salmonella Gastroentiritis Béaumler & Heffron,
typhimurium 1995
Mannose-resistant MrfD/C Photorhabdus Insect pathogen Meslet-Cladiere et
fimbriae temperata al., 2004
Type 3 fimbriae MrkB Klebsiella Pneumonia Allen et al., 1991
pneumoniae
Mannose- MrpD/C P. mirabilis Nosocomial Bahrani & Mobley,
resistant/Proteus-like urinary tract 1994
MR/P pili infections
Mucoid Yersinia MyfB/C Y. enterocolitica Enterocolitis Iriarte & Cornelis,
factor, Myf fimbriae 1995
Nonfimbrial adhesin, | NfaE/C E. coli Urinary tract Ahrens et al., 1993;
NFA-I infections Servin, 2005
P pili PapD/C E. coli Pyelonephritis or Marklund et al.,
cystitis 1992
Pef pili PefD/C S. typhimurium Gastroenteritis Béumler et al., 1996
PMF pili PmfC/D P. mirabilis Nosocomial Massad & Mobley,
urinary tract 1994
infections
Fimbrial pH6 antigen | PsaB/C Y. pestis, Plague Massad & Mobley,
Y. Gastroenteritis 1994
pseudotuberculosis
Putative adhesin PSPPH_ Pseudomonas Halo blight of Joardar et al., 2005
A0063/ A0064 syringae bean
REPEC fimbriae RalE/D E. coli Diarrhea in rabbits | Adams et al., 1997
Atypical fimbriae Saf | SafB/C S. typhimurium Gastroenteritis Folkesson et al.,
1999; McClelland et
al., 2001
Putative atypical SafB/C S. typhi Enteric typhoid Deng et al., 2003
fimbriae fever
Putative atypical SafB/C S. choleraesuis Sepsis, Chiu et al., 2005
fimbriae extraintestinal
focal infections
Putative atypical SafB/C S. paratyphi A Enteric typhoid McClelland et al.,
fimbriae fever 2004
Filamentous SefB/C S. enteritidis Gastroenteritis Clouthier et al.,
fimbriae-like 1993, 1994
structures SEF14/18
Putative fimbriae SefB/C S. typhi Enteric typhoid EMBL accession
fever number A212T7
Putative fimbriae SefB/C S. paratyphi A Enteric typhoid McClelland et al.,
fever 2004
S pili StaE/F E. coli Urinary tract Dobrindt et al., 2001
infections
Sfp fimbriae StpD/C E. coli Diarrhea Brunder et al., 2001
Stf fimbriae StfD/C S. typhimurium Systemic and fatal | Emmerth et al., 1999

infection in inbred
mice

“The information is placed in alphabetical order of the names of chaperone/usher proteins.

®non-detected.
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Table 2. Function-structure classification of superfamily of adhesive fimbrial organelles assembled on the

Gram negative pathogen cell surface via classical chaperone/usher pathway.

SUBFAMILIES | FUNCTION MORPHOLOGY CHAPERONES NUMBER OF | ADHESIN SUBUNITS
SUBUNITS
Family 1: Polyadhesins
Subamily 1.1: Poly-adhesive | From thin flexible Caf1M, CS3-E, MyfB, 1 The main structural
FGL chaperone- |binding fibers (2 nm diameter) | NfaE, PsaB subunit: Cafl, CS3, MyfA,
assembled observed for Psa NfaA, PsaA.
polyadhesins-1°-1° fimbriae to amorphous
or capsule-like
morphology for F1
antigen (by electron
microscopy)
Subfamily 1.2: Poly-adhesive | Thin flexible fibres (2 |AafD, Afa-3B, Afa- 2 The main structural
FGL chaperone- | binding nm diameter) were 8B, AggD, Agg-3D, subunit: AafA, Afa-3E,
assembled observed for Dr DaaB, DafaB, DraB Afa-8E, AggA, Agg-3A,
polyadhesins- adhesin by electron DaaE, DafaE, DraE.
(1+19-1 microscopy Additional subunit (AafD,
Afa-3D, Afa-8D, AggD,
Agg-3D, DaaD, DafaD,
DraD) is displayed on the
tip of fibre with type II
secretion system.
Subfamily 1.3: Poly-adhesive | Atypical fimbrial SafB, SefB, CssC 2 The main structural
FGL chaperone- | binding structures subunits: CssA, CssB;
assembled SafA, SefA.
polyadhesins-2-1 SafD and SefD subunits
might be displayed on the
tip of fibre.
Subfamily 1.4: Poly-adhesive | Thin flexible pili with | AtfB, PefD 1 The main structural
FGS chaperone- | binding a poorly defined subunit: AtfA, PefA.
assembled diameter (2-4 nm, Pef
polyadhesins-1-1 pili) or atypical
fimbria (Atf)
Subfamily 1.5: Poly-adhesive |n/d’ ACIADO120, 1 The main structural subunit
FGS chaperone- | binding ACIADO123 ACIADO122.

assembled

polyadhesins-1-2
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2
Subfamily 1.6: Poly-adhesive | AF/R1 pili AfrC The main structural subunit
FGS chaperone- | binding" AfEY,
assembled
polyadhesins-3-1
Subfamily 1.7: Poly-adhesive | Thin flexible pili with |FanE The main structural subunit
FGS chaperone- | binding a poorly defined FanH.

assembled

polyadhesins-4-1

diameter (2-4 nm, K88
pili)

Subfamily 1.8:
FGS chaperone-

Poly-adhesive
binding

Thin flexible pili with
a poorly defined

FaeE, LdaE, RalE

The main structural subunit

FaeH, LdaH, RalG".

assembled diameter (2-4 nm, K99
polyadhesins-5-1 pili)

Family 2: Monoadhesins
Subfamily 2.1: Mono-adhesive |Thin pili AcuD, F17D, FimB One domain (adhesin) on
FGS chaperone- | binding the tip: AcuG, F17G,
assembled FimD.
monoadhesins-2-1
Subfamily 2.2: Mono-adhesive |Fimbriae/pili HifB, HafB, MrkB, One domain (adhesin) on
FGS chaperone- | binding LpfB, PmfD the tip: AfrE, HifE, HafE,
assembled MrkD, LpfE, PmfE.
monoadhesins-3-1
Subfamily 2.3: Mono-adhesive |Fimbriae/pili FasB, FasC, FasE; One domain (adhesin) on
FGS chaperone- | binding CswB, CswC, CswE; the tip: FasG, CswG, FotG.
assembled FotB, FotC, FotE
monoadhesins-3-3
Subfamily 2.4: Mono-adhesive |Fimbriae/pili FocC, StfD One domain (adhesin) on
FGS chaperone- | binding the tip: FocH, StfG.
assembled
monoadhesins-4-1
Subfamily 2.5: Mono-adhesive |Fimbriae/pili FimC, SfpD, SfaE, One domain (adhesin) on
FGS chaperone- | binding MrpD the tip: FimH, SfpG, SfaH,
assembled MrpH.
monoadhesins-5-1
Subfamily 2.6: Mono-adhesive |Fimbriae/pili MrfD, PapD One domain (adhesin) on
FGS chaperone- | binding the tip: MrfH, PapG.
assembled

monoadhesins-7-1

* number of subunits secreted via classical chaperone/usher pathway.

® number of periplasmic chaperones assisted assembly of fibre.
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3
¢ additional subunit displayed on the tip of fibre with type II secretion system.

based on high homology of the ral and afr gene clusters with the fae cluster.
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General organization of gene clusters encoding adhesive organelles assembled with classical
chaperone/usher machinery (elaborated by the authors). The genes encoding periplasmic
chaperones and outer membrane ushers are blue and light orange, accordingly. The genes encoding
adhesin subunits, structural subunits and subunits with unknown function are red and yellow,
correspondingly. The genes encoding regulatory proteins are black. The proteins with putative
function are green. The proteins with unknown function are pink. The numbers designate a

molecular weight of encoded protein in kDa.
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Al A4
M SecYEG

General scheme of functioning of the chaperone/usher machinery that drives formation of adhesive
protein fibres on the bacterial surface. The subunits are connected in fiber by the "donor strand
complementation" (shown by red arrows). The fiber is secreted through the pore (illustrated by split
cylinder) in the outer membrane (OM) formed by the "usher protein" (marked by letter U). N1 and
N2 indicate N-terminal domains of two different ushers (U1 and U2, accordingly). Letter P indicates
position of the plug domain in U2 and P’ and P” indicate two different positions of the plug domain
in U1 for the two alternative models of gating. The free N1 recruits the C2:A2 complex (step 1), and
bring the complex within proximity of the N2-bound C1:A1 complex (step 2). Donor-strand
exchange then releases N2 for recruitment of the C3:A3 complex (step 3) and releases C1 (step 4)
for recruitment of next A4 subunit (step 5). The redrawing is based on the data published by
Remaut et al. (2008).
209%x297mm (600 x 600 DPI)
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PapD-PapA SafB-SafA Caf1M-Caf1

1134 (P1)
F132 (P2)

V130 (P3)

Lo7(p1) @R ‘ L120 (P2)
1105 (P2)
L103 (P3) L116 (P4) ‘“gp”d

o
/)
T~ U7 NN\ disordere
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V128 (P4)
V126 (P5)

Ribbon presentation of the crystal structures of PapD-PapA, SafB-SafA and Caf1M-Cafl complexes.
The chaperones are blue with G1 and Al edge strands in violet, the subunits are red. The two
conserved Cys residues in the whole FGL family which form disulfide bond are shown as ball-and-
stick. The hydrophobic residues in G1 strand of the chaperones that interact with the P5-P1 pockets
of the subunits are also shown as ball-and-stick. The SafB residue A114, which interacts with the P5
pocket, is in equilibrium between a bound (left, type I structure) and unbound (right, type II
structure) state in the P5 pocket. The structures were redrawn based on the co-ordinates of atoms
published by Remaut et al. (2006) (PDB accession numbers, 2C0O6 and 2C07), Verger et al. (2007)
(PDB accession number, 2UY6) and Zavialov et al. (2003, 2005) (PDB accession number, 1P5V). All

figures were prepared with PyMOL (DelLano, 2002).
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Functionally important sequences of the chaperones assembling fimbrial adhesins via
chaperone/usher pathway (elaborated by the authors). Numbering in CafM sequence is indicated.
Conserved Cys residues involved in disulphide bond formation in the FGL chaperones are yellow.
Other residues conserved in the whole superfamily are green, including subunit anchoring Lys that
is replaced by Pro in FasB, CswB and FotB operating only with adhesin subunits. Alternating bulky

hydrophobic residues (from five to three in the FGL family; three in the FGS family) extending from
the beginning of the G1 B-strand are red. The conservative positions, that are typical for the Caf1M-
like subfamily of FGL chaperones, are cyan. F1 and G1 B-strands are shown by arrows (see Fig. 3

for details).
209x297mm (600 x 600 DPI)
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48 Plot of correlation (elaborated by the authors) between a number of deleted residues in a F1-G1

49 loop in a chaperone (FG deletion in residues shown on abscissa) in comparison with the F1-G1 loop

50 of the Caf1lM chaperone and a number of subunits operating by a chaperone (subunits operated

shown on ordinate). The slopes of plots of correlation for FGL and FGS chaperones are different and
are shown by green and red, correspondingly. The coefficient of correlation for FGL chaperones is

52 equal to 0.80 and for FGS chaperones it is equal to 0.72.

53 209x297mm (600 x 600 DPI)

ScholarOne Support 1-434/817-2040 ext 167



©CoO~NOUTA,WNPE

FEMS Microbiology Reviews

(b)

(@) Comparison of PapA pilin domain and Cafl polyadhesin subunit complemented with chaperones.
PapA pilin domain and Cafl polyadhesin subunit are shown red with donor strands from PapD and
CaflM chaperone (blue). Only interacting chaperone-subunit strands are shown. (b) A ribbon
diagrams of the native PapD-PapA'-PapA'" and CaflM-Cafl'-Cafl" complexes. CafiM and PapD are
blue, except for G1 and Al B-strands (violet). The chaperone-bound Cafl' and PapA' subunits and
N-terminal donor strands (Gd or Nte) are red; the Cafl" and PapA" subunits corresponding to the
tip of growing fibers are green. The N- and C-termini are labelled in the same colours as the
ribbons. The redrawing is based on the co-ordinates of atoms of structures published by Verger et
al. (2007) (PDB accession number, 2UY6) and Zavialov et al. (2003, 2005) (PDB accession
numbers, 1P5V and 1Z9S).
209x297mm (600 x 600 DPI)
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48 Model for the mechanism of donor strand exchange (DSE) in vitro and in vivo. (a) Models for usher-
49 catalyzed assembly proposed by Zavialov et al. (2003). Left image: stepwise DSE in which the
50 entire G1 donor strand is removed before the Gd strand is bound. Right image: sequential concerted
DSE in which G1 is gradually replaced by Gd in a zip-in-zip-out mechanism. (1 and 3) correspond to
the crystallographically observed chaperone-subunit and subunit—subunit structures, respectively.
52 (2) presents the imaginary structures. DG corresponds to the free energy for fiber formation from
53 chaperone-subunit assembly complex and must necessarily be 0. Values for the different free
54 energy terms are not known, and the figure is not meant to indicate even relative sizes of these
55 terms. (b) Schematic presentation of DSE in vitro based on the experimental data (Remaut et al.,
56 2006). Chaperone and subunit are labeled (Ch, light blue) and (Su, light green), respectively. In the
57 chaperone, strands G1 and F1 are presented as solid dark blue lines. In the subunit, strand F, which
directly interacts with the G1 donor strand, is depicted in dark green. An incoming N-terminal Gd
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donor strand (depicted in red) forms a ternary complex with the chaperone-subunit complex at the
P5 pocket (indicated by a thicker line). DSE then proceeds and terminates by dissociation of the
chaperone-subunit complex and insertion of the P1 residue in the P1 pocket. (c) Schematic
representation of a single incorporation cycle at the usher. Chaperone and usher are shown light
blue and light orange, respectively. For clarity, subunits are differentiated by color with the
incoming subunit in light cyan. The N-terminal and C-terminal domains of the usher are indicated.
Redrawing based on Zavialov et al. (2003) and Remaut et al. (2006, 2008) and Fronzes et al.
(2008).
209%x297mm (600 x 600 DPI)
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Schematic presentation (elaborated by the authors) of the structure of FGS chaperone-assembled
thick rigid mono-adhesive fimbriae/pili (a; P pili as example) (Sauer et al., 2000, 2004), FGS
chaperone-assembled hetero-polyadhesins (b; F4, K88 pili as example) (van den Broeck et al.,
2000), FGS chaperone-assembled homo-polyadhesins (c; PE fimbriae as example) (Chessa et al.,
2008) and FGL chaperone-assembled polyadhesins (d; AfaE polyadhesin as example) (Anderson et
al., 2004a). Periplasmic chaperones and outer membrane ushers are in blue and light orange,
accordingly. Adhesin subunits are in red. Structural subunits are in yellow. Green arrow shows
chaperone/usher independent secretion of AfaD subunit (shown in green) via type II secretion
system (Zalewska-Pigtek et al., 2008) and its potential display on the tip of the AfaE fimbrial
polyadhesin (Anderson et al., 2004a).
209%x297mm (600 x 600 DPI)
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Binding sites of FGL chaperone assembled polyadhesins (DaaE and Afak) and FGS chaperone
assembled mono-adhesive fimbriae/pili (GafD/F17G, FimH and PapG). A ribbon diagrams and
solvent accessible surface presentations of DaaE subunit of a strand-swapped trimer of wild type
DaaE of F1845 adhesin and self-complemented AfaE subunit of AFA-III adhesin with
chloramphenicol as a yellow stick presentation. CD55/DAF and CEACAMS binding sites derived from
DraE and DaaE mutagenesis are shown in green and red, respectively. Molecular surface rendering
of a model for AfaE fiber was generated by assuming the same orientation between successive
subunits as observed for Cafl’ and Cafl” in F1 fiber (Zavialov et al., 2003). The residues involved in
binding with CD55/DAF and CEACAMS are in green and red, respectively. Ribbon presentations also
are given for adhesin domains of GafD/F17G (PDB accession number, 10I0), FimH (PDB accession
number, 1KLF) and PapG (PDB accession number, 1J8R). Bound ligands, determined
crystallographically, for GafD/F17G, FimH and PapG are also shown and labeled. The redrawing is
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based on the data and co-ordinates of atoms of the structures published by Anderson et al. (2004a,
b), Korotkova et al. (2006a, b), Pettigrew et al. (2004) and Li et al. (2007).
209%x297mm (600 x 600 DPI)
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() (b) (c)

(@) Ribbon presentation of the PapC130-640 translocation channel (PDB accession humber, 2VQI)
viewed from the extracellular side. The B-barrel, plug domain, B5-6 hairpin, and helix al are colored
blue, magenta, orange, and yellow, respectively. Beta strands are labeled B1 through B24, the
labels N and C indicate the N and C termini of the translocation channel. (b) Ribbon presentation of
PapC130-640 viewed from the side. Structural elements are colored as in (a). The N and C termini,
helix al, strand B4, and the B5-6 hairpin are labeled. (c) Structural superposition of the CaflA plug
domain (232-320 amino acid fragment of CaflA; PDB accession humber, 3FCG) and the PapC plug
domain (252-330 amino acid fragment of PapC; PDB accession number, 2VQI). Caf1A232-320 and
PapC252-330 are in magenta and cyan, respectively. Beta strands are labeled according to the
immunoglobulin fold classification. N- and C-terminal ends of structured fragments are indicated.
The structures are redrawn based on the co-ordinates of atoms published by Remaut et al. (2008)
and Yu et al. (2009).
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X-ray structure of the ternary N-terminal usher domain FIimDN(1-125)-FimC chaperone-FimHP pilin
complex. The ribbon diagram of the ternary complex is shown, with FimDN(1-125) N-terminal usher
domain depicted in green, FimC chaperone in cyan and the pilin domain FimHP in yellow. The G1
donor strand of FimC chaperone is colored in blue. A black dashed line indicates residues 10-18 of
FimDN N-terminal usher domain, for which no electron density was observed. The N- and C-termini
of FimDN N-terminal usher domain are labeled in green. The structure is redrawn based on the co-
ordinates of atoms published by Nishiyama et al. (2005) (PDB accession number, 1ZE3).
209x297mm (600 x 600 DPI)
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(a) Host cell

Host cell
receptors

Bacterial cell

(b) Host cell

Host cell
receptors

Bacterial cell

Schematic illustration (elaborated by the authors) a binding of mono-adhesive (a) and poly-
adhesive (b) organelles to host cell receptors. Periplasmic chaperones and outer membrane ushers
are in blue and orange, accordingly. Adhesin and pilin subunits are in red and yellow, respectively.

Host receptors for moadhesins are shown by green. Two different types of host receptors for

polyadhesins are shown by violet and greencyan.
209x297mm (600 x 600 DPI)
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K
(kappa)

Phylogenetic tree of the fimbrial usher protein family (the redrawn is based on Nuccio & Baumler,
2007). The graph shows an unrooted phenogram generated using analysis of amino acid sequences
of 189 ushers (Nuccio & Baumler, 2007). Ushers are grouped into six fimbrial clades (highlighted in

light blue) termed q, B, v, k, n, and o-fimbriae. Ushers of y-clade are subdivided into four clades

(highlighted in yellow) termed v1, y2, y3, and y4- fimbriae. Bootstrap values of nodes defining
these clades (indicated by open circles at the base of each fimbrial clade) are shown. For the details
of generation of the phylogenetic tree and bootstrap values see Nuccio & Baumler (2007).
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1. E. coli ydeTSRQ

2. E. coli ECs2113-2107

3. E coli staADEFGSH

4. E coli focAICDFGH

5. E. cofi imAICDFGH

6. E coli fmABCD

7. E. coli ycbQRSTUVF

8. S. enterica bcfABCDEFGH,0028
9. E coli aufABC,4211,DEFG
10. E coli sfmACDHF

11. E cofi ECs05692-0556

12. S. enterica fimAICDHF
13. C. freundi fimAICDHF
14. P mirabilis attABC

5. S. enterica SHABCH

v1 Node=659
42Node=660
v3Node=651

16. S. enterica sthABCDE

17. E. cofi slgABCD

18. E. cofi EH41 IpfABCD

19. E. coli 789 IpfABCD

20. 8. enterica stgABCD

21. E coli ECs4670-4665
22.S. enterica IpfABCDE

23. P, luminescens phfSCDAB
24, P. luminescens pii2159-2156
25. E.coll

26. E. coli ECs4020-4026

28. P, luminescens piu0779-0785
29. P, luminescens plu0261-0268
30. &. ool folABCDEFG
31. £ coli ECP_3611-3817
31.3p 32 E coll cswABCDEFG
35. £, col fasABCDEFG

34.E ol 055ABCD
35. £, ool CS3-1,-2,-A
36. Y. pestis caf i, 1A, 1
37. Y. enterocoifica mytABC
38. Y. pestis psaABC
39. E. col (afa-8)BCDE
40. E. cof (afa-7)CDGE (partial)
41 E. cof (afa-3)BCDE
42. E. coli draBCDPE

38 43. . coli (agg-3)DCBA
3942 44 E coli aggDCBA
45. E. coff hdaDCBA

kg 46. £, syringae PSPPH_A0063-0066

47. S. enterica safABCD
48. S. enterica sefABC

4 Node=667

27. P, luminescens phu0786-0792

1. B. pertussis fhaBfimABCDIhaC
2. B, avium fhaBlimABCDIhaC
3. E. coli yehDCBA
4. E coli £C52617-2914
5.S. enterica stcABCD
6. E. coli ECs0024-0019
7. P. luminscens plu0507-0504
8. K. pneumoniae mikABCDF
9. 5. enterica staABCDEFG
10. E. coli EC30145-0139
11. E. coli yadNecpDhirEyadhLKC
17,18 12. E. colf UTIBY_C4907-4904
13. H. influenzas AM30 hifA. Y1-3,BCDE
14. H, influenzae hafABCDE
15. Haemophilus sp. 26E ghfABCDE
16, H. influenzae 86-0295 hifABCDE
17. Acinelobacter sp. BDA13 acuADCG
18. Acinetobacter sp. ADP1 AGIADO387-0390
19. B. pseudomaliei BPSS0091-0094
20. ¥, pestis YPO3877-3682
21. Y. pestis YPO1922-1918
22. P, aeruginosa cupA1-AS
2} 93 2. Rmetallidurans Rmet_1667-1663
£°24 24, 8. copacia Bamb_2835.2829
25 35, E. coli ECs1281-1276
26. Acinetobacter sp. ADP1 ACIADO119-0123
27..S. enterica StbABCDE
28, X. fastidiosa XFO083-0076
29. Ypestis YPO1707-1711
30. R metallidurans Rmet_1961-4958
31. R. metallidurens Rmet_4250-4253
32. R eutropha H16_B2092-2089
33. R. metallidurans Rmet_0576-0574
\34 34. 8 xenovorans Bxe_B80728
37NN35  35. B xenovorans Bxe_B2972-2969
38 36. B. cepacia Bamb_4022-4025
37. C. violaceum CV_1294-1297
38. B. xenovorans Bxe_C1153-1149
39. P. fluorescens PFL_1462-1469
40. P, agruginosa cupB1-86
41. P, aeruginosa cupC1-C3
42. P fluorescens PFL_3922-3924
43. P, syringae PSPPH__1199-1204
44. B. pseudomallei BPSL1626-1629
45. P, syringae PSPPH_2013-2010
46. £. ictaluri olfABCD (partial)
47 E. tanda effABCD

Phylogenetic relationship of operons belonging to the y1, y2, y3, and y4-fimbriae (the redrawn is
based on Nuccio & Baumler, 2007). The branch of the fimbrial usher protein tree representing y1,
Y2, y3, and y4-fimbriae is shown on the left. The bootstrap value for the node defining each
subclade is displayed at the top and was generated in the analysis performed for Fig. 14. Numbers
at the end of each branch of the phylogenetic tree correspond to the numbers given for each operon

on the right.
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1. Y. pestis YPOO301-0304
2 2.8 pseudomaliel BPSS0123-0120
" 3. E coli gitFyhcADEF
B 3 4. S. enterica STHM4575,4574,S4CB,4571
==——"4 5. B.copacie Bamb_1677-1679
5

1. E. coli ralCDEFGHI
2. E, coll itaCDEFGHI
3. E. coli faeCDEFGHIJ
4. E. coli cshABCDEFG
5. S. enterica pefAGDorf5ort6
6. E. coli fedABCEF
7. E. coli altABCDE

8 8. E. coli fanCDEFGH
1.E.
2.E
3.E
4y
5.8.
6. E
% =S

A
>
2

coli ygiL GHI
coli ybgDQPO
coli EC50744-0741
pestis YPO0698-0700
entomophila sefABCDEFGHI
coli SIPAHCDUIFG
coli piXAHCDIFG
8. E. coli prAHCDJKEFG
9. E. coli papAHCDJKEFG
10. £. coli yloYUTSRQPO
1. E. coli ECs3202-3216
12.S. enterica SHACDEFG,0201
13. 8. entenca steABCDEF, 2818
14. P. luminescens piu0418-0412
15. X. nematophila mrACDGH
16. P, fuminescens mfABCOXEFGH
17. P. luminesoens mfABCDEFGH.
18. P. mirabilis mipABCDEFGH
19. H. ducreyi HD_0281-0288
20. P mimbilis pmACDEF
21. A. hydrophilea AHA_0519-0524
22. E. carotovora ECAD943-0939
23. S. enterica stdABCD
24. B. pseudomallei BPSL1801-1798
25. B, cepacia Bamb_1523-1526
NG. A borkumensis ABO_0126-0123

Phylogenetic relationship of operons belonging to the B, k, and n-fimbriae (the redrawing is based
on Nuccio & Baumler, 2007). The branch of the fimbrial usher protein tree representing B, k, and n-
fimbriae is shown on the left. The bootstrap value for the node defining each subclade is displayed
at the top and was generated in the analysis performed for Fig. 14. Numbers at the end of each
branch of the phylogenetic tree correspond to the numbers given for each operon on the right.
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48 Stereoimage of the FimD1-125 N-terminal usher domain in complex with the FimC-FimH158-279

49 chaperone-adhesion complex with the PapD- pilicide complex in overlay. PapD and pilicide are

50 shown in light blue ribbon and ball-and-stick presentation, respectively. FimC and FimH158-279 are
shown in magenta and green, with the FimD1-125 N-terminal domain shown in yellow. The

redrawing is based on the co-ordinates of atoms of the structures published by Nishiyama et al.

52 (2005) (PDB accession number, 1ZE3).
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